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1.2 Summary 

Background: Workers in primary aluminium production have an increased risk of developing 

work-related asthmatic symptoms, referred to as "potroom asthma". The causal agent(s) has 

not been identified. The pathogenetic mechanisms are unknown and it has been debated 

whether potroom asthma is associated with chronic inflammatory changes in the airways. 

Aim: To identify the immunopathological characteristics and possible mechanisms of 

occupational asthma among aluminium potroom workers. 

Results: A cross-sectional study ofpotroom workers performed at the Ardal aluminium smelter 

demonstrated a positive association between potroom asthma and the number of blood 

eosinophils, being more pronounced in non-smokers than in smokers (paper 1). 

Paper 11, Ill and IV are based on investigations of bronchial biopsies from workers with and 

without potroom asthma (non-smokers and smokers), and non-smoking non-exposed controls, 

using multiple immunohistofluorescent staining for identifying different mucosal leukocyte 

subsets. In addition, exhaled nitric oxide (NO) concentrations and reticular basement 

membrane (RBM) thickness were measured (paper 11). All parameters investigated, except 

RBM thickness, were influenced by smoking in the asthmatics. 

Non-smokers with potroom asthma had increased RBM thickness, exhaled NO concentrations 

and increased subepithelial density of eosinophils, macrophages, CD4+ T -cells, effector T -cells 

(CD25+Foxp3neg), regulatory T-cells (CD25+Foxp3+), proliferating T-cells and HLA-DR+ T

cells compared to controls. The asthma-associated accumulation of subepithelial bronchial 

leucocytes was more or less inhibited in smokers with potroom asthma. Apart from increased 

RBM thickness and slightly increased density of eosinophils and percentage of effector T-cells, 

the smoking asthmatics did not differ from controls. Signs of some bronchial inflammatory 

reactions were also noted in asymptomatic healthy workers. 
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Conclusions: This was the first time that pathological changes in the airways of workers with 

potroom asthma were examined. The studies revealed that potroom asthma is associated with 

inflammatory changes in peripheral blood and bronchial mucosa, and that the changes in non

smokers are similar to those previously reported in non-occupational and other occupational 

asthma. Smoking appeared to inhibit the asthma associated mucosalleukocyte accumulation in 

the asthmatic workers, suggesting an immunomodulating effect of smoking on the asthmatic 

reaction. The studies revealed further several novel phenotypic characteristics of bronchial T

cells in asthma, in particular regulatory T -cells and T -cell proliferation. 
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1.3 Selected abbreviations 

APC 

BAL 

BHR 

COPD 

CD 

DIC 

FEV, 

FVC 

Ig 

IL 

IFN 

GM-CSF 

HF 

HLA 

HMW 

LMW 

NO 

OA 

PEF 

RADS 

SOz 

RBM 

TCR 

TDI 

TGF 

Th 

TNF 

antigen presenting cell 

broncho alveolar lavage 

bronchial hyperresponsiveness 

chronic obstructive pulmonary disease 

Core differentiation 

differential interference contrast 

forced expiratory volume in one second 

forced vital capacity 

immunoglobulin 

interleukin 

interferon 

granulocyte-macrophage colony stimulating factor 

hydrogen fluoride 

human leukocyte antigen 

high molecular weight 

low molecular weight 

nitric oxide 

occupational asthma 

peak expiratory flow 

reactive airway dysfunction syndrome 

sulfur dioxide 

reticular basement membrane 

T -cell receptor 

toluene diisocyanate 

tumour growth factor 

T helper 

tumour necrosis factor 

9 



1.4 List of papers 

I. Sjaheim T, Kongerud J, S0yseth V. 
Blood eosinophils in workers with aluminium potroom asthma are increased 
to higher levels in non-smokers than in smokers. 
Am. J. Occup. Med. 50:443-448, 2007. 

II. Sjaheim T, Halstensen TS, Lund MB, Bj0rtuft 0, Drables PA, Malterud D, Kongerud. 
Airway inflammation in aluminium potroom asthma. 
Occup Environ Med 2004 61 : 779-785. 

III. Sjaheim T, Kongerud J, Bj0rtuft 0, Drables PA, Malterud D, Halstensen TS. 
Reduced bronchial CD4+ T -cell density in smokers with occupational asthma. 
Eur Respir J 2006; 28: 1138-1144. 

IV. Sjaheim T, Bjertuft 0, Drabl0s PA, Kongerud J, Halstensen TS. 
Increased bronchial density of CD25+Foxp3+ regulatory T-cells in nonsmokers with 
occupational asthma. 
Submitted. 

10 



2 Introduction 

2.1 Aluminium production in Norway 

Primary aluminium production is an important industry in Norway with a total production 

capacity in the electrolysis of 1.3-1.4 million tons of aluminium per year. The demand for 

aluminium products is increasing year by year and aluminium has become the world's second 

most used metal after steel. Today, there are seven operating Norwegian plants located in 

Karmay, Sunndalsera, Ardal, Heyanger (all Hydro Aluminium), Lista, Mosj0en (Elkem 

Aluminium) and Husnes (S0r-Norge Aluminium), employing about 1450 potroom workers. 

Aluminium production is accompanied by emissions of dust and gasses, potentially harmful to 

the workers and the local environment. Asthma-like symptoms have been the most important 

health problem for the workforce. 

The Norwegian aluminium industry started with a number of small aluminium plants, build in 

the period 1908-1928. The first plants were typically located close to the hydro-electric power 

source, often in narrow valleys (Vigeland, Eydehavn, Tyssedal, Stongfjorden, Haugvik, 

H0Yanger). Of these early plants, only Hl'JYanger remains today. Later, power transmission 

technology made it possible to locate the plants far from the power source. The next period of 

development came after the Second World War, and six more plants were built between 1948 

and 1971. Since then the plants have gradually been expanded and upgraded. Lately an 

expansion in Sunndal made that plant the biggest aluminium smelter in Europe. At present, 

Hydro Aluminium expands abroad and the largest aluminium plant ever build in one stage is 

now under construction in Qatar. 

Aluminium (Al) is present in nature in its oxidised form and is most commonly obtained from 

bauxite which in a first step is refined into alumina (Ah03), using the Bayer process. Secondly, 

alumina is transformed to aluminium by electrolysis, in the Hall-Heroult process, used in 1886. 

It is the latter process which seems to be associated with the development of asthma. 

The reduction of alumina takes place in electrolytic cells usually called pots and the large 

buildings where 100-300 pots are located are known as potrooms (figure 1). Accordingly, the 

work-related respiratory symptoms in potroom workers are termed potroom asthma (in 

Norwegian: hallastma). In the pots, alumina is dissolved in an electrolytic bath of molten 

cryolite, (Na3AlF6) at about 950 oc. Molten aluminium is deposited at the bottom of the pots 
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and is tapped regularly. The pots are of two types, S0derberg and prebake. After its invention 

in the late 1930s the Saderberg continuous self-baking process was the dominant technology 

for many years. Today the prebake technology accounts for about 85 % of the aluminium 

production in the Norwegian smelters. 

Figure l . Potroom with prebake pots. From Sunndal SU4. 

Photo by A. Johnsen, Hydro aluminium 

The prebake technology permits better collection of the gases and dust from the electrolysis 

process, with hoods covering the pots. However, some of the hoods have to be removed when 

aluminium is tapped or the anode has to be changed. In these situations, the collection of 

pollutants is reduced, and gases and dust are emitted. Peak levels of exposure are consequently 

more likely to occur in prebake than in S0derberg pots. Independent of pot technology, 

potroom asthma is nevertheless reported to a similar extent (1). 
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Pot fume emissions 

The potroom workers are exposed to a complex pot fume emission of particulates and gases 

and the causal agent(s) of potroom asthma has not been identified. The respirable particulates 

are mainly composed of alumina, carbon dust, cryolite and sodium aluminium tetrafluoride 

(NaAlF4). In addition, minor amounts of metals such as nickel, chromium and vanadium occur. 

Gases are mainly hydrogen fluoride (HF) and sulfur dioxide (S02), which may absorb to the 

surface of particulates. In a Sederberg plant, also traces of polyaromatic hydrocarbons (P AH) 

are present. The exposure to particulate fluorides and S02 is significantly higher in prebake 

than in Sederberg pots, while HF is reported to be highest in Sederberg pots (2). The many 

agents and complex compounds present are often closely related in the working environment. 

Some studies suggest fluorides as the causal agent (3-5). Whether fluorides, present in both 

particulate and gaseous form, are the causative agent, eo-agent or simply a marker for the 

causative agent(s) of potroom asthma remains to be determined. A dose-response relationship 

has been described for fluoride exposure and airway hyperresponsiveness in potroom workers 

(6). 

As a part of the national authority's mandatory surveillance program of the working 

atmosphere, measurements of fluorides and particulates are regularly carried out in the 

Norwegian aluminium industry. Potroom workers are randomly selected to wear personal 

samplers for 8 hour shifts at different intervals (10-20 measurements a year) and eight hour 

time weighted mean estimates of exposure of total fluorides and particu1ates are calculated. 

The mean levels of exposure are mostly far below the Norwegian threshold limit value (total 

fluorides 0.60 mg/m3 and total particulates 5 mglm\ but peak exposures frequently occur. In 

the period 1990-1999 about 40 % of the peak measurements for fluorides and 10 % of the 

measurements for particulates exceeded the Norwegian threshold limit values (7). 

Emission of pollutants from some of the smelters to ambient air has been a major local concern 

for many years. The air quality criteria recommended by the State Pollution Control Authority 

of Norway have been exceeded at some of the plants causing damage to the local environment. 

Fluorine emissions into air formerly caused severe environmental effects on conifers (mainly 

pine) and certain mammals near some of the smelters (8). In Ardal and Sunndal, emissions in 

the 1960 and 70s killed or seriously damaged many pine trees and other forest vegetation 

(figure 2) (8). Serious dental and bone damages occurred in wildlife and domestic animals. 
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The situation has clearly improved following emission reductions, particularly since the mid-

1980s (figure 3). Fluoride content in conifers and grass are now routinely monitored in the 

vicinity of the smelters. In the period 1973-1993 fluoride emissions have been reduced by 

almost 70 %, while the aluminium production increased by more than 50% (se below). 

Fluo ide emissions from 7 Norwegian Smelter 
1960-2006 

1960 1970 1980 1990 2000 2001 2002 

Specific Emission 
of Fluoride to the 
atmosphere 

0,53 0,57 0,45 0,46 0,47 0,48 

Kg fluoride per tonne of aluminium 

Tonne per year 

1 000 tonne per year 

Total Emission 
of Fluoride to the 

Source: Aluminiumindustriens Miljl<lsekretar 
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Figure 2. Anode change at Kaf!I10Y plant. Note the open pot 
with emission in the background. Photo by P.A. Drablas 

Figure 3. S0derberg-sooting. Note the amount of dust surrounding the pot. 
Photo by P.A. Drablas 
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Figure 4. Damaged pine forest in Ardal. Photo by T Schelderup. 

Growth-ring brcndrh (0, 1 mm) Ernissions kg F/time 

40 ... 
..,. ;o 

..,..io 
30 .... 

...:30 

20 .... 
... 20 

10 ... ....10 

0 ... .... 0 
19;0 1960 1970 1980 1990 

Figure 5. Section through a pine trunk from Hjelle in Ardal. The annual rings are broad and 

distinct up to 1960. After that they grow very narrow, only to increase again from 1987. The 

diagram showing annual-ring width and emissions demonstrates a clear relationship between 

them. Adapted from (8). 
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2.2 Asthma 

Definition of asthma 

Asthma is a disorder defined by its clinical, physiological and pathological characteristics. 

Both genetic and environmental components are involved, but since the pathogenesis of asthma 

is not clear, much of its defmition is descriptive. Based on the functional consequences of 

airway inflammation, an operational description of asthma has been worked out by the Global 

Initiative for asthma (GINA). 

"Asthma is a chronic inflammatory disorder of the airways in which many cells and 

cellular elements play a role. The chronic inflammation is associated with airway 

hyperresponsiveness that leads to recurrent episodes of wheezing, breathlessness, chest 

tightness, and coughing, particularly at night or in the early morning. These episodes 

are usually associated with widespread, but variable, airflow obstruction within the 

lung that is often reversible either spontaneously or with treatment" (9). 

Prevalence and risk factors for asthma 

There is good evidence for a real increase in asthma prevalence during the last 30-40 years, at 

least in Western countries (10). The increase in asthma has in particular been documented in 

children (11) and has been attributed to aspects of Western lifestyle, including indoor and 

outdoor pollutants, childhood immunizations and cleaner living conditions. No single cause 

has, however, been identified. It appears that the global prevalence of asthma ranges from 1 to 

18 % (9). In the mid-1990s doctor-diagnosed asthma was reported in 8-9 % of Norwegian 

school children (12;13). The most recent reported prevalence rates in Norway vary from 5% in 

children and adolescents (14) to 20 % in 10-year-old children (15). In adults, the asthma 

prevalence is about 9 % (10). A review of studies estimating the incidence of adult asthma 

confirms the increase in asthma and reports the adult incidence of asthma to be approximately 

411000 per year (16). 

Factors influencing the risk of asthma can be divided into those that cause the development of 

asthma (host factors, which are primarily genetic) and those that trigger asthma symptoms 

(indoor/outdoor allergens and pollution, infections, occupational sensitizers, tobacco smoke, 

and diet). The mechanisms whereby they influence the development and expression of asthma 
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are, however, complex and interactive. Passive exposure to cigarette smoke both in utero and 

during early life increases the subsequent risk of developing allergy and asthma. Once asthma 

is established, active cigarette smoking increases symptom severity, hospital admissions, 

morbidity and mortality (17). Moreover, it is now recognized that patients with asthma who 

smoke have an impaired response to treatment with corticosteroids (18). Despite this, smoking 

rates among patients with asthma remain high, and similar to those in the general population 

(17). 

Allergic and non-allergic asthma 

The terminology used to characterize allergic and allergy-like reactions appears confusing. To 

standardize the nomenclature of allergy, the European Academy of Allergology and Clinical 

Immunology (EAACI) published their official EAACI Position Statement (19) which has 

gained substantial international recognition. A later update (20) propose the following 

definitions: 

"The term hypersensitivity should be used to describe objectively reproducible 

symptoms or signs initiated by exposure to a defined stimulus at a dose tolerated by 

normal persons". 

"Allergy is a hypersensitivity reaction initiated by specific immunologic mechanisms". 

"Atopy is a personal and/or familial tendency, usually in childhood or adolescence, to 

become sensitized and produce IgE antibodies in response to ordinary exposure to 

allergens, usually proteins. As a consequence, these persons can develop typical 

symptoms of asthma, rhinoconjunctivitis, or eczema". 

As allergy is defined as a hypersensitivity reaction initiated by immunologic mechanisms, it 

must be separated from non-allergic hypersensitivity in which an immunologic mechanisms is 

excluded. When other mechanisms can be proven, as in hypersensitivity to aspirin, the term 

non-allergic hypersensitivity should be used. 

Allergy can be antibody-mediated or cell-mediated. In most patients, the antibody typically 

responsible for an allergic reaction belongs to the immunoglobulin (Ig) E isotype, and these 

patients may be said to suffer from IgE-mediated allergy. In non-IgE-mediated allergy, the 

antibody may belong to the IgG isotype, as in anaphylaxis due to immune complexes 
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containing dextran and serum sickness. Non-1gB-mediated allergy can also be cell-mediated, as 

in allergic contact dermatitis and celiac disease, in which allergen-specific lymphocytes play a 

major role. 

The terms atopic and non-atopic asthma have been widely used, and atopic asthma is still often 

used synonymously with 1gB-mediated asthma. According to the revised nomenclature for 

allergy (19;20), atopy is a clinical definition of an 1gB-antibody high-responder and should not 

be used to describe diseases. Asthma resulting from immunological reactions should be termed 

allergic asthma (figure 6). When there are indications of 1gB-mediated mechanisms, the term 

should beIgE-mediated asthma. Other non-immunologic types of asthma should be called non

allergic asthma. The old terms, "extrinsic or exogenous" (allergic asthma) and "intrinsic or 

endogenous" (non-allergic asthma) should no longer be used to distinguish between the 

allergic and non-allergic subgroups of asthma. About 80 % of childhood asthma and > 50% of 

adult asthma has been reported to be allergic (19). 

Asthma 

Allergic asthma Non-allergic asthma 

/~ 
lgE-mediated Asthma Non-lgE-mediated Allergic Asthma 

Figure 6. Allergic and non-allergic asthma. Adapted from (19). 

2.3 Occupational asthma 

Asthma in the workplace can be classified as asthma caused by the working environment 

(occupational asthma; OA) or asthma exacerbated by the working environment. Substantial 

epidemiologic and clinical evidence indicate that agents inhaled at work can induce asthma 

(21) or trigger asthma (22). The symptoms and functional alterations in OA are similar to those 

found in non-occupational asthma. 
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Definition of occupational asthma 

At present there is no internationally agreed definition of OA. Several definitions have been 

proposed, and evidence of a direct causal relationship between workplace exposure and the 

development of asthma remains the common key element in the diagnosis of OA (23-29). 

Early definitions stipulated that there should also be a sensitizing mechanism (24;26;27). 

However, evidence of sensitization is only found in a minority of cases and occupational 

exposure can cause asthma without immune sensitization. A recent editorial consensus 

definition was reached in the textbook "Asthma in the Workplace"; 

"Occupational asthma is a disease characterized by variable airflow limitation and/or 

hyperresponsiveness and/or iriflammation due to causes and conditions attributable to 

a particular occupational environment and not to stimuli encountered outside the 

workplace" (30). 

More than 250 natural and synthetic substances have been associated with OA (31). These 

agents are categorized into high-molecular-weight (HMW) and low-molecular-weight (LMW) 

agents, according to whether their molecular weight is above or below lkD (1000 Dalton). 

HMW agents are proteins of animal and plant origin acting through an IgE-mediated 

mechanism. LMW agents include a wide variety of organic and inorganic compounds that, 

with few exceptions, are not associated with an lgE mechanism. 

According to the textbook definition, two types of OA are defined based on their appearance 

after a latency period. OA occurring after a latency period after an exposure long enough to 

acquire immunological mediated sensitization to the causal agent, is classified as allergic. 

Allergic OA includes OA that is induced by an IgE mechanism (most HMW and some LMW 

agents) and OA in which an lgE mechanism has not consistently been demonstrated (LMW 

agents such as diisocyanates, western red cedar and acrylates). OA without a latency period is 

classified as non-allergic and include irritant-induced asthma or reactive airways dysfunction 

syndrome (RADS), which may occur after single or multiple exposures to nonspecific irritants 

(dust, vapor, fume, smoke) at high concentrations (32;33). The underlying mechanism of 

irritant-induced asthma is unknown (34). 
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Recently published evidence-based guidelines for the identification of OA also propose two 

types of OA but avoid implying a specific immunological mechanism (35). The authors define 

OA as being either hypersensitivity induced OA (characterized by a latency period and non

irritant mechanism) or irritant-induced OA (due to an irritant mechanism and not requiring a 

latent interval). 

The possibility of extending the spectrum of irritant-induced asthma further to include the 

onset of asthma following repeated exposure to low concentrations of irritants ("low dose 

irritant-induced asthma") has been suggested (36-38). Repeated peak exposure to S02 and 

other irritant gases increased the incidence of asthma during work in sulphite pulp mills (39). 

Increases in asthma symptoms, or reactivation of quiescent asthma in individuals with pre

existing asthma due to workplace exposure are normally excluded by definitions of OA. A 

variety of terms are used to define this concept, such as "work-aggravated asthma" and "work

exacerbated asthma" (30;40). Work-exacerbated asthma is more common compared to OA, but 

the prevalence is unknown. 

Almost 90 % of OA are of the allergic/hypersensitivity type (35) and has a latency period of 

months to years after the onset of exposure, although OA is most likely to develop in the first 

few years of exposure. For HMW agents, atopy has consistently, but weakly, been associated 

with OA development ( 41 ). Smoking has been associated with the development of OA in 

workers exposed to platinum salts and anhydride compounds ( 42). In general, non-atopic 

individuals and non-smokers are reported to be at greater risk of developing OA than atopic 

individuals and smokers (43). 

The reported risk of asthma attributed to the workplace is highly variable, and the prevalence is 

reported between 9 % to 15 % (21;44;45). Asthma is the most prevalent occupational lung 

disease in developed countries. In Norway, the fraction of new cases of asthma attributable to 

occupational airborne exposure (dust or fumes) was 14 %, measured in a general population 

( 46). Asthma acquired in the workplace is a diagnosis that is commonly missed and the 

frequency systematically underestimated (47). Because of its insidious onset, OA is often 

misdiagnosed as chronic bronchitis or chronic obstructive pulmonary disease (COPD), 

especially in smokers and the elderly. Occupations associated with a high risk for asthma, 

include farming and agricultural work, painting, cleaning work and plastic manufacturing (43). 
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Common identified agents of OA with latency are diisocyanates, flours, allergens from 

laboratory animals and insects, enzymes, solders, wood dust, natural rubber latex and acrylates. 

2.4 Occupational asthma in aluminium smelters (potroom asthma) 

The work-related respiratory symptoms occurring in potroom workers, referred to as potroom 

asthma, has been a major health issue in aluminum plants since it was first described in 1936 

( 48). Despite a gradual decrease in the pot fume emissions and improved technology of airway 

protection, potroom asthma is still the most important health problem for the workers. 

According to many authors, potroom fume emissions have not been included among causal 

agents of OA because different mechanisms could be involved, including an immunologically 

mediated reaction against trace amounts of metals, or an irritant effect resulting from exposure 

to HF and S02 (21). 

Definition of potrdom asthma 

There is no consensus report concerning the definition of potroom asthma. The following 

definition proposed by Abramson and eo-workers is frequently used in clinical studies; 

"no previous history of asthma; an initial period of symptom free exposure; symptoms 

such as dyspnea, chest tightness, cough, and wheeze; a temporal relationship to work; 

improvement off work; documentation of either reversible airways obstruction or 

bronchial hyperreactivity" (3). 

The occurrence of potroom asthma 

The existence of potroom asthma has been demonstrated in cross-sectional (3;49;50) and 

longitudinal studies (1;3), while other studies have been unable to confirm the existence of 

occupational asthma in this industry (51-53). 

The reported incidence of potroom asthma varies from 0.06 to 4 % of exposed workers per 

year (3). This observed difference could be related to the study design, different criteria used 

for definition of asthma, employment selection criteria, healthy worker effects, and over-or 

underreporting of asthma symptoms in certain industrial populations. Studies from Norway, 

The Netherlands, Australia and New Zealand have estimated the annual incidence ofpotroom 

asthma to be approximately 2 %, with prevalence as high as 10 % in long term workers. In 
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North America and Canada there has until now been disagreement regarding the existence of 

potroom asthma. In a recently published study, however, the annual incidence of asthma 

observed in American potroom workers in the period 1996-2002 was 1.17% (50). In Norway, 

the number of cases yearly reported to the authorities increased from 3 7 cases per year in 1990 

to 153 cases per year in 1995, and then gradually decreased under the 1990 level. 

Clinical characteristics of potroom asthma 

The clinical symptoms of potroom asthma do not differ from those described in traditional, 

non-occupational asthma or OA acquired in other occupations. The characteristic symptoms of 

potroom asthma are recurrent episodes of wheezing, breathlessness, chest tightness and 

coughing. The symptoms may occur immediately after exposure, but generally the onset of 

symptoms is delayed (54;55). Usually the symptoms occur several hours after exposure or 

during sleep, and improve during periods off work and worsen on return to work. Only one 

study has documented a dual asthmatic reaction (55). An important characteristic is a latency 

period between the first exposure to the offending agent and the onset of asthmatic symptoms. 

Most cases of potroom asthma develop within the first 1-2 years of employment, but the 

duration of exposure before the first attack ranges from a few weeks to several years (1 ;56). 

Riskfactorsfor potroom asthma 

Bronchial hyperresponsiveness (BHR) is verified by exaggerated airway narrowing in response 

to a wide variety of stimuli measured by histamine and methacholine inhalation challenge. 

Although BHR is a common finding in potroom asthma and has been found to be a risk factor 

(57), a negative BHR test does not exclude the diagnosis, as potroom asthma also occurs in 

employees with normal bronchial responsiveness. The usefulness of the metacholine test as a 

tool for detection of work-related asthmatic symptoms appears to be of limited value due to its 

low sensitivity (58). In the Netherlands, subjects with BHR have since 1982 been screened out 

by introduction of histamine provocation test (59). Accordingly, the incidence of potroom 

asthma decreased considerably (from more than 5 %to less than 2 %), but the occurrence of 

new cases was not completely prevented. 

A positive association between hay fever and potroom asthma has been demonstrated (60), and 

an atopic history as well as increased eosinophil counts in peripheral blood have been reported 

to be a risk factor for developing potroom asthma (61). However, most studies have failed to 
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demonstrate an association between atopy and potroom asthma (3;62), and total lgE-levels are 

reported within the normal range in most cases (63). 

The role of smoking in potroom asthma is inconsistently reported. A longitudinal study from 

Norwegian aluminium smelters revealed that smoking was a strong risk factor for developing 

potroom asthma (1). This finding has not been confirmed in later studies (60;61). In general, 

smokers with potroom asthma report more coughing, but less asthma exacerbations and less 

use of asthma medication (64). 

Prognosis of potroom asthma 

The prognosis of potroom asthma is variable and depends on the duration of symptoms before 

withdrawal from exposure. Early diagnosis and removal from exposure result in improvement 

of symptoms and decrease in bronchial hyperreactivity (65). Workers who continue to be 

exposed for prolonged periods more often remain symptomatic after removal (66). 

2.5 Airway inflammation in asthma 

Although the clinical spectrum of asthma is highly variable and different cellular patterns have 

been observed, the presence of airway inflammation remains a consistent feature of asthma. 

Even though the symptoms are episodic, the airway inflammation in asthma is persistent. The 

inflammation affects both large and small airways, but its physiological effects are most 

pronounced in medium-sized airways during airway narrowing. The pattern of airway 

inflammation appears to be similar in children and adults and in all clinical forms of asthma, 

whether allergic, non-allergic or occupational. 

Regardless of the heterogeneity of the inflammatory response in asthma, some characteristic 

pathophysiological changes occur in the asthmatic airway of non-smokers. The airway wall is 

infiltrated with leucocytes, where the most important cells are supposed to be the CD4+ T

lymphocytes producing proinflammatory T helper (Th) 2 cytokines. Frequently, an increased 

density of eosinophils is observed, but this finding seems not mandatory and there is an 

increasing recognition of non-eosinophilic forms of asthma (67;68). Further, macrophages, 

neutrophils, plasma cells and mast cells are variably increased in the airway of asthmatics. 

More than 100 different mediators are now recognized to be involved in asthma and mediate 

the complex inflammatory response in the airways (69). Key mediators of asthma include 

24 



cytokines (interleukin (IL)-4, IL-5, IL-13, IL-l~, tumour necrosis factor (TNF)-a. and 

granulocyte-macrophage colony stimulating factor (GM-CSF), NO, histamine, chemokines, 

cysteinylleukotrienes and prostaglandin D2. 

Airway remodeling 

In response to chronic inflammation and tissue injury, abnormal tissue repair and restructuring 

may result in thickening of the airway wall which becomes unable to maintain normal function. 

Such structural changes in the asthmatic airways are referred to as airway wall remodeling and 

include hypertrophy and hyperplasia of airway smooth muscle, proliferation of airway wall 

blood vessels, increased numbers of goblet cells in the airway epithelium, increased size of 

submucosal glands and subepithelial fibrosis by deposition of collagen fibers and 

proteoglycans under the basement membrane (70). 

Airway narrowing is the final common pathway leading to the symptoms and physiological 

changes in asthma. The predominant mechanism of airway narrowing in asthma is airway 

smooth muscle contraction in response to multiple bronchoconstrictor mediators and 

neurotransmitters. In addition, airway edema due to increased microvascular leakage, airway 

wall thickening due to structural changes and mucus hypersecretion contribute. 

T lymphocytes 

T lymphocytes (T-cells) are mandatory for acquired cell-mediated immunity and play a central 

role in the pathogenesis of asthma. After their maturation in thymus, T -cells enter the 

circulation expressing T-cell receptor {TCR) and either the co-receptors CD4 or CD8. TCR is a 

two-chain transmembrane molecule and about 95 % ofT-cells express the a.~ chains. T-cells 

recognize membrane bound peptide antigens by their TCR. The peptide antigens have to be 

internalized and processed into a membrane glycoprotein called the major histocompatibility 

(MHC) molecules on antigen presenting cells (in humans called human leukocyte antigen 

(HLA) molecules). HLA class I molecules are expressed on all nucleated cells while HLA 

class 11 molecules are expressed constitutively only on antigen presenting cells (APC) such as 

dendritic cells and B cells. 

Exogenous protein antigens are taken into APCs where they interact with HLA class 11 

molecules and are transported to the cell surface where they interacts with the TCR expressed 

by a CD4+ T -cell. Endogenous protein antigens, generally derived from infectious pathogens, 
• 
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are processed to proteins in the cytosol where they interact with HLA class I molecules and are 

transported to the cell surface where they interact with the TCR expressed by a CD8+ T -cell. 

Accordingly, CD4+ T -cells are referred to as HLA class II restricted while CD8+ T -cells are 

referred to as HLA class I restricted. 

The differentiation of effector T -cells is initiated by signals from the TCR, eo-stimulatory 

molecules and cytokine receptors. T -cell activation involves a cascade of events that induce 

gene transcription coding for cytokines and cytokine receptors and results in proliferation and 

differentiation of the antigen specific T-cell clone. CD25 (IL-2 receptor a-chain) appears on 

the cell surface 6-8 hours after activation and IL-2 is produced by activated CD4+ T-cells after 

8-10 hours. Nai've T-cells differentiate into effector cells that appear within 3-4 days after 

antigen exposure. T -cells demonstrate their effector function for days to weeks and once the 

antigen has been destroyed, activated T-cells are eliminated by activation-induced cell death. A 

minor population of long-lived antigen-specific cells survives, and constitutes the memory 

population for that antigen. 

CD4+ T-cells 

CD4+ T -cells play an important role in the initiation of immune responses by providing help to 

other cells and are referred to as T helper cells (Th). Upon antigen stimulation, nai've CD4+ T

cells activate, expand and differentiate into different effector subsets termed Thl, Th2 and Th3 

and are characterized by the production of distinct cytokines and effector functions. During the 

past five years, Th17 cells have been recognized as an independent T -cell subset that similar to 

Th1 and Th2 cells, require specific cytokines and transcription factors for their differentiation 

(71) . 

Th1 and Th2 differentiation is initiated by activation of T -cells by specific cytokines. 

Interferon (IFN)-y and IL-12 signals are important for Th1 cell differentiation while IL-4 

induces the development of Th2 cells. Thl cells promote immune protection against bacterial 

and viral infections, and viruses and bacteria favour the production of Th1 cells. Th2 cells 

protect the body from he1minthes infections and allergens and parasites favour Th2 cell 

induction. Th1 cells produce large quantities of IFN-y. These cells elicit delayed type 

hypersensitivity responses, activate macrophages and are effective in clearing intracellular 

pathogens. Th2 cells secrete IL-4, IL-5, IL-13 and IL-25 and are especially important for IgE 
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production, eosinohilic inflammation and for the elimination of extracellular pathogens. 

Dysregulated expansion of CD4+ Th effector T -cells causes immunopathology. Excessive Th1 

responses are associated with various autoimmune and inflammatory disorders whereas 

enhanced Th2 cytokine production is involved in allergies and asthma. 

The function of Th17 cells is incompletely elucidated, but Th17 cells appear to be highly 

proinflammatory. Th17 cells produce mainly IL-17 and IL-22 and are critical to enhance host 

protection against certain extracellular pathogens, which are not efficiently cleared by Th1 and 

Th2 responses. In addition, Th17 cells have emerged as potent inducers of autoimmune 

diseases. Tumour growth factor (TGF)-~ and IL-6 are crucial factors for Th17 differentiation. 

Developing Th subsets cross-regulate expansion and function of each other. While IL-4 

antagonizes differentiation of Th1 cells and IFN-y inhibits the development of Th2 cells, both 

cytokines antagonize the development of Th17 cells (72). IL-2, which is a growth factor for 

most T -cells and T -cell subsets, appears nevertheless, to have inhibitory effect on the 

expansion ofTh17 cells. 

CD8+ T-cells 

The principal function of CD8+ T -cells is to kill cells that have been infected by bacteria and 

viruses and are frequently referred toasT killer cells or cytotoxic T lymphocytes (Tc). CD8+ 

T -cells are also involved in killing tumour cells and transplanted foreign cells during graft 

rejection. CD8+ T -cells produce fewer and lower amount of cytokines than CD4+ T -cells. The 

majority produce Th1-associated cytokines and are named Tc1 cells while a smaller population 

CD8+ T-cells produce Th2-associated cytokines and are called Tc2. About 2/3 ofT-cells in 

peripheral blood are CD4+ T-cells while about 1/3 are CD8+ T-cells. In the bronchial mucosa 

in healthy subjects, the CD4 and CD8 subsets are expressed to approximately the same extent 

(CD4/CD8 ratio ~ 1). In asthma, the mucosal CD4+ T-cell population is increased while in 

smokers and subject with COPD the CD8+ subpopulation is increased. Viral infections which 

typically activate CD4 and CD8 IFN-y producing cells, commonly exacerbate asthma. 

yoT-cells 

Some T-cells express the yo chains of TCR and not the a~ chains. This alternative TCR is 

known as yo and the small fraction of T -cells expressing this receptor ( ~ 5 % in peripheral 

blood) is referred to as yo T-cells. Generally, yo T-cells lack the CD4 co-receptor molecule but 
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some yo T-cells eo-express the CD8aa homodimer. The function of yo T-cells is still 

unknown. They predominantly localise to mucosal surfaces and are probably involved in 

maintaining mucosal homoeostasis. 

Regulatory T-cells 

In the 1990s a population of CD4+ T -cells with the ability to downregulate T -cell functions 

was identified in mice and are referred to as regulatory T -cells (Tregs ). These cells express 

CD25, but as CD25 is expressed on activated effector CD4+ T-cells as well, the 

characterisation of Tregs has been difficult and probably several subpopulations exist. The 

Treg cell nomenclature is confusing, but there is general agreement upon the existence of two 

main subgroups, called naturally occurring Treg and inducible Tregs. Tregs inhibit the 

proliferation and activation of neighbouring CD4+ and CD8+ T-cells by cell-cell contact, but 

also through production of TGF-~ and IL-10. In addition, Treg may inhibit the activation of 

dendritic cells. Treg express the nuclear forkhead/winged-helix transcription factor Foxp3. 

Until recently, Foxp3 was considered to be a specific marker for regulatory T -cells, but are 

now shown to be expressed upon activation of non-regulatory T- cells as well (73). 

TGF-~ is a critical differentiation factor for the generation ofTreg. It is proposed that there is a 

functional antagonism between Th17 and Foxp3+ Treg and a reciprocal relationship in the 

generation of these cells. IL-6 appears to play a critical role in dictating whether the immune 

response is dominated by pathogenic Thl7 cells or protective Treg (74). Foxp3+ Treg 

comprise about 10-15 % of CD4+ T -cells in secondary lymphoid organs. Treg are considered 

anergic in vitro, but a rather high proliferative rate has been observed in vivo for murine 

(75;76) and human peripheral blood Treg (77). There are no available data on quantities or 

function of pulmonary Tregs in healthy or asthmatic human lungs and this topic is currently 

under intense investigation. 

Cigarette smoking and asthma 

Tobacco contains more than 4500 compounds in the particulate and vapor phases, comprising 

known human carcinogens and many toxic agents. Cigarette smoking has long been known to 

suppress immune responses in the lungs and render smokers susceptible to respiratory tract 

infections and cancer (78). Many components of cigarette smoke, including nicotine (79;80), 
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acrolein (81) and tar components (hydroquinone and catechol) (82) cause profound suppression 

ofT -cell responses. 

Smokers have traditionally been excluded from studies of airway inflammation in asthma and 

the current knowledge of the asthmatic inflammation stems from non-smokers. In general, 

smoking seems to induce a bronchial inflammatory reaction in healthy subjects even if they 

remain asymptomatic (83;84), and BHR is reported to be increased in smokers (85). In non

asthmatic monozygotic twins, smoking appears to be associated with increased levels ofiL-13, 

a cytokine that seems to affect allergic inflammation at multiple levels (86). 

In mice, smoke exposure inhibited an asthma-induced airway influx ofmacrophages, CD4+ T

cells and eosinophils (87) as well as dendritic cells (88). Activation and expansion of 

pulmonary CD4+ T-cells were prevented in a murine adenovirus infection model (88). In 

humans, asthmatics who smoke have reduced sputum eosinophil counts compared to asthmatic 

non-smokers (89). Other observations in smoking asthmatics have revealed higher sputum 

neutrophil counts that drop after smoking cessation (90), increased sputum concentrations of 

IL-8 (89) and decreased IL-18 (91 ). It has been reported that smoking increases blood 

eosinophils in non-asthmatics while the converse has been observed in asthmatics, suggesting 

that smoking plays a different immunological role in asthmatics and non-asthmatics (92). 

It has recently been shown that current smokers with asthma have reduced numbers of mature 

dendritic cells in the bronchial mucosa (93). Dendritic cells influence the Thl-Th2 balance in 

the lungs as well as B cell growth and immunoglobulin switching towards 1gB and accordingly 

alter the balance of inflammatory cell phenotypes. Cigarette smoke has been shown to suppress 

dendritic cell-mediated priming of T-cells and specifically inhibit key Thl-cytokine 

production, favoring the development ofTh2-responses (94). 

Airway inflammation in occupational asthma 

The pathological alterations in OA with latency are similar to those found in non-occupational 

asthma where chronic inflammation is the hallmark (21;95), suggesting similar terminal 

pathogenetic events for asthma independent of its causal agent. The pathophysiology of 

allergic asthma usually involves an 1gB-dependant mechanism. OA induced by 1gB-dependent 

agents is similar to 1gB-mediated asthma that is unrelated to work (21 ). Most HMW agents and 

some LMW agents induce asthma by producing specific 1gB antibodies. The airway 
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inflammation process is similar in 1gB-dependant and in 1gB-independent asthma (96-98) and 

is characterized by the presence of eosinophils, lymphocytes, mast cells, and thickening of the 

RBM (95;97;99). 

Analysis of bronchial biopsies obtained from patients with OA induced by toluene diisocyanate 

(TDI) has shown an increased number of inflammatory cells and increased RBM thickness (97) 

and both eosinophils and lymphocytes showed evidence of activation (96). Similar results have 

been obtained in bronchial biopsies from subjects sensitized to western red cedar, showing 

increased number ofT -cells, especially CD4+ T -cells, which exhibit signs of activation (99). In 

one study it was suggested that CD8+ cells are key cells in OA with an 1gB-independent 

mechanism (100) but this hypothesis could not be proved in an animal model (101). Histamine 

and leukotriene B4 are increased in bronchoalveolar lavage (BAL) fluid sampled during early 

asthmatic reactions by plicatic acid (102). By use of induced sputum, several studies have 

confirmed increased eosinophil numbers in asthma induced by both HMW and LMW 

occupational agents (95;103-106). Further, both eosinophilic and non-eosinophilic variants of 

OA have been identified (107), similar to non-occupational asthma. 

OA exhibiting neutrophilic inflammation has been described after exposure to TDI (108) and 

grain dust (109), but the results are conflicting and the role of neutrophils in OA remains 

unclear (107;110-113). 

There is very little information available concerning histopathological alterations caused by 

RADS, but bronchial biopsies have shown extensive damage to the airway epithelium, 

increased basement membrane thickness and submucosal infiltration by predominantly 

mononuclear cells (114;115). No bronchial biopsy study is available from patients who 

develop asthma after chronic low-level exposure to irritants. 

Airway inflammation in potroom asthma 

Few studies have been performed to reveal whether potroom asthma is an inflammatory 

disorder. The bronchial mucosa from workers with potroom asthma has previously not been 

investigated. Peripheral blood eosinophil counts increased during asthmatic attacks in potroom 

workers (116), and case reports of potroom asthma with blood eosinophilia have been 

described (57). Pre-employment blood eosinophil counts have been shown significantly higher 

in cases of potroom asthma than in controls, even though the mean number of the eosinophils 
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in cases where within the normal range (61). Increased concentrations of exhaled NO has been 

reported in asthmatic potroom workers (117). 

3 Objectives 

The main purpose of these studies was to identify the immunopathological characteristics and 

possible mechanisms of occupational asthma in aluminium potroom workers. 

More specific the purpose was to; 

• develop new and more appropriate immunohistochemical methods to study 

inflammation in bronchial biopsies from subjects with occupational asthma 

• examine whether inflammatory changes as influx of leukocytes to the bronchial mucosa 

and increase in reticular basement membrane thickness are present in asthmatic workers 

• examine whether the levels of blood eosinophils and exhaled nitric oxide are associated 

with potroom asthma 

• examine the influence of cigarette smoking on airway inflammation in asthmatic 

workers. This last objective was added when the initially results turned out to be 

different in non-smokers and smokers with asthma. 

4 Materials and methods 

The thesis is based on two separate study populations. Paper I is based on a cross sectional 

study performed at the Ardal aluminium smelter in Western Norway, while paper 11, Ill and IV 

are based on a biopsy study including workers from five different Norwegian aluminium 

smelters. 

4.1 Paper I 

A cross-sectional study was carried out at the Ardal aluminium smelter in 1989 by one of the 

authours (VS). From a total workforce of 380 potroom workers, 338 subjects (89 %) 

participated. All subjects completed a self-administered, validated questionnaire. Information 

on respiratory symptoms (dyspnea, wheeze and cough) within the last year, allergy, presence 
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of familial asthma prior to potroom employment, smoking habits, years of employment in 

potrooms, and use of respiratory protection were recorded. The characteristics of the 

participants are shown in table 1 in the paper. 

Potroom asthma was defined as a combination of dyspnea and wheezing apart from colds 

during the last 12 months with improvement on rest days or during vacations, and absence of 

pre-employment asthma. Any other combination of respiratory symptoms was classified as 

"Other Symptoms". None of the asthmatics were treated with inhaled corticosteroids and 14 

out of 41 subjects (34 %) used inhaled ~2-agonist. Only one of the smoking asthmatics had 

forced expiratory volume in one second (FEV1) < 70 % of predicted value (FEV1 69 %). 

Accordingly, it was not a major concern that subjects with COPD could have been 

misclassified as asthmatics. Smoking habits were classified as follows: never smokers were 

lifetime non-smokers; ex-smokers were those who had stopped smoking at least one year prior 

to the study, and all other subjects were classified as current smokers. The prevalence of 

current smoking was 63 %, while 9 % were ex-smokers and 28 % never smokers. The regional 

Ethical Committee approved the study and informed consent was obtained from all 

participants. 

Blood eosinophil counts, skin prick test and lung function 

Capillary blood was collected from all subjects and eosinophils were counted blindly by the 

last author (VS) using a Fuchs-Rosenthal chamber (118). Eosinophilia was defined as blood 

eosinophils ::=: 400 x 106cells/L. Atopy was identified by skin prick test and was performed in 

282 subjects (83 %). Registration of the wheal was carried out 15 minutes after application of 

dog epithelium, common silver birch, timothy grass, mugwort, and house dust mite, with saline 

and histamine as controls (skin prick test Phazet®, Pharmacia, Uppsala, Sweden). The weal 

diameter was measured in millimetres as the mean of the long axis and its perpendicular axis, 

and those who had a positive reaction to at least one of the allergens tested were considered to 

have atopy. A wheal diameter ::=: 1 mm was defined as a positive reaction and ::::..._1 mm as a 

negative reaction. All subjects with a positive skin prick test were regarded as atopic. 

Spirometry was performed with a dry bellow spirometer (Jones Pulmonaire, Jones Medical 

Instruments Co., Oak Brook, Illinois) in accordance with the guidelines recommended by 

American Thoracic Society (119). Recorded variables were forced vital capacity (FVC) and 

FEV1• The prediction equations estimated from a general population in Norway were used to 
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define levels as percentage of predicted (120). Bronchial obstruction was defined as an FEV1 < 

80% ofthe predicted value and FEV1/FVC < 70%. 

Work exposure 

Measurements of total airborne dust and total fluorides (fluorides in gas and particulate forms) 

were regularly performed using personal samplers. Sampling was carried out over 4-8 hours. 

The geometric mean of exposure was 1.49 mg/m3 (SD 0.61) for total dust and 0.39 mg/m3 (SD 

0.12) for total fluorides . The Norwegian threshold limit values are 5.00 mg/m3 and 0.60 mg/m3
, 

respectively. Both S0derberg and prebake technologies were used in the plant. 

4.2 Paper 11, Ill and IV 

A total of 45 subjects were included in the study; 20 potroom workers with occupational 

asthma (eight non-smokers and 12 smokers), 15 healthy potroom workers (eight non-smokers 

and seven smokers), and 10 healthy non-exposed controls (all non-smokers). The subjects were 

included during the period 1998-2002 and investigated at the outpatient clinic at the 

Department of Respiratory Medicine at Rikshospitalet University Hospital in Oslo. The 

characteristics of the study population are shown in paper 11. 

Asthmatic workers 

The workers were recruited in cooperation with the Health Departments of the operating 

Norwegian plants, and subjects from five different aluminium plants were included. Since 

1985 all potroom workers in the Norwegian aluminium industry have participated in an annual 

mandatory medical survey in which respiratory symptoms and spirometric measurements have 

been recorded. The occupational physicians working at the smelters have enlisted all the 

workers with a suspected or confirmed diagnosis of occupational asthma. These workers were 

examined at the plant by the main investigator (TS), and if a diagnosis of occupational potroom 

asthma was confirmed, the subjects were considered for inclusion. 

The diagnosis of potroom asthma was made by confirming the diagnosis of bronchial asthma 

according to international guidelines (121), and by establishing a causal relation between 

asthma and the working environment, meeting the criteria for potroom asthma as previously 
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defined (3). Serial monitoring of peak expiratory flow (PEF) was performed at work and away 

from work. 

The inclusion criteria for potroom asthma in this study were; 

• No previous history of asthma. 

• An initial exposure period without respiratory symptoms (latency). 

• Symptoms such as dyspnea, chest tightness, cough or wheeze, usually occurring several 

hours after exposure or during sleep, and improvement of the symptoms after absence 

from work for several days or longer. 

• Documentation of a reversible airway obstruction defmed as > 15 % increase in FEV 1 

after inhalation of ~2-agonist or diurnal PEF variability > 15 % within the last three 

months. 

• FEV 1 > 70 % of predicted value after ~2-agonist inhalation. 

If work aggravation of underlying asthma was suspected, the subject was not included. 

Workers with the following conditions were not considered for inclusion: oral steroid treatment 

during the last three months, other lung diseases than asthma, FEV1< 50% of predicted value, 

malign disorder, cardiac disease or pulmonary hypertension. 

Most of the workers developing aluminium potroom asthma leave the smelters and for 

practical reasons former workers were not regarded suitable for participating in the study if 

they were employed in other occupations or had left the vicinity. The workers spent three days 

away from work for participating in the study. Thus, the actual asthmatic workers were 

selected among those still working in the potrooms or those workers relocated to clean working 

environments within the plant. Accorclingly, the number of asthmatic workers potentially 

available for the study was quite small. From a total asthmatic population of 39 workers, 18 

subjects were excluded for the following reasons; significant reversible airway obstruction 

could no longer be demonstrated, FEV1 after ~2-agonist inhalation was too low, an anamnesis 

of atopy, childhood asthma or suspect exercise induced asthma, repetitive respiratory infections 

and cardiac disease (angina pectoris or hypertension). Of the 21 asthmatic workers who 

fulfilled the inclusion criteria, only one subject declined the invitation to participate. 
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Ideally, we wanted to recruit equal numbers of asthmatic smokers and non-smokers. 

Traditionally, the frequency of smoking is high in this industry, and when the study was carried 

out about 60 % of the workforce were current smokers. Even among the asthmatics, the 

majority of the workers were smokers, and accordingly it was not possible to recruit a higher 

number of non-smoking asthmatic workers. Ex-smokers (who had ceased smoking > 1 year 

previously) and never-smokers were all classified as non-smokers. Two of the asthmatics and 

three of the healthy workers were ex-smokers. Median smoking load for the asthmatics was 13 

pack-years (range 8-31) and 17 pack-years (13-32) for the healthy workers. 

About half of the asthmatic workers were still working in the potrooms, despite ongoing 

asthmatic symptoms and three out of eight of the non-smokers and seven out of 12 of the 

smokers had been relocated to non-polluted working environments at the smelters. The 

relocated workers had persistent asthmatic symptoms, although all subjects reported gradual 

improvement of symptoms after withdrawal from exposure. 

Healthy workers (exposed controls) 

The healthy workers were all recruited from Karrney aluminium smelter in cooperation with 

the physician (PAD) and the main nurse (KW) the plant. The call for healthy volunteers was 

advertised among the 440 pot operators employed at the smelter. The response was 

overwhelming and the exposed controls were included successively as they responded and 

were comparable to the asthmatic workers with respect to age, smoking habits and duration of 

exposure. 

Non-exposed controls 

The non-exposed controls were recruited from a healthy never-smoking population, responding 

to a request for volunteers at the University of Oslo. They were all medical students and had 

never been exposed to potentially harmful occupational agents. They received NOK 1000 to 

cover travel expenses and loss of working hours. 

The healthy workers and non-exposed controls had no symptoms from the upper or lower 

airways and their lung function was normal. They were all apparently healthy, defined as being 

non-asthmatic subject without any known disease. None of the participants had a history of 

allergy, familiar asthma, or childhood asthma. They claimed to be free from respiratory tract 
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infections for at least six weeks prior to the investigations. Total IgE levels were within normal 

range for all participants (both asthmatics and controls). 

Methods 

All subjects underwent an interview by the main investigator and a medical and occupational 

history was recorded. A clinical examination, spirometry, chest x-ray, electrocardiogram and 

measurement of exhaled NO were performed. Blood samples were analysed for total IgE, 

haemoglobin, CRP, leucocytes, trombocytes, total protein, creatinin, urea, Na, K and INR. 

Finally, bronchoscopy with bronchial biopsy sampling was carried out. The workers 

completed a self-administered questionnaire. Duration of exposure was recorded, while other 

individual exposure data were not available. 

Measurement of lung function 

Spirometry was performed with a pneumotachograph (Vitalograph, Birmingham, UK) in 

accordance with the guidelines recommended by European Respiratory Society (122). 

Recorded variables were FVC, FEV1, FEV1/FVC% and PEF. The lung function variables were 

expressed in absolute values and as percentage of predicted, using the reference values of 

European Coal and Steel Community (122). If obstruction was demonstrated, a bronchodilator 

test with ~2 -agonist was performed. The post-bronchodilator values were used in the study. 

Measurements of nitric oxide 

NO was measured by a chemiluminescence analyser (LR 2000, Logan Research, UK) adapted 

for on line recording of NO concentrations. The sampling rate of the analyser was set to 

250ml/min for all measurements. Exhaled NO measurements were performed in accordance 

with recommendations outlined in the European Respiratory Task Force Report (123). The 

measurements were made by slow exhalation (20-30s) from total lung capacity through a 

Teflon mouthpiece, against a mild resistance (target mouth pressure 4-5 cm H20) to avoid 

nasal contamination. End expiratory NO values were measured at the plateau level of the last 

part of the exhalation curve. Three technically acceptable measurements were obtained and the 

mean of the two closest measurements was reported. The analyser was calibrated daily. 
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Bronchoscopy 

Bronchoscopy with biopsy sampling was performed following the guidelines from the 

European Society of Pneumonology (124). A Pentax FB-19H or Olympus 20D IT 

bronchoscope with working channel 2.8 mm was used. All subjects were premedicated with 

atropine 0.6 mg subcutaneously and 5 mg diazepam orally. Alfentanil was given intravenously 

as needed for mild sedation and analgesic (0-2 mg). Lidocaine was used for local anaesthesia. 

Endobronchial biopsies were taken from the proximal airways under direct vision by video 

scope. A maximum of six bronchial biopsies was obtained from the second and third 

generation carinae of the right lung by a single use forceps (Microvasive 1267, Radial Jaw, 

Boston Scientific). During the procedure, oxygen saturation and heart rate were monitored and 

2 litres per minutes of oxygen was continuously given by nasal administration. After the 

investigation, the subjects were observed for 4 hours at the hospital and they spent the 

following night at the hospital hotel. The procedure was well tolerated in all subjects. Several 

pilot biopsies were performed in selected patients at the hospital prior to the study in order to 

test different biopsy forceps, and the biopsy quality was overall good. Although large forceps 

were used, no bleeding events occurred. As other researchers have reported (125), we 

experienced that biopsies were most easily taken from the asthmatics and it was more 

challenging to obtain good quality biopsies from the healthy subjects. 

Bronchial biopsy processing 

The biopsy specimens were immediately orientated on a thin slice of carrot and embedded in 

OCT (Tissue-Tek Optimal Cutting Temperature Compound, Miles Laboratories, IN) in a tube 

of aluminium foil, immediately frozen (within 1 minute) in isophentane precooled in liquid 

nitrogen, and stored at- 70 oc until sectioning. Cryo sections were cut serially at 4 J..lm, dried 

overnight in room temperature, wrapped in aluminium foil and stored without fixation at -20 

oc until use. This procedure provided well preserved tissue morphology, intact 

immunoepitopes and the possibility of performing immunohistofluorescent staining for up to 

three overlapping cell markers. 

Immunohistofluorescent staining 

To identify the different leucocyte subsets in the bronchial mucosa (with the exception of 

eosinophils) multicolour immunohistofluorescent staining was performed. Compared with the 

traditional immunoenzyme staining methods, immunofluorescence is more reliable and with a 

higher detection sensitivity when analysing two antigens in the same cell simultaneously (126). 
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Antibodies or other proteins can be conjugated to fluorescent compounds called 

fluorochromes. The most commonly used fluorochromes for immunohistochemical conjugates 

emit either green (fluorescein isothiocyanate, FITC, ALEXA-488), red (tetramethylrhodamine 

isothiocyanate, TRITC, Texas red, derivate of rhodamine B sulphonyl chloride or 

indocarbocyanine, Cy3, ALEXA-594) or blue (aminomethylcoumarin acetic acid, AMCA, 

ALEXA-350) colour. These three colours can be observed individually in a fluorescence 

microscope equipped with the proper filters and two or three different antibodies can be 

visualised simultaneously by the different fluorescent colours. The fluorochrome can be 

conjugated directly to the primary antibody (direct technique) or the secondary antibody 

(indirect technique). Direct techniques often reveal weak reactivity as it gives no amplification 

of the signal. In the present studies, indirect immunofluorescence technique was applied by the 

use of unlabelled primary antibodies followed by fluorochrome labelled polyclonal reagents to 

obtain immunological amplification of the fluorescent signal. 

Before staining, all sections were prefixed with acetone for I 0 minutes followed by periodate 

lysine paraformaldehyde (PLP) fixation for 10 minutes. PLP induces variable antigenic 

masking and the lowest working concentration was preferred. Different concentrations of 

paraformaldehyd (1 %-4 %) were applied depending on the epitope investigated. 

Primary mAb against the following epitopes were used in the present studies; CD45, CD3, 

CD4, CD8, TCRc51, CD25, Foxp3, Ki-67, CD68, HLA-DR, mast-cell tryptase and neutrophil 

elastase. The sections were stained in various combinations for two- and three colour 

immunohistofluorescent examination as described in paper II-IV. DNA staining was applied to 

visualize the nucleus when appropriate. In general, primary unlabelled antibodies from 

different species (commonly mouse and rabbit) were followed by fluorochrome-conjugated 

goat lgG subclass specific (IgG1, IgG2a, and IgG3) reagents from the same species. The basic 

principles for multiple immunohistofluorescent staining have previously been described (127). 

Methodological controls included sections stained without primary antibody and/or incubated 

with non-immune mouse Ig in similar concentrations as the monoclonal antibodies. 

Antibody reagents were appropriately diluted in phosphate buffered saline (PBS), pH 7.5, 

containing 125g/l bovine serum albumin (BSA). To reduce any unwanted unspecific bindings, 

the sections were incubated with goat serum (5 %) for 15 minutes. The primary antibodies 

were incubated for 20 hours in 4 °C, and the secondary layer was applied for 1 hour in room 
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temperature. Between steps, the slides were rinsed for 3 minutes in PBS. Finally, the sections 

were mounted in buffered polyvinyl alcohol (PV A). 

Eosinophils 

Eosinophils were identified on hematoxilin and eosin stained slides examined by light 

microscopy. Combined with differential interference contrast (DIC) rnicroscopy, the 

eosinophils could easily be identified with their typically granular appearance (figure 6). This 

method for identification of eosinophils in cryo sections has been shown to be more reliable 

than immunohistochemical labelling of eosinophil granule proteins (128). In cases of doubt, we 

additionally used eosin fluorescence to localise the cell, as eosinophils are known for their 

tendency to absorb immunofluorescent reagents and/or to be autofluorescent. 

Figure 7. Eosinophil cells identified by DIC microscopy by their typically granular 

appearance (arrows) in the damaged epithelial layer (Ep) and beneath the reticular basement 

membrane (RBM). 
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Microscopy and digital image analysis 

The immunostained slides were examined m a Zeiss Axioplane2 microscope with 

appropriate fluorochrome filters including single-, double-, and triple-colour filter blocks that 

allow single and simultaneous examinations of green, red, and blue emissions. The 

microscopes were also equipped with optics for DIC microscopy that enables simultaneous 

observation of fluorescent emission and tissue morphology. Single-color images were captured 

with a MicroMax CCD digital camera system and the imagine software package MetaMorph 

3.0 or AnalySIS Soft Imagine System. 

Quantification of leukocytes 

Cryo-sections from two to four different located lower lobe biopsies were examined in each 

subject until sufficient tissue to obtain representative cell counts were obtained (129). Larger 

than recommended submucosal areas were always analyzed and varied from median 0.9 mm2 

(paper II), 1.2 mm2 (paper Ill) to 1.80 mm2 (paper IV). All slides were coded and analyzed at 

630x magnification. Double and triple labeled cells were identified in single colour filters, any 

additional markers were then examined and scored in single filter, and its location verified in 

double-, and/or triple-filters. 

Positively stained cells were counted in a subepithelial zone 114 J..Lm beneath the reticular 

basement membrane and in intact epithelium (defined as the presence of both basal and 

columnar cells). Excluding submucosal glands and vessels, all available area of a biopsy was 

analyzed. Subepithelial cell density (cells per square millimeter) of the various cell types 

within each subject was estimated by adding up the actual number of evaluated cells in each 

section divided by the total area examined. The number ofintraepithelial cells in each section 

were added up and expressed as number of cells per millimeter of intact epithelium. 

Measurements of reticular basement membrane 

RBM thickness was measured by use of DIC microscopy combined with light microscope, as 

illustrated in paper II. A digital captured high power image was used to measure the distance 

from the basis of the bronchial epithelium to the outer limit of the RBM by AnalySIS Soft 

Imagine System. Only perpendicular cut sections were examined and median 68 measurements 

(range 37-161) were performed on each section at approximately 20J..Lm intervals as 

recommended by Sullivan et al. (129). 
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4.3 Ethics 

The study was approved by the Regional Ethics Committee and informed written consent was 

obtained from all subjects. The subjects were informed about inconvenience and potential 

complications connected with the investigations. The Norwegian Data Inspectorate approved 

the study. 

4.4 Statistical analysis 

Paper I 

The association between each outcome variable and its covariate was analysed using univariate 

analysis. A multivariate model was then constructed using ordinary least square regression 

regarding eosinophil count and logistic regression regarding potroom asthma as outcome 

variable, respectively. Covariates that had p<0.2 in the univariate analysis were included in the 

initial multivariate model. The model was then reduced by backward elimination. Covariates 

were removed from the model if the association with the outcome variable had p>0.05 and the 

removal did not result in a meaningful change in the association between the outcome and the 

determinant of interest (confounding). 

Paper IL II and IV 

Differences between two groups were compared by the Mann-Whitney U test, as the cell 

counts in the bronchial mucosa did not show normal distribution (129). Correlation coefficients 

were calculated using Spearman's rank method. 

The potroom workers were older than the non-exposed controls and accordingly, all data were 

controlled for age as a potential confounder by analysis of variance. Multiple linear regression 

analysis was performed in asthmatics and healthy subjects separately by using exposure, lung 

function, age and smoking as explanatory variables. 

Chi-squared tests were used to calculate differences in the proportion of cells that were so 

rarely expressed that the overall amount of cells was considered too low to justify inter

individual group evaluation. Two levels of differences were applied. Although p-value ::: 0.05 

was considered to be significant in paper 11 and IV, the number of variables in paper Ill made it 
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advisable to use the P2: 0.01 levels to ensure significance, although P2: 0.05 was additionally 

used to define differences. 

5 Summary of papers 

5.1 Paper I. 

Sjaheim T, Kongerud J, S0yseth V. 

Blood eosinophils in workers with aluminium potroom asthma are increased to higher levels in 

non-smokers than in smokers. 

Am. J. Occup. Med. 50:443-448, 2007. 

Aim: To investigate the association between blood eosinophils and potroom asthma and the 

effect of cigarette smoking. 

Results: Potroom asthma was reported by 11.5 % of the workforce, and equally in non-atopic 

and atopic subjects. Blood eosinophilia was present in 21 % of the workers with asthma and 

the highest mean number of blood eosinophils was observed in non-smoking asthmatics. 

Multiple regression analysis showed that the mean eopsinophil count in non-smokers was 177 

x106 cells/L higher among workers with asthma than asymptomatic workers (p<O.OOI), 

whereas the corresponding difference among smokers was only 63x106 cells/L (p=0.03). 

Multiple logistic regression analysis showed that for workers with blood eosinophils ::=:: 400x106 

cells!L (eosinophilia) the odds ratio for potroom asthma was 4.2 compared to workers with 

blood eosinophils < 200x I 06 cells/L. 

Conclusion: The existence of potroom asthma was positively associated with the number of 

blood eosinophils. The probability of having potroom asthma was thus increased with 

increasing blood eosinophils. The association between potroom astma and blood eosinophils 

was weaker in smokers than in non-smokers, suggesting that smoking reduced the asthma 

associated increase in peripheral blood eosinophils. The existence of potroom asthma without 

blood eosinophilia demonstrates that potroom asthma is a heterogeneous disorder with both 

eosinophilic and non-eosinophilic phenotypes, and supports the view that eosinophil-driven 

mechanisms are not the only underlying mechanisms in potroom asthma. 
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5.2 Paper 11 

Sjaheim T, Halstensen TS, Lund MB, Bj0rtuft 0, Drabl0s PA, Malterud D, Kongerud J 

Airway inflammation in aluminium potroom asthma. 

Occup Environ Med 2004 61: 779-785. 

Aim: To investigate whether potroom asthma is associated with inflammatory changes in the 

airways, and the impact of smoking. 

Results: The RBM thickness was the only outcome not influenced by smoking; RBM was 

significantly thickened in asthmatic workers as well as in healthy workers compared to the 

non-exposed controls. Asthmatic non-smokers had significantly higher concentrations of 

exhaled NO and increased density of subepithelial total leucocytes (CD45+ cells) and 

eosinophils compared to the non-smoking control groups. In contrast, a rather low density of 

subepithelial leukocytes was observed in asthmatic smokers and eosinophils were the only 

leukocyte subset increased in asthmatic smokers (when compared to non-exposed control). 

Approximately half of the asthmatic workers had increased subepithelial eosinophil density 

and the remaining half had similar density as non-exposed controls. In healthy workers, both 

RBM thickness and subepithelial eosinophil density were significantly increased compared to 

non-exposed controls. Asthmatic workers still working in the potrooms did not differ in any of 

the outcome variables compared to the relocated workers. 

Conclusion: Inflammatory changes were present in the airways of workers with potroom 

asthma. Pot fume emissions may induce a chronic inflammatory reaction in the bronchial 

mucosa that persists even after relocating from exposure. Non-smokers with potroom asthma 

had pathological changes in the airway mucosa similar to those reported in occupational and 

non-occupational asthma. In smokers, the expected asthma associated accumulation of 

subepithelial leukocytes was not present, suggesting that smoking affects the underlying 

mechanisms involved in asthma. Healthy workers showed signs of inflammation in the 

bronchial mucosa although they were asymptomatic, indicating that a subclinical airway 

inflammation is induced in these workers. 
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5.3 Paper Ill 

Sjaheim T, Kongerud J, Bjertuft 0, Drables PA, Malterud D, Halstensen TS. 

Reduced bronchial CD4+ T -cell density in smokers with occupational asthma 

Eur Respir J 2006; 28: 1138-1144 

Aim: To investigate the bronchial mucosal T-cell subsets (CD3+, CD4+, CD8+, ye-T-cells) and 

macrophages in non-smokers and smokers with potroom asthma. 

Results: Non-smoking asthmatics had significantly increased subepithelial density of CD4+ T

cells compared to all groups (p.:s_0.01) while there was no difference in the densities of CD8+ 

T -cells. A parallel increase in CD4+ T -cells was not observed in smoking asthmatics, which 

actually had the lowest CD4+ T -cell density of all groups. The CD4+ T -cell subset was 

reduced to a greater extent than the CD8+ T-cell subset in smoking asthmatics, and accordingly 

was the CD4+/CD8+ T -cell ratio lowered in smoking asthmatics. The overall amount of yo- T

cells was low, and this subset was predominantly observed in the epithelium. Both 

subepithelial and intraepithelial yo-T -cells were significantly reduced in the asthmatic groups 

compared with non-exposed controls. The density of subepithelial macrophages was increased 

in non-smoking asthmatics compared to smoking asthmatics as well as the non-smoking 

controls (p<0.05) while density of macrophages in smoking asthmatics did not differ from 

controls. 

In contrast to the subepithelium, the number of intraepithelial CD8+ T -cells and macrophages 

was significantly increased in smoking asthmatics compared to non-smoking asthmatics. A 

parallel increase was observed in smoking healthy workers who in addition demonstrated 

increase in intraepithelial CD4+ T-cells. Such increase in intraepithelial CD4+ T-cells was not 

observed in smoking asthmatics. 

Conclusion: The increased subepithelial density of CD4+ T -cells and macrophages observed in 

non-smokers with potroom asthma illustrates the immunopathological similarity between 

occupational and non-occupational asthma. Smoking affected predominantly CD4+ T -cell 

accumulation in the asthmatic airways, suggesting different pathogenetic mechanisms in 

smokers and non-smokers with potroom asthma. Smokers with potroom asthma may represent 

a separate asthmatic phenotype without the characteristic asthma-associated increase in 

bronchial CD4+ T-cells. 
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5.4 Paper IV 

Sjaheim T, Bj0rtuft 0, Drabl0s PA, Kongerud J, Halstensen TS. 

Increased bronchial density of CD25+Foxp3+ regulatory T-cells m nonsmokers with 

occupational asthma. 

Submitted 

Aim: To investigate the activation ofT-cells through expression of CD25, Foxp3, HLA-DR 

and the proliferation factor Ki-67 in bronchial biopsies from non-smokers and smokers with 

potroom asthma. 

Results: Non-smoking asthmatics had significantly increased subepithelial density of Foxp3+ 

T -cells and CD25+ T -cells compared to all the other groups, while smoking asthmatics did not 

differ from the control groups. Activated CD4+CD25+ T -cells include both regulatory T -cells 

(Foxp3+) and effector T-cells (Foxp3neg) and triple-colour immunohistofluoresence staining 

revealed that the majority (medians 54-83 %) were Foxp3+, presumably regulatory T-cells 

(Treg). Non-smoking asthmatics had significantly increased density of putative 

Treg(CD4+CD25+Foxp3+CD3+) and putative effector T-cells(CD4+CD25+Foxp3negCD3+) in 

addition to increased density of proliferating (Ki-67+) T-cells (both CD4+ and CD8+), and 

HLA-DR+ T-cells (predominantly CD8+). A parallel increase was not observed in smoking 

asthmatics, and this group did not differ from controls except from an increased percentage of 

the CD25+ T -cells being effector T -cells. 

Conclusion: Several markers ofT-cell activation were observed in non-smoking asthmatics 

(subepithelial accumulation of Treg, effector T-cells, proliferating T-cells and HLA-DR+ T

cells) while only increased percentage of subepithelial effector T -cells was observed in 

smoking asthmatics. Although Treg seems to accumulate in the bronchial mucosa in non

smokers with potroom asthma, their regulatory function appeared insufficient to prevent the 

asthmatic bronchial inflammatory response. 

45 



6 Discussion 

6.1 Methodological considerations 

Paper I 

From the total potroom workforce of 380 subjects at Ardal aluminium plant, 338 (89 %) 

participated in the study. According to the plant physician (VS) there were no major 

differences between the dropouts and the participants. 

Skin prick test 

As most studies define a skin prick test with a weal diameter :::: 3 mm as positive, we initially 

considered the skin prick test as positive with a weal diameter > 3 mm and equivocal or 

negative with diameter > 1 mm but < 3mm. As the mean eosinophil count turned out to be the 

same in the positive and equivocal group, these two groups were analysed together. 

Accordingly, we defined a skin prick test with weal diameter :::: mm as positive and thus 

subjects with a positive skin prick test were regarded as atopic. 

There was 17 % missing data for the skin prick test as shown in table I (16 % in the 

asymptomatic workers and group and 19 % in symptomatic workers). However, when the 

statistical analyses were performed without atopy in the models, the association between 

eosinophils and the symptom groups remained unchanged and thus not influenced by missing 

data for atopy. 

Paper If, Ill and IV 

Initially we aimed to include only asthmatic non-smokers without steroid treatment. However, 

it became evident that the number of potential participants would be rather small, as most of 

the workers with potroom asthma were smokers and/or treated with inhaled corticosteroids. To 

gain a sufficient number of subjects, we decided to include asthmatic smokers and subjects on 

inhaled corticosteroids. Further on, it turned out that most of the parameters investigated were 

affected by smoking habits. Consequently, the data had to be presented separately for non

smokers and smokers, making each asthmatic group rather small. Preferably, a higher number 

of asthmatics should have been included. To increase the number of asthmatic subjects would 
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require waiting for new cases of potroom asthma to occur, which was beyond the resources 

available for the study. 

The diagnosis of potroom asthma 

Diagnosing occupational asthma may be difficult, and by inclusion of the asthmatic subjects in 

the biopsy study, great attention was paid to attain a correct diagnosis of potroom asthma. In 

all asthmatic subjects, the diagnosis ofpotroom asthma was confirmed by the main investigator 

(TS). The main investigator examined nearly all potroom workers at every plant who reported 

respiratory symptoms in the annual questionnaire. Although they had respiratory symptoms 

suggestive of potroom asthma, no significant airway obstruction could be demonstrated in the 

majority of these subjects. Several subjects had a previously confirmed diagnosis of potroom 

asthma by a pulmonary specialist and were treated with inhaled corticosteroids. Some were 

still working in the potrooms and reported ongoing respiratory symptoms, but the majority did 

no not demonstrate significant airflow obstruction. Accordingly, they did not fulfil the 

inclusion criteria. For ethical reasons the steroid medication was not withdrawn. 

Especially in smokers, great attention was paid to distinguish between asthma and COPD, and 

a misclassification of COPD as asthma seems unlikely to have occurred in the present study. 

The asthmatic smokers had history, symptoms and reversible airflow obstruction consistent 

with asthma and not COPD. The lung function in smoking asthmatic was comparable to that in 

non-smoking asthmatics (FEV1 90% vs. 91 %of predicted value). 

The importance of inhaled steroid treatment and previous smoking 

Some asthmatic workers on inhaled corticosteroid treatment still claimed respiratory symptoms 

and airflow obstruction and four asthmatics on inhaled corticosteroid treatment were included 

(one non-smoker and three smokers). Consequently, the impaired immune response observed 

in smoking asthmatics could in theory be explained partly by the use of anti-inflammatory 

treatment. However, the three steroid treated smoking asthmatics had the most inflamed 

mucosa within the group, with throughout leukocyte phenotype densities in the upper range. 

This is in line with the observed reduced response to inhaled corticosteroids in smoking 

asthmatics (18). When the four asthmatic subjects on inhaled corticosteroid treatment were 

excluded from the analysis the overall results remained unchanged. 
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Two of the asthmatic workers and three of the healthy workers were ex-smokers and regarded 

as non-smokers (and similar to never-smokers). The asthmatics stopped smoking three and 13 

years before inclusion in the study, and the healthy workers six, 14 and 15 years before. In the 

initial period of the study, very limited information available concerning airway inflammation 

in previous smokers. Later studies have demonstrated that in subjects with established COPD, 

the mucosal bronchial cell infiltrate is similar in ex-smokers and in those who continue to 

smoke (130;131). Such information is still not available in smoking asthmatics, but our data 

indicate that it is inappropriate to merge asthmatic non-smokers and ex-smokers into the same 

group in future studies, due to a potential hangover effect of smoking. Excluding the five ex

smokers (two asthmatics and three healthy workers) in the present study from the analysis did 

not change the main results. Interestingly, one of the asthmatic ex-smokers still "behaved" as 

an asthmatic smoker with throughout low density of the different leukocyte subtypes, 

suggesting a persistent smoking-induced effect. 

The non-exposed control group 

The non-exposed controls had a mean age of 26 years while the mean age of the potroom 

workers was 39 years. Due to limited resources and for practical reasons, the non-exposed 

controls were recruited among non-smoking medical students, who were younger than the 

workers. Ideally, a non-exposed smoking control group should have been included as well. To 

control for age as a potential confounder, analysis of variance was performed for all the 

outcomes. The only parameter that varied with age was neutrophils, and a reduction in 

subepithelial neutrophil density was observed with increasing age for all groups. 

Assessment of airway inflammation in asthma by bronchial biopsies. 

Endobronchial biopsy samples are limited in overall size to between 1 and 2 mm in diameter. 

They may not be representative of the entire conducting airways as they mainly derive from 

relatively proximal airways and from subcarina rather than the lateral wall. Moreover, 

bronchial biopsies provide only a snapshot in time of an ongoing disease process as asthma. 

However, this is the only technique that directly samples the resident cells in the bronchial 

mucosa and maintains the spatial relationship with structural components in vivo (70). 

The exact localisation of airway inflammation in asthma is still a matter of controversy. It is, 

however, accepted that inflammation is exhibited in both large and small airways. Because 

inflammation in the asthmatic airway is likely to be unevenly distributed in the airway mucosa 
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throughout the bronchial tree, randomness in biopsy sampling and the selection of biopsy 

sections are essential (70). For interpretation of the data, it was assumed that endobronchial 

biopsy of large airway subcarinae provides unbiased and representative samples of the entire 

bronchial tree, which currently is unproven and needs to be determined in larger lung samples 

obtained at surgery or post mortem. 

Immunohistofluorescent staining 

The immunoenzyme staining methods traditionally used to identify cells in the bronchial 

mucosa have many limitations. Although double immunoenzyme staining can be performed, it 

is mainly appropriate to identify two non-overlapping cell subsets, as double labelled cells 

often appear difficult to separate from strongly single colour stained cells. An alternative 

method has been single staining on neighbouring sections and eo-localization in a two lens, 

single ocular system called Lucida that permits eo-localisation. However, the staining is 

performed on two separate sections and different cells may be stained in the two sections. 

Moreover, adjacent thin sections may be difficult to produce. 

Most cell activation markers are not restricted to one single cell type and single staining for 

these activation markers may produce erroneously results when identifying which cell type that 

is expressing the given marker in situ. Single staining for the cell identification marker CD4 

has often been announced as CD4+ T -cells, without taking into consideration that CD4 is 

expressed on many other cell types, including macrophages. This may be even more 

pronounced when using the expression of CD25 as a marker for activated CD25+ T -cells, and 

this our study (paper IV) revealed that the majority of CD25+ cells actually were non-T-cells 

(CD3neg). Thus multi-labelling is required to identify several cell subtypes, and the main 

advantage of immunohistofluorescent staining is the ability to filter out each label, and to 

visualize both single labelling and double,-and triple labelling simultaneously. 

A challenge when applying fluorescent staining on bronchial mucosa is the inborn tendency of 

elastic fibres to be autofluorescent, masking single stained cells. However, when examined 

through double fluorescence filters , autofluorescence becomes yellow-white whereas single 

labelled cells appear green, red or blue. Thus, viewing trough such double /triple fluorescence 

filter blocks discriminated between immunofluorescent labelled cells and autofluorescence. 

The new use of double and triple immunohistofluorescent labelling on the bronchial mucosa 

have thus revealed several new phenotypic characteristics of the leukocyte subsets in the 
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asthmatic inflammatory response. Evaluation of multiple stained slides is time-consuming and 

requires experience. The slides were primarily analyzed by one observer (TS), after frequent 

counting controls by the supervisor (TSH) and regular discussions of positive cutoff scores. 

6.2 Discussion of main results 

Although the immunosuppressive effect of smoking is well documented in human studies, it 

has previously not been investigated in relation to asthma. Since the results turned out to be 

strikingly different in the asthmatics according to smoking habits, the data are presented for 

non-smokers and smokers separately. In the healthy, non-asthmatic workers, however, the 

outcomes were more or less similar in non-smokers and smokers. 

Non-smoking asthmatics 

The study confirms that potroom asthma is an inflammatory disease of the airways in non

smokers as revealed by increased exhaled NO concentrations, thickened RBM, increased 

number of intraepithelial mast cells and increased subepithelial density of eosinophils, 

macrophages, CD4+ T -cells, effector T -cells, regulatory T -cells, proliferating T -cells and 

HLA-DR+ T-cells. The inflammatory response was also revealed in blood by increased 

number of eosinophils. These observations illustrate that contaminants in the potrooms may 

induce chronic inflammatory changes in the airway wall of susceptible, but previously healthy 

subjects, and that reflex bronchoconstriction alone not can account for the mechanism behind 

potroom asthma. The current results confirm the immunopathological similarity between 

occupational and non-occupational asthma as shown in other studies as well (21). The data 

also demonstrate that the airway inflammation in potroom asthma is not different from what 

has been shown in occupational asthma caused by other agents, as for instance isocyanates. 

Accordingly, potroom asthma should be classified as OA and no longer as an asthma-like 

disorder or asthma-variant syndrome (54). Potroom fume emissions have traditionally not been 

included among causal agents of OA because different mechanisms could be involved 

including an immunologically mediated reaction against trace amounts of metals, or an irritant 

effect resulting from exposure to hydrogen fluoride and sulphur dioxide (21). 
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The present study does not bring us any closer to identify the offending agent of potroom 

asthma, but strongly suggests that an allergic cell-mediated immunity is involved in the 

immunopathology. However, it can not be excluded that chronic exposure to low 

concentrations of irritants also play a role, perhaps by aggravating the asthmatic symptoms. No 

bronchial biopsy study is, however, available from patients who develop asthma after chronic 

low-level exposure to irritants. 

The presence of both eosinophilic and non-eosinophilic phenotypes of potroom asthma 

supports the view that multiple causal pathways may be involved, even in the same individual. 

Our data do not support the hypothesis that non-eosinophilic asthma is a neutrophil mediated 

inflammation (67;132;133), as there was no difference in bronchial neutrophil density between 

eosinophilic and non-eosinophilic asthmatic groups. 

Neutrophil involvement has been documented in asthma induced by isocyanates (67;68;108) 

and grain dust (67;68;109), but increased subepithelial neutrophil density was not observed in 

the present study. Similarly, the increased subepithelial mast cell density reported in isocyanate 

induced asthma was not observed in potroom asthma (paper 11). However, subepithelial mast 

cell density in asthma is highly variable (134-136). The present study is rather in line with a 

study in isocyanate asthma showing increased mast cells only in the epithelium and not in the 

subepithelial layer (97). 

To date, there are no published reports on regulatory T -cells in the bronchial mucosa and no 

other researchers have used the expression of Foxp3 in CD4+CD25+ T cells (CD3+) to 

identify putative Treg and effector T -cells in tissue sections. The increased density of Treg 

(CD4+CD25+ Foxp3+ T-cells) in non-smoking asthmatics contrasts the hypothesis that 

impaired expansion of Treg leads to the development of asthma (137;138). This hypothesis is 

nevertheless based on human studies in BAL (139). Although several recent studies indicate 

that Treg may inhibit Th2 responses and protect against allergy and asthma (137) there are 

evidenced that Treg may predominantly inhibit Thl responses (140). By reducing the Thl

induced Th2-inhibition, the predominance of Thl-inhibition may facilitate Th2 type 

inflammation, as demonstrated in mice (141). The present study indicates that despite the 

accumulation of Tregs in the inflamed tissue, these cells were unable to fully inhibit the 

mucosal inflammation and T -cell proliferation. 
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The identification of proliferating bronchial mucosal T-cells is a new observation. T-cells are 

assumed to proliferate in the regional lymph nodes. Ki-67+ T-cells were mainly observed in 

non-smoking asthmatics and relatively few proliferating T -cells were observed in smoking 

asthmatics and controls. Whether T -cells are induced to proliferate locally in the bronchial 

mucosa can not be confirmed by the present study, as it can not be excluded that the Ki-67+ T

cells represented newly arrived cells which had been induced to proliferate in organized 

lymphoid tissue 6-8 hours prior to biopsy sampling. Both CD4+ and CD8+ T-cells proliferated 

to approximately the same extent in non-smoking asthmatics . This observation supports the 

participation of the CD8+ T-cell subset in asthma. The involvement of CD8+ T-cells was 

further supported by the increased density ofHLA-DR activated CD8+ T-cells in this group. 

Smoking asthmatics 

It has previously been hypothesized that smoking amplifies asthmatic airway inflammation 

( 142). Even though smoking may induce profound immunosuppressive effects, smoking in 

general induces an inflammatory reaction in the airways of asymptomatic smokers (83;84). 

Increased bronchial CD8+ T -cell and macrophage density are consistent findings in 

asymptomatic smokers (143; 144), and this was likewise observed in the smoking healthy 

workers in the present study (paper Ill). 

Accordingly, the strikingly lower bronchial density of all the leukocyte subsets in smoking 

compared to non-smoking asthmatics was somewhat surprising. To date there are still no 

comparable human study in smoking asthmatics. It appears that smoking affects all the 

subepithelial leukocyte subsets identified in the present study; i.e. eosinophils, neutrophils, 

macrophages, mast cells, and T -cells. The CD4+ T -cell subset seemed to be more reduced than 

the CD8+ subset, a phenomenon that also has been observed in mice (88). The 

immunmodulating effect of smoking was also observed in blood, as shown in paper I by 

reduced blood eosinophils in smoking asthmatics when compared to non-smoking asthmatics. 

T -cell activation was in general also suppressed in the asthmatic smokers, with reduced 

subepithelial density of regulatory T -cells, effector T -cells and reduced local T -cell 

proliferation when compared to non-smoking asthmatics. However, group based data showed 

that both non-smoking and smoking asthmatics had increased percentage of effector T -cells (of 

CD25+ T-cells) when compared to the respective control workers. Although the percentage of 

effector T -cells was higher in smoking than in non-smoking asthmatics, a corresponding 
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difference was observed in the healthy workers, suggesting a smoke influenced increase in the 

percentage of effector T-cells and accordingly reduction in the percentage of Treg. Moreover, 

smoking asthmatics had a slightly increased subepithelial density of HLA-DR+ CD8+ T-cells 

(group based data). Thus, despite the significantly lower density of CD25+ T -cells in smoking 

compared to non-smoking asthmatics, the increase in effector T -cells vs. Treg T -cell to Treg 

suggested that the CD4+ T -cell subset was involved in the immunopathology of smoking 

asthmatics as well. 

In contrast to the subepithelial layer, the number of intraepithelial macrophages and CD8+ T

cells was increased in smoking compared to non-smoking asthmatics. A parallel increase was 

observed in healthy smokers compared to healthy non-smokers. Consequently it appears that 

smoking attracts these cells to the epithelium independent of disease status. In line with the 

previous observation that smoking predominantly suppressed the CD4+ T -cell subset, an 

asthma-associated increase in intraepithelial CD4+ T-cells was lacking in the smoking 

asthmatics. 

Is smoking asthmatics a separate phenotype? 

The RBM thickening was similar in smoking and non-smoking asthmatics. Although debated 

whether this is specific for asthma, the observation of thickened RBM supported that a chronic 

inflammatory process is present in the asthmatic smokers. Although asthmatics smokers did 

not have the asthma-associated bronchialleukocyte accumulation, there were some evidences 

for mucosal inflammatory reactions as a slightly increased subepithelial eosinophil density and 

increased percentage of effector T-cells (group based data). Thus, despite the significantly 

lower density of CD25+ T -cells, they were more often of the effector T -cell phenotype in 

smoking asthmatics, suggesting that the CD4+ T -cell subset was, after all, involved in the 

immunopathology of smoking asthmatics. There was no evidence for increased activation of 

the CD8+ T -cell subset in the smoking asthmatic, apparently discriminating them from 

smoking induced COPD. The main question is, however, whether this apparently small 

alteration in effector/regulatory T -cell ratio could be responsible for driving the asthmatic 

process or whether different immunopathological mechanisms are present in smokers and non

smokers. Nevertheless, our data challenge the present view of asthma as primarily a CD4+ T

cell driven disease. 
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Exhaled nitric oxide and reticular basement membrane 

The low levels of exhaled NO concentrations in smokers was similar to what has been 

previously shown in smoking subjects (145) including smoking asthmatics (146). Exhaled NO 

has previously been explored in potroom workers (117). Apart from our findings that exhaled 

NO concentrations correlated to the density of lamins propria CD45+ leucocytes (total 

leukocytes) and eosinophils (147), the study could not clarify the role of NO in potroom 

asthma. 

The thickened RBM in non-smoking asthmatics with potroom asthma was consistent with 

previous studies in conventional asthma ( 148), and the RBM thickening was independent of 

smoking habits. Subject with eosinophilic asthma (with eosinophil density above the upper 

range seen in non-exposed controls) had thickest RBM. Subjecs with eosinophilic asthma had 

significantly thicker RBM than those with non-eosinophil asthma (8 .5 J.!m vs. 7.6 J.!m, p= 

0.04). When analyzing all subjects together (n=45), a significant correlation between RBM and 

subepithelial eosinophil density was observed (r=O, 44, p=0,003) (unpublished data). 

Persistent inflammation in relocated asthmatic workers. 

The study interprets that exposure to contaminants in the potrooms may induce chronic, 

irreversible inflammatory changes in the airway wall, although we found no correlation 

between duration of exposure and inflammatory changes. Ten out of the twenty asthmatic 

workers were relocated to "clean" unpolluted working environments at the smelters. The 

outcome parameters did not diverge between the relocated workers and those still working in 

the potrooms, which are in line with the permanent disability and persistent airway 

inflammation reported in workers with other form of OA who were removed from exposure 

(41). 

The latency 

The latency period, i.e. the time from the start of exposure in the potroom until first appearance 

of respiratory symptoms, was median 7 years and equal in non-smokers (range 1-13) and 

smokers (range 0.5-13). This appear rather long, taking into account that most cases of 

potroom asthma in Norwegian smelters occur within the first 2 years of employment (1 ;49). 

Workers who develop asthma within the first 1-2 years are probably more prone to leave the 

smelter and more easily get new jobs than more settled workers. On the other hand, a 
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cumulative effect of exposure has been suggested by others, as respiratory symptoms increased 

with years of employment. Those working in potrooms for more than 10 years had more often 

asthma (49). However, data on mean latency for developing asthma in Norwegian smelters are 

not available. There are no recognized association between a short latency and more severe 

disease. 

Subclinical inflammation in the healthy workers 

In contrast to asthmatic workers, a smoking associated decrease in leukocyte densities was not 

observed in the healthy workers. While smoking seemed to dampen the inflammatory response 

in asthmatics, it appeared to induce inflammatory changes in healthy subject as blood and 

mucosal eosinophils and mucosal macrophages tended to be increased in smoking compared to 

non-smoking healthy workers. Compared to non-exposed control, the healthy workers (both 

smokers and non-smokers) had thickened RBM, increased subepithelial density of eosinophils 

and effector T -cells and their exhaled NO concentrations tended to be elevated. This finding 

suggested that exposure to pollutants in aluminium smelters affects the bronchial mucosa and 

induce a subclinical inflammatory reaction, even in healthy asymptomatic workers. Thickening 

of RBM is regarded as an early sign in the development of asthma, suggesting latent asthma 

However, none of these healthy workers have until now, (observation time several years), 

developed asthma and they are all still working in the potrooms. 

The number of study participants 

The number of participants included was rather limited, a weakness shared with many 

bronchial biopsy studies. For reasons previously outlined, it was not possible to include more 

asthmatic subjects. The main problem with such small studies is the risk to exclude real 

differences that do not reach the level of significance due to low sample size (type 11 error). By 

using non-parametric statistic analysis, which is rather sensitive to small sample size, our data 

clearly suggest that the main conclusions of the study are valid. The surprisingly lack of 

asthma induced increase in subepithelial leukocyte subsets in smoking asthmatics was 

observed in a group of 12 subjects, which is not that small compared to other published 

bronchial biopsy studies in asthma. We compared the result with a smaller group of eight non

smoking asthmatics, where the results turned out as expected and in agreement with several 

comparable studies showing increased subepithelialleukocyte subset densities in non-smoking 

asthmatics. The differences between the two asthmatic groups were in general highly 

55 



significant, and it then appears unlikely that increasing the group of non-smoking asthmatics 

would have changed the main results. As previously described, the difference could not be 

ascribed to the inclusion of steroid-treated subjects or ex-smokers. The control groups were 

included just to illustrate the different T-cell density levels in exposed and non-exposed non

asthmatic subjects. There were no unexpected observations in these three control groups and 

their leukocyte densities were more or less the same. 

Are the results in asthmatic smokers restricted to potroom asthma? 

One obvious question is whether the immunomodulating effect in the asthmatic smokers is 

induced by smoking per se or by the combination of exposure to cigarette smoke and potroom 

fume emission. To answer this question a comparable study in smokers with non-occupational 

asthma has to be performed. A potential interaction effect was, however, not observed in the 

smoking healthy workers. Further more, seven out of the 12 asthmatic smokers had been 

relocated to unpolluted working environments for median 2 years prior to examination. The 

results in these relocated smoking asthmatic workers did not differ from the smoking 

asthmatics who were still exposed. The immunomodulating effect of smoking has been well 

documented in a large number of studies. The impact of smoking on bronchial mucosal 

inflammation in asthmatics has, however, not been investigated. The present observations 

suggest that the inhibited asthma associated bronchial leukocyte accumulation may be a 

general phenomenon and not restricted to smokers with potroom astma. Smoking seems to 

affect underlying mechanisms involved in asthma, and smoking asthmatics may represent an 

asthmatic phenotype with an overall suppressed bronchial inflammation and especially without 

the characteristic increase in mucosal CD4+ T -cells. 

Is smoking a risk factor for potroom asthma? 

Cigarette smoking has been reported to be associated with the development of OA in workers 

exposed to platinum salts and anhydride compounds, which are chemicals that cause asthma 

through an IgE mechanism (149;150). In addition, smoking increases the risk of sensitization 

to HMW agents that cause asthma through an IgE mechanism. In contrast, smoking does not 

increase the risk of asthma caused by LMW agents, such as diisocyanates and red cedar ( 151 ). 

Diverging results has been reported in the aluminium industry. No significant association 

between smoking and potroom asthma was observed in an Australian smelter (60). Further, a 

cross-sectional study reported lower prevalence of respiratory symptoms in smoking potroom 
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workers than in non-smokers and lack of combined effect of exposure and smoking on 

respiratory health (152). In the Norwegian aluminium industry, smoking has been reported to 

be a strong risk factor for work-related asthmatic symptoms and an interaction was found 

between smoking and fluoride exposure (1;49). However, the present thesis was not designed 

to further elucidate this question. In paper I, 9% of the non-smokers and 13% of the smokers 

reported potroom asthma. Several potroom workers reported worsening of their asthmatic 

symptoms when they stopped smoking, and a corresponding increase in airway obstruction has 

been documented by the plant physician (personal communication). Interestingly, one third of 

smoking asthmatics reported worsening oftheir asthmatic symptoms after smoking cessation in 

a previous study (153). A protective effect of smoking should however not be announced. 

Smoking may probably mask or delay asthmatic symptoms while immunpathological reactions 

induce changes in the airways that are not identified with parameters traditionally investigated 

in asthma. 

7 Main conclusions 

Potroom asthma was positively associated with the number of peripheral blood eosinophils 

and inflammatory changes in the bronchial mucosa. Non-smokers with potroom asthma 

demonstrated similar changes as previously shown in occupational and non-occupational 

asthma (increased exhaled NO concentrations and RBM thickness, increased subepithelial 

density of eosinophils, macrophages, CD4+ T-cells, activated T-cells (CD25+ and HLA-DR+ 

T-cells). In addition, increased density of regulatory T-cells and proliferating T-cells was 

revealed in non-smokers with asthma, adding new information to the understanding of asthma. 

Smoking appeared all over to inhibit the asthma associated accumulation of leucocytes, in 

particular mucosal CD4+ T -cell subset and T -cell proliferation. Apart from thickened RBM 

and a slight increase in subepithelial eosinophil density and percentage of effector T -cells, the 

bronchialleukocyte composition in smokers with potroom asthma did not differ from controls. 

Although immunomodulation of smoking on the bronchial asthmatic inflammation was 

demonstrated in occupational asthma, the phenomenon may not be restricted to potroom 

asthma. Smoking asthmatics may represent a separate asthmatic phenotype without the 

characteristic CD4+ T -cell dominance, a statement that still has to be proven in traditional 

asthma. 
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The mucosal inflammatory changes in the asthmatics who were still working in the potrooms 

did not differ from those demonstrated in the relocated workers. Accordingly, potroom fume 

emission induces a chronic bronchial inflammation that persists after removal from exposure. 

A subclinical bronchial inflammatory reaction was induced in the healthy asymptomatic 

workers, revealed by increased RBM thickness and increased subepithelial eosinophil density. 

The results strongly suggest that an allergic cell-mediated immunity is involved in the 

immunopathology of potroom asthma, although it can not be excluded that chronic exposure to 

low concentrations of irritants participates in parallel. Potroom asthma should from now on be 

classified as occupational asthma and not as an asthma-like disorder or as an asthma-variant 

syndrome. 
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Blood Eosinophils in Workers With Aluminum 
Potroom Asthma Are Increased to Higher 
Levels in Non-Smokers Than in Smokers 
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Background Aluminum potroom asthma ( PA) has been described in several reports. This 
study aimed to investigate the association between blood eosinophils and PA. 
Methods In a cross-sectional study, 338 workers were examined as follows: spirometry, 
blood eosinophils, skin prick test, and work exposure measurements. They also completed a 
questionnaire on respiratory symptoms, smoking, allergy, and duration of work exposure. 
Results The odds ratio for PA was 4.2 (95% confidence interva/1.5-9. 7) for workers with 
eosinophils ?_400 x HI cells/L compared with workers with eosinophils <200 x HI cells/ 
L. In non-smokers, the number of eosinophils was 177 x 106 cells/L (P < 0.001) higher 
among workers with PA than asymptomatic workers, whereas the corresponding difference 
among current smokers was only 63 x 106 cells/L (P = 0.03). 
Conclusions The prevalence of PA was positively associated with blood eosinophils. An 
attenuation of the blood eosinophil increase was observed in smoking asthmatics, 
suggesting an immune-modulating effect of smoking. Am. J. Ind. Med. 50:443-448, 2007. 
© 2007 Wiley-Liss, Inc. 

KEY WORDS: occupational asthma; eosinophil inflammation; smoking; aluminum 
smelter 

INTRODUCTION 

Occupational asthma in aluminum potroom workers has 
been documented in both cross-sectional [Abramson et al., 
1989; Kongerud et al., 1990] and longitudinal studies 
[Kongerud et al., 1990; Kongerud and Samuelsen, 1991], 
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and is often referred to as potroom asthma (PA). Aluminum is 
produced in pots by electrolysis of alumina (AJ20 3). Pot fume 
emissions consist of a complex mixture of dust and gases 
potentially harmful to the airways. The dust is mainly 
composed of alumina, aluminum trifluoride, and agglomer
ates of cryolite, providing a huge surface area on which gases 
such as hydrogen fluorides and sulfur dioxide are absorbed. 
The causal agent(s) of PA has or have not been identified, 
although fluoride compounds have been suggested by several 
authors [Abramson et al., 1989; Steinegger and Schlatter, 
1992; Soyseth et al., 1994]. The pathogenetic mechanisms 
in PA remain unknown, and it is debated whether the 
condition is caused by an irritant response or a hypersensi
tivity response to agents in the working environment. The 
predictive value of bronchial hyperresponsiveness in PA is 
low [Kongerud and Soyseth, 1991], and the role of atopy is 
unclear [Saric et al., 1986; Kongerud et al., 1994]. 

Eosinophils are principally tissue-dwelling cells, but it is 
well recognized that asthma and asthma-like symptoms may 
be reflected by increased levels of blood eosinophils [Lewis 
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et al., 2001]. The role of eosinophils in PA has not been 
studied in any detail. The blood eosinophil count has been 
shown to increase during asthmatic attacks in potroom 
workers [Midttun, 1960], and case reports of PA with blood 
eosinophilia have been described [Simonsson et al., 1985]. In 
addition, the occurrence of PA has been associated with high 
pre-employment blood eosinophil counts in a Dutch study 
[Sorgdrager et al., 1995]. 

Increased density of eosinophils has been reported in the 
bronchial mucosa of workers with diagnosed PA and, 
unexpectedly, the increase in eosinophils was far more 
pronounced in non-smokers than smokers [Sjaheim et al., 
2004]. Accordingly, the present study aimed to investigate 
the association between PA and peripheral blood eosinophil 
counts, as well as the effect of cigarette smoking on this 
association. 

MATERIALS AND METHODS 

A cross-sectional study was canied out at Ardal 
alurninum smelter in western Norway in 1989. From a total 
workforce of 380 potroom workers, 338 subjects (89%) 
participated in the study. The characteristics of the 
patticipants are shown in Table I. All subjects completed a 
self-administered, validated questionnaire [Kongerud et al., 
1989]. Information on respiratory symptoms (dyspnea, 
wheeze, and cough) within the last year, allergy, presence 

of familial asthma, asthma prior to potroom employment, 
smoking habits, years of employment in potrooms, and use of 
respiratory protection were recorded. 

PA was defined as a combination of dyspnea and 
wheezing apart from colds during the past 12 months with 
improvement on rest days or during vacations, and absence of 
pre-employment asthma. Any other combination of respira
tory symptoms was classified as Other Symptoms (OS). None 
of the asthmatics was treated with corticosteroids and 14/41 
(34%) used an inhaled ~2-agonist. Smoking habits were 
classified as follows: never smokers were lifetime non
smokers; ex-smokers were those who had stopped smoking at 
least 1 year prior to the study, and all other subjects were 
classified as cunent smokers. The prevalence of cunent 
smoking was 63%, while 9% were ex-smokers, and 28% 
never smokers. The Regional Ethical Committee approved 
the study and informed consent was obtained from all 
participants. 

Blood Eosinophil Count 

Capillary blood was collected from all subjects and 
eosinophils were counted blindly by one observer (VS) using 
a Fuchs-Rosenthal chamber [Dacie, 1984]. The result was 
given as the mean of two parallel counts measured as number 
of cells per !iter (L). Eosinophilia was defined as blood 
eosinophils 2:400 x I 06 cells!L. 

TABLE I. Characteristics of 338 Potroom Workers at Ardal Aluminum Smelter in Western Norway 

Respiratory symptoms present 
No respiratory 

symptoms Potroom llthma Other symptoms 

Workers n(%) 248 (100) 39(100) 51 (100) 

Male n(%) 215(87) 36(92) 44(86) 

Female n(%) 33(13) 3(8) 7(14) 

Age, years mean(SD) 36(12) 35(11) 36(13) 

Smoking status 

Never smokers n(%) 74(30) 7(18) 14(27) 

Ex-smoker n(%) 23(9) 4(10) 4(8) 

Current smoker n(%) 151(61) 28(72) 33(65) 
Atopy 

Negative n(%) 159(64) 26(67) 27(53) 

Positive n(%) 50(20) 6(15) 14(27) 

Missing n(%) 39(16) 7(18) 10(20) 

FEV,L mean(SD) 4.0(0.75) 4.1 (0.77) 3.8 (0.84) 

FEV1% predicted mean(SD) 92(12) 89(13) 87(11) 
Bronchial obstruction n(%) 13(5) 7(18) 7(14) 
Total dust, mg/m3 mean(SD) 1.51 (0.61) 1.49(0.72) 1.41 (0.50) 
Total fluorides, mg/m3 mean (SO) 0.40(0.13) 0.38 (0.14) 0.37 (0.10) 
Length of employment, years mean(SD) 13(12) 12(11) 10(11) 

SD, standard deviation; FEV1, forced expiratory volume in 1 s Bronchial obstruction: FEV1 < 80% of predicted value and FEV,I 
FVC < 70%. 



Skin Prick Test 

Identification of atopy was by skin prick test and was 
performed in 282 subjects (83% ). Registration of the wheal 
was carried out 15 min after application of dog epithelium, 
common silver birch, timothy grass, mugwort, and house 
dust mite, with saline and histamine as controls (skin prick 
test Phazet®, Pharmacia, Uppsala, Sweden). The wheal 
diameter was measured in millimeters as the mean of the long 
axis and its perpendicular axis, and those who had a positive 
reaction to at least one of the allergens tested were considered 
to have atopy. A wheal diameter ;::: 1 mm was defined as a 
positive reaction and < 1 mm as a negative reaction. All 
subjects with a positive skin prick test were regarded as atopic. 

Lung Function 

Forced expiratory volume in 1 s (FEY 1) and forced vital 
capacity (FVC) were measured on a dry bellow spirometer 
(Jones Pulmonaire, Jones Medical Instruments Co., Oak 
Brook, Illinois) as previously described [Kongerud and 
Soyseth, 1991]. The prediction equations estimated from a 
general population in Norway were used to define levels as 
percentage of predicted [Gulsvik, 1979]. Bronchial obstruc
tion was defined as an FEY 1 < 80% of the predicted value and 
an FEY 1/FVC < 70%. Lung function was similar in non
smokers (median FEY1 4.0 L (SD 0.8), 88% predicted) and 
smokers ( 4.1 L (SD 0. 77), 92% predicted) with PA. However, 
a higher percentage of smoking asthmatics (6/28-21 %) 
than non-smoking asthmatics (1/11-9%) were obstructive. 
Of the non-smoking asthmatics, none had an FEY1 < 70% 
and three had an FEY1 < 80%, while among smoking 
asthmatics one subject had an FEY 1 < 70% and six had an 
FEY1 < 80%. 

Work Exposure 

Measurements of total airborne dust and total fluorides 
(fluorides in gas and particulate forms) were regularly 
performed using personal samplers. Sampling was carried 
out over 4-8 hr. The geometric mean of exposure was 1.49 
mglm3 (SD 0.61) for total dustand0.39 mg/m3 (SD 0.12) for 
total fluorides. Norwegian hygienic standards are 5.00 mgl 
m3 and 0.60 mg/m3

, respectively. Both S!!!derberg and 
prebake technology were used in the plant. 

Statistical Analyses 

The association between each outcome variable and its 
covariates was analyzed using univariate analyses. There
after, a multivariate model was constructed. The selection of 
covariates in the initial multivariate model was made as 
follows: all the covariates from the univariate analyses that 
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were associated with the outcome having P < 0.2 were 
entered into the initial multivariate model. The full model 
was then reduced by backward elimination of each covariate 
with P <': 0.05, unless the association between the outcome 
and any of the remaining covariates changed by a meaningful 
magnitude. Thus, the final model consisted of the covariates 
of interest, the covariates whose association with the 
outcome had a P < 0.05, and those covariates that were 
needed in order to control for confounding. 

For the analyses of eosinophil count as the outcome 
variable, ordinary least square regression was used, whereas 
in the analyses of PA and OS as the dependent variable 
logistic regression was chosen. In order to investigate any 
effect modification of the relationship between symptoms 
and eosinophils by smoking, a product term between 
smoking and symptoms in addition to smoking and atopic 
status was included in the ordinary least square regression 
model. Similarly, a product term between smoking and 
eosinophils was included in the logistic regression model. 
Test for trend was assessed using eosinophil count as a 
continuous variable. 

The uni variate relationship between eosinophil counts as 
the dependent variable and each of the covariates was 
investigated separately. The following covariates were 
considered: age, gender, PA, OS, smoking, atopy, duration 
of employment, use of airway protection, total dust, total 
fluorides, FEY" and bronchial obstruction. In the univariate 
analyses with eosinophil cell count as the dependent variable, 
P < 0.2 was achieved for PA, OS, smoking, atopy, bronchial 
obstruction, and gender. These variables were therefore 
included in the initial multivariate model. 

Univariate logistic regression analyses were performed 
separately for PA and OS using the following covariates: age, 
gender, smoking, duration of employment, use of airway 
protection, atopy, total dust, total fluorides, FEY 1, bronchial 
obstruction, and eosinophil counts. Separate multi variate 
models were developed for PA and OS. According to the 
criteria for model selection, current smoking, bronchial 
obstruction, and eosinophils were entered into the initial 
multivariate logistic model. 

RESULTS 

The association between respiratory symptoms and 
blood eosinophils stratified by smoking status is presented 
in Table 11. Asymptomatic smokers had significantly higher 
eosinophil cell counts (P = 0.005, t-test) than asymptomatic 
non-smokers (mean 225 x 106/L vs. 180 x 106/L). In con
trast, in subjects reporting PA or OS, this association was 
reversed, and the eosinophil cell counts were lower in 
smokers (mean 285 x 106/L) than in non-smokers (mean 
364 x 106/L) with PA, though the difference was not 
significant (P = 0.4). Seventy-nine percent of the workers 
with PA had no blood eosinophilia, and the presence of 
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TABLE 11. The Association Between Different Categories of Respiratory 
Symptoms and Eosinophil Cell Count in Peripheral Blood Among 338 Potroom 
Workers at Ardal Aluminum Smelter in Western Norway 

Eosinophils ( x 108 /L) Eoslnophils 

< 200 200-399 2; 400 Maan(SD) 

N(%) N(%) N(%) x 108/L 

No symptoms 140(56) 87(35) 21 (9) 207 (130) 

Non-smokers 62(64) 32(33) 3(3) 180(114) 

Smokers 78(52) 55(36) 18(12) 225(136) 

Potroom Asthma 11 (28) 20(51) 8(21) 307 (176) 

Non-smokers 3(27) 4(36) 4(36) 364(231) 

Smokers 8(29) 16(57) 4(14) 285 (147) 

Other Symptoms 23(45) 16(31) 12(24) 266 (187) 

Non-smokers 8(44) 5(28) 5(28) 300(248) 

Smokers 15(45) 11 (33) 7(21) 247(145) 

Total 174(51) 123(36) 41 (12) 228 (149) 

eosinophilia was more frequent in non-smokers (36%) than 
in smokers (14%). PA was reported by 12% of non-atopic 
subjects and 9% of atopic subjects. In subjects with PA, there 
was no difference in eosinophil count (P = 0.6) between 
subjects who used an inhaled P2-agonist and those who did 
not (mean 281 x 106/L vs. 320 x 106/L). 

In the analyses with eosinophils as the dependent 
variable, the product terms OS x smoking and PA x smoking 
smoking were significant (P = 0.03 and 0.005, respectively). 
Similarly, the product term smoking x atopy status was 
significant (P = 0.03). Thus, we chose to perform the rest of 
the analyses using separate models for smokers and non
smokers. According to the criteria for model reduction, the 
final model included PA, OS, and atopy (Table Ill). These 
analyses showed that in non-smokers the mean eosinophil 
count was 177 x 106/L higher among workers with PA than 
asymptomatic workers (P < 0.00 1), whereas the correspond
ing difference among current smokers was only 63 x 106/L 
(P = 0.03). Similarly, the difference in eosinophil count 
between workers reporting OS and asymptomatic workers 
was !55 x 106/L (P < 0.001), and 17 x 106/L (P = 0.5) 
among non-smokers and current smokers, respectively. It 

TABLE Ill. The Difference in Eosinophil Cell Counts (106/L) Between Cate
gories of Respiratory Symptoms and Atopic Status In 338 Potroom Workers at 
Ardal Aluminum Smelter in Western Norway, Using Multiple Regression Ana
lyses Grouped by Smoking Status 

Potroom asthma versus no symptoms 
other symptoms versus no symptoms 
Atopy present: yes versus no 

95% confidence intervals in parentheses. 

llon·smakars 

177 (84-270) 
155 (71 - 238) 
106 (35-177) 

Sr~okars 

63(7-118) 

17(- 33-67) 
10(- 36-56) 

also appeared that the difference in eosinophil cell count 
between atopies and non-atopies was greater in non-smokers 
than in smokers. 

In the multivariate logistic regression, the product term 
between current smoking and eosinophils regarding PA and 
OS had a corresponding P-value of0.08 and 0.1, respectively. 
Thus, the final model did not include these product terms in 
either of the two models. Model reduction was performed as 
outlined previously. Eosinophil cell count was divided 
into three categories. The final models for PA and OS 
included eosinophil count and bronchial obstruction . 
The relationship between PA and OS, respectively, and 
eosinophils is presented in Table IV. The table suggests that 
the prevalence of PA and OS increased with the number of 
blood eosinophils, and the association appeared to be 
strongest for PA. The odds ratios (95% confidence interval) 
for PA and OS were 3.4 (1.2-9.7) and 2.6 (1.0-7 .1), 
respectively, in obstructive workers compared to non
obstructive workers. 

DISCUSSION 

The main findings of this study were a positive 
association between the number of peripheral blood 
eosinophils and respiratory symptoms, and this association 
was stronger in workers with PA than in operators reporting 
OS. Further, this association was weaker in smokers than in 
non-smokers, even among the atopic subjects. Eosinophils 
have traditionally been associated with asthma and allergic 
disease, and eosinophilia of the blood and lung is common in 
both atopic and non-atopic asthma [Robinson et al., 2002]. In 
population-based studies, the number of blood eosinophils 
has been positively correlated to respiratory symptoms 
[Lewis et al., 2001]. In occupational asthma, an increased 
number of peripheral blood eosinophils has been found in 
subjects with occupational asthma due to low molecular 
weight agents [Lentiere et al., 1999]. There is, however, an 
increasing recognition of non-eosinophilic forms of asthma 
[Douwes et al., 2002], which is also observed in occupational 
asthma [Anees et al., 2002]. 

An association between blood eosinophils and PA 
has been demonstrated during PA attacks [Midttun, 1960; 

TABLE IV. Odds Ratios for Potroom Asthma and Other Symptoms Con
trolled for Bronchial Obstruction in 338 Potroom Worikers at Ardal Aluminum 
Smelter in Western Norway 

Symptom 

Potroom asthma 
Other symptoms 

< 200 

Eoslnophils In peripheral blood (108/L) 

200-399 

2.9(1.3-6.4) 
1.1 (0.6-2.2) 

2:400 

4.2 (1.5-9.7) 

3.3 (1.4-7.7) 

P for trend 

0.002 
0.02 



Sorgdrager et al. , 1995]. However, blood eosinophils bave 
not previously been investigated in an entire workforce of 
potroom workers. The present study confirms a positive 
association between PA and blood eosinophil counts, 
showing an increased prevalence of asthma in workers with 
blood eosinophilia. However, as the majority of workers with 
PA had no blood eosinophilia, this study also supports the 
view that PA is a heterogonous disorder with both eosi
nophilic and non-eosinophilic phenotypes. Although our 
study supports a role for the eosinophils in the pathogenesis 
of PA, it also suggests that an eosinophil-driven mechanism 
may not be the only underlying mechanism. 

The reduced number of eosinophils in smokers com
pared to non-smokers with PA could in theory be explained 
by a lower prevalence of atopy in smokers. However, the 
prevalence of atopy was similar in smoking and non-smoking 
asthmatics, and atopy was included as a covariate in the 
analyses. Furthermore, we adjusted for atopy in the analyses, 
and a similar effect of smoking was found regarding atopy. 
There is no reason to believe that observer bias should have 
influenced the results. The samples were coded before 
eosinophil counting and the investigator had no information 
about smoking status, respiratory symptoms, or atopic status. 
Selective relocation of workers with PA can hardly explain 
why blood eosinophil counts were lower in smoking 
asthmatics than in non-smoking asthmatics. There is no 
apparent reason why smokers with PA and eosinophilia 
should leave the potrooms more frequently than non-smokers 
with PA and eosinophilia. The workers are relocated 
according to their respiratory symptoms only, without 
considering eosinophil counts. As none of the asthmatics 
was treated with corticosteroids, the reduced eosinophil 
counts in the smoking asthmatics could not be explained by 
anti-inflammatory treatment either. Only one of the smoking 
asthmatics had an FEV1 < 70% of the predicted value (69%). 
Accordingly, it is not a major concern that subjects with 
chronic obstructive pulmonary disease (COPD) were mis
classified as asthmatics. 

In a general population, it has been shown that smoking 
raises peripheral blood leukocyte counts [Taylor et al., 1985]. 
Despite the fact that both respiratory symptoms and current 
smoking are separately positively associated with eosino
philia [Mensinga et al., 1990; Jansen et al., 1999], we found 
that the mean eosinophil count was lower in smokers than in 
non-smokers with respiratory symptoms. 

These results might appear conflicting, but they agree 
with another study showing that smoking attenuates the 
increase in blood eosinophils in asthma, suggesting that 
smoking plays a different immunological role in asthmatics 
than in non-asthmatics [Sunyer et al., 2003]. Our results are 
further supported by the observation of reduced eosinophils 
in induced sputum in smoking asthmatics compared to non
smoking asthmatics [Chalmers et al., 2001]. Previously we 
have shown an immune-modulating effect of smoking on 
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eosinophil density in the airway wall in potroom workers 
[Sjaheim et al., 2004], and the present study confirmed that 
this smoking effect is reflected in peripheral blood. 

An anti-inflammatory effect of smoking is supported by 
several human and animal studies [Holt, 1987]. Nicotine has 
a potent inhibitory effect on the production of proinflamma
tory mediators [Ouyang et al., 2000; Wang et al., 2003]. In a 
mouse model of asthma, it has recently been demonstrated 
that a nicotinic agonist reduced the number of eosinophils in 
bronchoalveolar lavage fluid [Blanchet et al., 2005]. 

Previous studies have indicated that the level of exposure 
to potroom fumes and the duration of exposure are important 
determinants of PA [Kongerud and Samuelsen, 1991; 
Sorgdrager et al., 1998]. In contrast to these reports, we 
found no association between the number of blood 
eosinophils and the levels or duration of exposure. As a 
result of improvement in the aluminum production process, 
the exposure levels for both total fluorides and total dust were 
reduced by about 50% in the 1-2 years preceding this study 
[Soyseth et al., 1997]. We therefore believe that the 
difference between the highest and the lowest level of 
exposure was too small to give any meaningful contrast of 
exposure. In addition, several workers were relocated from 
the potrooms to clean working conditions due to respiratory 
symptoms. These factors may explain why we failed to reveal 
any association between exposure and eosinophil counts. 

In summary, this study confirms a positive association 
between eosinophil numbers in peripheral blood and PA, 
indicating that aluminum potroom exposure may induce an 
eosinophilic airway inflammation in subjects with work
related dyspnea and wheezing. The data also support the 
existence of a non-eosinophilic phenotype of PA. The 
increase in blood eosinophils observed in non-smoking 
asthmatics appeared to be partly inhibited in the smoking 
asthmatics, suggesting an immune-modulating effect of 
cigarette smoking. 
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Airway inflammation in aluminium potroom asthma 

T Sjaheim, T S Halstensen, M 8 Lund, 0 Bjertuft, P A Drables, D Malterud, J Kongerud 
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Alms: To examine whether asthma Induced by exposure lo aluminium potroom emissions (potroom 
asthma) is associated with inflammatory changes in lhe oirwayl. 
Meihods: Bronchial biopsy specimens from 20 asthmatic workers {8 non-smokers and 12 smokers), 15 
healthy workers {8 non-smokers and 7 smokers), and 1 0 non-exposed controls {all non·.smokers) were 
analysed. lmmunohistofluorescent staining wa• performed to identify mucosal latol leucocy!os {CD45'" 
leucocy!esl. neutrophils, and mosl cells. 
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Rosulls: Median RBM thickness wos significantly increased in both a.thmotic workers {8.2 >•m) and healthy 
workers {7.4 11ml compered to non-exposed controls {6.7 t•m). Non-smoking osthmo.tic workers hod 
signi~contly increased median density of lamina f.'opria CD.d5• leucocytes (1519 cells/mm2v660 ond 
887 cells/mm2) and eosinophils (27 cells/mm v 10 and 3 cells/mm2) ond si,gnificontly increased 
concentrations of exhaled NO (18.1 ppb v 6.5 ond 5.1 ppb) compered to non-smoking healthy workers 
and non-exposed controls. Leucocy!e counts and exhale-d NO concentrolions varied with smoking habits 
ond fewer leucocy!es were observed in asthmatic smokers than in non-smokers Asthmatic smokers hod 
significantly increased numbers ofeosinophils in lamina proprio compared to non-exposed controls (10 v 
3 cells/mm2). Both eosinophilic and non-eosinophilic pkn<>lypes of asthma were recognised in the 
polroom workers and signs of airway inflammation were also observed in healthy workers. 
Conclusions: Airway inflammation is a central feature of potroom osthmo and expcnure lo polroom 
emissions induces !JOthologicol oltofOtions similo.r to those described in othar types of asthma. Cigorelle 
smoking seems to off..ct the underlying mechanisms involved in asthma, os the cellufgr composition of 
oirwgy mucosa oppeors different in asthmatic smokers ond nor~·smokan . 

T
he occurrence of work rclntcd ast hmntic symptoms with 
airflow limitation in aluminium polrO(lm workers, 
referred to as potroom nsthma, has been documented 

in cross-sectional' ' and longitudinal studies.' ' Potroom 
asthma has been objectively confirmed by characteristic 
work related decreases in peak expiratory flow ( PEF) 
measurements.' ' and late asthma tic responses assessed by 
serial recording of forced expiratory volume in one second 
(FEY.).' The reported incidence of potroom asthma varies 
from 0.06% to 4% of exposed workers per year. The variation 
in occurrence may partly be attributed to different definitions 
of the condition.' The annual incidence in Norway has been 
about 1.5% in recent years and potroom asthma continues to 
represent an important health problem in Norwegian 
aluminium production. 

Potroom workers are exposed to a complex mixture of 
particulates and gases. The respirable particles of the pot 
fume emissions are mainly composed of aluminium oxide, 
carbon dust, and cryolit (a fluorinated compound of sodium 
and aluminium), to which gases such as hydrogen fluoride 
and sulphur dioxide are absorbed. As the concentrations of 
several pollutants are correlated to each other, it has been 
difficult to identify the causal agent of potroom asthma, 
although a number of authors have suggested fluoride 
compounds to be the major candidate.' • ' 

Potroom asthma develops after a symptom-free period 
(latency) varying from weeks to years after first exposure and 
the most common clinical presentation is a late asthmatic 
reaction occurring a few hours after work. The pathogenetic 
mechanisms in potroom asthma remain unknown. Specific 
immunological reactions or an irritant effect have been 
suggested and there is evidence for the presence of both.'' 

A potential inflammatory response caused by exposure to 
potroom contaminants has been examined in a few studies; 
blood eosinophil counts increase during asthmatic attacks in 

potroom workers'" and increased pre-employment blood 
eosinophil levels are related to the occurrence of potroom 
asthma." Although bronchial responsiveness is positively 
associated with potroom exposure,"" the predicting value 
for potroom asthma is low." Healthy subjects exposed to 
hydrogen fluorides in concentrations similar to those 
regularly measured in aluminium smelters have increased 
numbers of lymphocytes in bronchoalveolar lavage fluid." In 
addition, both asthmatic and symptom-free potroom workers 
have increased concentrations of exhaled NO." 

These previous studies suggest that exposure to potroom 
contamination may induce airway inflammation and support 
the hypothesis that potroom asthma is an inflammatory 
disorder. However, examination of bronchial biopsy speci
mens, which is regarded as gold standard to assess airway 
inflammation, is lacking. We aimed to examine the presence 
of airway inflammation in asthmatic potroom workers by 
investigating bronchial biopsies and exhaled NO in subjects 
diagnosed as having occupational potroom asthma. 

METHODS 
Subjects 
Potroom workers with occupational asthma (eight non
smokers and 12 smokers), healthy potroom workers (eight 
non-smokers and seven smokers), and 10 healthy non
exposed controls (all non-smokers) were included. All 
asthmatic workers who had not left the plant were identified 
by the company physicians and were examined by the main 
investigator (TS) who confirmed the diagnosis of potroom 
asthma. From a total asthmatic population of 39 workers, 18 
subjects were excluded for different reasons (lack of 

Abbreviafions: DIC, differential interference ce>ntrmt; FEV1, fon:Od 
expiratory volume in one second; FVC, forced vital capoc:ity; NO, nitric 
oxide; RBM, reticular basement membrono; PEF, peak oxptrotory Row 
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Main messages 

• Workers with potroom asthma develop chronic bron
chial inAammation. 

• Non·smoking potroom a•lhmolics have similar inAam
motory changes in airway mucosa as conven~onal 
a.sthma, shown b)' thickened RBM, increased leucocyte 
and eosinophil inAux, and increased exhaled NO. 

• Smoking potroom asthmatics hove thickened RBM but 
lower leucocyte density than asthmatic non-smokers, 
sugg~sting an immunomodulating effect of tobacco 
smoktng. 

reversible airway obstruction, atopy, childhood asthma, 
exercise induced asthma, frequent airway infections, FEV 1 

<70% of predicted value, cardiac disease). 
Of the 21 asthmatic workers fitting the inclusion criteria, 

only one was not included because he did not want to 
undergo a bronchoscopic examination. 

The diagnosis of potroom asthma was made by confirming 
the diagnosis of bronchial asthma according to international 
guidelines" and by establishing a causal relation between 
asthma and the working environment, meeting the criteria 
for potroom asthma as previously defined.' " Serial monitor
ing of PEF was performed at work and away from work. The 
clinical criteria were: initialiy asymptomatic exposure period 
(latency), symptoms of airway obstruction (dyspnoea, 
wheezing, and cough), usually occurring several hours after 
exposure or during sleep, and improvement of the symptoms 
after absence from work for several days or longer. Reversible 
airway obstruction defined as >IS% increase in FEV1 after 
inhalation of p2 agonist and diurnal PEF variability > 15% 
was documented in all asthmatic subjects. If work aggrava
tion of underlying asthma was suspected, the subject was 
excluded. About half of the asthmatic workers were still 
working in the potrooms, and those relocated were working 
in non-polluted environments at the smelter. The relocated 
workers had persistent asthmatic symptoms, although all 
subjects reported gradual improvement of symptoms after 
withdrawal from exposure. The healthy workers and non
exposed controls had no symptoms from upper or lower 
airways and their lung function was normal. The IS healthy 
workers were recruited by advertising the need for volunteers 
at one smelter employing about 440 pot operators. They were 
included successively as they responded and were compar
able in age and smoking habits to the asthmatic workers. The 
10 non-exposed controls were recruited from a normal 
healthy never-smoking population, responding to a request 
for volunteers at the University of Oslo. None of the 
participants had a history of allergy, familiar asthma, or 
childhood asthma and their total IgE levels were within the 
normal range. They had been free from respiratory tract 
infections for at least six weeks before investigations. 

Table I shows the characteristics of the study population. 
Ex-smokers (quitting >1 year) and never-smokers were all 
classified as non-smokers. Five of the workers (two of the 
asthmatics and three of the healthy workers) were ex
smokers. Median smoking load was 13 pack-years for the 
asthmatics and 17 pack-years for the healthy workers. The 
Regional Committee for Medical Research Ethics approved 
the study and informed written consent was obtained from 
each subject, 

Study design 
The workers were recruited from five Norwegian aluminium 
smelters during the period 1998-2002. Clinical examination 
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Policy implications 

• Early diagnosis of polroom asthma and relocation is 
essential to prevent irreversible histopathological 
changes. 

and recording of medical and occupational history was 
performed by a physician (TS); the subjects underwent 
spirometry, chest radiography, electrocardiography, blood 
tests, and measurement of exhaled NO the day before 
bronchoscopy with bronchial biopsy. 

Exposure 
In the Norwegian aluminium industry measurements of total 
airborne fluorides and dust are regularly performed from 
personal samplers . The mean levels of exposure are mostly 
far below the Norwegian threshold limit value (total fluorides 
0.6 mg/m3 and total particulates 5 mg/m3

), but peak expo
sures frequently occur. About 40% of the measurements 
for fluorides and 10% of the measurements for particulates 
are reported to exceed the hygienic llmil values , In the 
present study, levels of exposure are not estimated for 
the individual worker, and only duration of exposure is 
recorded. 

Measurement of lung function and exhaled NO 
Spirometry was performed with a pneumotachograph 
(Vitalograph, Birmingham, UK) in accordance with the 
guidelines recommended by European Respiratory Society;" 
the reference values of European Coal and Steel Community 
were used." Exhaled NO was measured by a chemilumines
cence analyser (LR 2000, Logan Research, UK) at a sampling 
rate of 250 ml!min as previously described." 

Bronchoscopy and processing of bronchial biopsy 
specimens 
Fibreoptic bronchoscopy and biopsy sampling was performed 
following the guidelines from the European Society of 
Pneumonology." All subjects were premedicated with atro
pine 0.6 mg subcutaneously, 5 mg diazepam orally, and 
alfentanil intravenously as needed (0-2 mg) for mild 
sedation and analgesic. Under local anaesthesia with 
lidocaine, a bronchoscope with working channel 2.8 mm 
(Pentax FB-19H or Olympus 20D IT) was used to obtain 
a maximum of six bronchial biopsy specimens from the 
second and third generation carinae of the right lung by a 
single use forceps (Microvasive 1267, Radial Jaw, Boston 
Scientific). The biopsy specimens were immediately 
embedded in Tissue-Tek Optimal Cutting Temperature 
Compound (Miles Laboratories, IN), snap frozen in isophen
tane precooled in liquid nitrogen, and stored at -7o•c. Cryo 
sections were cut serially at 4 f.lm, dried overnight, and stored 
at - 2o•c until use. 

I m mu noh istoc hem is try 
From a lower lobe biopsy, two sections of lOO 11m interval 
were prepared for immunohistofluorescence examination 
using antibodies (all Dako NS, Denmark) against total 
common leucocytes CD45 (catalogue number M701), mast 
cell tryptase (M7052), and neutrophil elastase (M752). The 
primary antibodies were applied at optimal dilutions and 
incubated one hour at room temperature. The sections 
were prefixed for lO minutes at 4•c in 2% paraformaldehyde 
for CD45 staining and in 4% paraformaldehyde for mast 
cell and neutrophil staining. Goat serum 5% was then 
applied for 15 minutes to block unspecific binding sites. 
The secondary layer was biotinylated goat anti-mouse 
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Table 1 Characteristics of the study population 

Asthma~cworke" ln=20] Healthy work ... (n=l5) 
Non-exposed controls 
(n=lO] 

-N-o-n--smo--:k-.,.-,""in- =- 8""'!- Smo--:ke- .. ""in_=_l_2-:-]- Non·smoke" (n = 8) Smoke" (n = 7) Non·smok ... (n= 10] 

Age (years)' 
FEV1 % pred' 
FEV,/FVC %' 
Inhaled corticosleroids (n} 
Inhaled P2 agonist In) 
Duration of exposure (years)" 
Duralion of symptoms (years)* 
latency period (years)" 
Relocated subjects fn) 

•Dolo ore presented as median (range). 

35)27-49] 
91 (75-120) 
78 (61-82) 
1 
4 
14 (4-28) 
10 (1-22) 
7(1-13) 
3 

40 (32-59) 
90 )73-111 ) 
67 (59-79) 
3 
6 
11 (8-25) 
11 )1-18) 
7(0.5-13) 
7 

36(31-58) 
108 (90-135) 
80 171-87) 
0 
0 
14 (13-25) 

43 (32-49) 
105 (85-124) 
75 (71-841 
0 
0 
19 (13-241 

24(21-44) 
112(81-124) 
81 (74-90) 
0 
0 
0 

FEV11 Forced expiratory volume in 1 second; % pred, percentage oF predided value; FVC, forced vilal capacily. 

immunoglobulin (Dako NS) incubated for !.5 hours fol
lowed by 0.5 hour incubation with Streptavidin Alexa 594 
conjugate (Molecular Probes, Nederlands) mixed with 
DNA staining to visualise the nucleus (4,6-diamino-2-
phenylinodole (DAPI) Molecular Probes) . Figure I shows 
an example of immunohistofluorescent staining of CD45+ 
leucocytes. Methodological controls included sections stained 
without primary antibody and sections incubated with 
non-immune mouse immunoglobulin. The adjacent slides 
were stained with haematoxylin and eosin for examination 
of eosinophils. 

Figure 1 lmn\unofluo,..,..,onl •laining of CD45' loucocy!S$ lredl 
combiocd with 2,6-diomino-2· phcnylii\Odole dihydrochlotido tDAPJ) to 
visll!llisc tho n..dau> lbl110) in o bronchial biop•y .pecimcn from o non· 
smoking wbie<:l with polroom 01thma. Positively >tainod coil> ore->Cen in 
both ~"' epilhelivm ond lomino propria. Original magnilicotion x 630. 
Internal scolo bor • 5011m. tpsevdOcolour mult;loy.,. ln\oge 
supcrimpo>od on dilfcranlial int-orJcn,nco contrast imogol 

Quantitation of leucocytes 
All slides were analysed blind by one observer (TS) using a 
Zeiss Axioplane2 microscope at 630 x magnification. 
Eosinophils were identified on haematoxylin and eosin 
stained slides examined by light microscopy in combination 
with differential interference contrast (DIC) microscopy. This 
method for identification of eosinophils has been shown to 
be more reliable in cryo sections than immunohistochemical 
labelling of eosinophil granule proteins.'" In cases of doubt, 
we additionally used the eosin fluorescence to localise the 
cell. Positively stained cells were counted in intact epithelium 
(defined as the presence of both basal and columnar cells) 
and in a tissue zone 114 f.Lm beneath the RBM, referred to as 
lamina propria. All available area was analysed, The final 
result, expressed as number of intraepithelial cells per 
millimetre of intact epithelium or number of cells per square 
millimetre of lamina propria, was calculated as the average of 
all the measurements performed of each section. The median 
length of intact epithelium examined in a subject was 5 mm 
(range 2-16 mm) and the median area of lamina propria 
examined was 0.87 mm2 (range 0.36-2.24 mm2

), corre
sponding to a basement membrane length of 6.2 mm (2.4-
16.0 mm), as recommended." 

Measurements of RBM 
By use of DIC rnicroscopy combined with light microscopy, a 
digital captured high power image was used to measure the 
distance from the base of the bronchial epithelium to the 
outer limit of the RBM by AnalySIS Soft Imaging System, as 
illustrated in fig 2. Only perpendicular cut sections were 
examined and a median of 68 measurements (range 37-161) 
were performed on each section at approximately 20 ~ 
intervals, as recommended.21 

Epithelial integrily 
The degree of epithelial damage was expressed as epithelial 
integrity, defined as the length of basal membrane covered 
with intact epithelium divided by the total length of the 
membrane. By light microscopy examination (haematoxylin 
and eosin stained slides and 630 x magnification), a test grid 
(eyepiece reticule) was superimposed on the section, and the 
length of basal membrane with and without intact epithe· 
lium was recorded. A median of 31 grids were analysed for 
each subject, corresponding to a median length of basement 
membrane of 6.2 mm. 

Statistics 
Results are presented as median (range) values. Differences 
between two groups were compared by the Mann-Whitney U 
test and correlation coefficients were calculated using Spear
man's rank method , To control for potential confounders 

'oNWW occenvmed.com 
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figuro 2 E><amlnotion cl retitulor bc .. monl mombtono thlckna;s 
p<lrb-mcd en o hdcmotcxylln and oosin stained slide comblnod with 
<lilforantial inlorleronoo microS«>py in c brondlic.l biopsy ~pQ<imon from 
o patient with pelroom <nlhmo. Moowromonb oro >ir&wn os while lines 
porpondi(U]or le l~o rclicolor bcsomont mombrono. Original 
mognifl<alion x 630. lnlornol scolo bcr - 50 pm. 

(age and smoking habits), analysis of variance was 
performed for all results. A p value <0.05 was regarded as 
significant. 

RESULTS 
Leucocyte density in lamina propria, RBM thickness, epithe
lial integrity, and exhaled NO concentrations are shown in 
table 2 and the variables are shown as individual scatter plots 
in fig 3. The results varied with smoking habits and are 
presented for non-smokers and smokers separately. The non
exposed control group was younger than the other two 
groups, and the results were controlled for age. The only 
outcome parameter that varied with age was neutrophils, and 
a reduction in lamina propria neutrophils was seen with 
increasing age for all groups (p = 0.0 l ). 

Sjdheim, Halstensen, Lund, et al 

Leucocyte density in lamina propria 
Asthmatic non-smokers had significantly higher density of 
CD45+ leucocytes (fig 3A) and eosinophils (fig 3B) compared 
to both non-smoking healthy workers and non-exposed 
controls (table 2) . In contrast, a rather low density of 
leucocytes was observed in asthmatic smokers, in whom the 
densities of CD45+ leucocyles, eosinophils, and neutrophils 
were significantly reduced compared to asthmatic non
smokers (p < 0.001, p = 0,05, and p = 0.04 respectively). 
The difference in mast cells did not reach the level of 
significance. Healthy workers (both non-smoking and 
smoking subgroup) had a significantly increased density of 
eosinophils compared to non-exposed controls (p = 0.04 and 
p=0.01). 

Classifying subjects with eosinophil density above the 
upper range seen in non-exposed controls (0-15 cells/mm2

) 

as eosinophil(+), 50% of the asthmatics and 40% of the 
healthy workers were eosinophil(+) subjects, This cut-off 
value coincides with two standard deviations of the mean 
value in non-exposed controls. 

lntraepithelial cell counts 
The number of intraepithelial CD45+ leucocytes was sig
nificantly increased in both asthmatic (22 cells/mm epithe
lium) and healthy smokers (35 cells/mm epithelium) 
compared to the non-smoking groups. Within the non
smoking groups there were no difference (varying from 8 to 
11 cells/mm epithelium). lntraepithelial mast cells were 
significantly increased in asthmatic non-smokers compared 
to non-exposed controls ( 0.9 v 0.2 cells/mm epithelium, 
p = 0.03) . 

RBM 
RBM thickness did not vary with smoking habits. The RBM 
was significantly thickened in both asthmatics (median 
8.2 f!m, range 5.9-12.5 11m) and healthy workers (median 
7.4 f!m, range 5.6-9.0 ~m) compared to non-exposed controls 
(median 6.7 f!m, range 6.0-7,6 ~m) (p = 0.002 and p = 0.04 
respectively, fig 3C) . The difference in RBM thickness 
between asthmatic and healthy workers was 0.8 ~m 
(p = 0,055) . 

Epithelial integrity 
In non-smokers, we found no significant difference in 
epithelial integrity between asthmatics and controls 
(table 2 ). Epithelial integrity was significantly increased in 
asthmatic smokers compared to asthmatic non-smokers 
(p = 0.03 ), but no difference was found between asthmatic 

Table 2 Leucocyte density in lamina proprio, reticulor basement membrane thickness, epithelial integrity, and exhaled nitric 
oxide• 

Asthmolk worken (n = 20) 

C045+ leucocyles 
Eosinophils 
Mast cells 
Neutrophils 
RBMII""l 
Epahelial integrily I%) 
Exhaled NO lppb) 

Non·smoken In= B) 

1519I72G-1917)t§ 
2716-164)t§ 
116166-161) 
83 (46-162)§ 
8.217.5-1 0.2)t 
52 (G-90)§ 
18 1 I6.3-9L1Jt! 

Smoker> In= 12) 

6751452-914) 
lOIG-41) 
78129-141) 
42113-93) 
8.015.9-12 5) 
70 151-96) 
4.411 2-80 0) 

~' tDt1cutc, baso~T~<~r\1 rncm~-cme: ~· parb per billion 
c.u 00)1111• .,. ~e....J "' cell>/<nrn 
'Oolo ••• "'P'.:,,,a o> mac!Jcn 11<>"9"). 
tp<O 05 v non·smoking healthy wOrkers and non-exposed conlrols 
:t:p<0.05 v non-exposed controls. 
§p<0.05 v smoking asthmalic workers. 

www~occenvmed cam 

Healthy worker> In= 15) 

Non·smoken (n =B) 

660 (415-1289) 
10 l:}-24)t 
93143-169) 
45118-110) 
7 2 15 6-ll.7) 
41 118-93) 
6 5 13.1-22 8) 

5moken !n=7J 
897 1503-1871) 
33 (2-193) 
1 05 (34-199) 
56123-98) 
7.616.8-9.0)t 
67138-97) 
41 11.6-20 3) 

Non-exposed conlrols 
ln=10l 

Non· smoker> (n = 1 0) 

8871566-1595) 
31G-15J 
89 (3G-118) 
84129-175) 
6.7 {6.G-7.6) 
42118-70) 
51 13.5-8 4) 
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Figuro 3 1ndivid.,.,llou~:?r counts in lamina pR>pria (A~ CD45' leucocyte•; 6: oosinr::fhils), RBM thldmoss (C), and exhnlud nitric axido ~~In non• 
>II]Oking INSI and smokiny SI asthmatic ~!room wOrlc<>rs, ealthy J>Olroom W<>rkors, a noo•oxposud controlo. Dolo aro W<pressud as num r of cell> 
por .quaro millimotno of- tissue. Horizonia ba~ represent mudian value,. Dork lriongl .. indicolo trealmonl with P2 agoni•ts and op<tn triangles indicato 
troolmool with Inhaled QOrlico•tcrolds , 

smokers and the smoking healthy workers. In the damaged 
area, the ciliated epithelial cells were often absent while the 
layer of cuboidal basal cells was intact. 

Exhaled NO 
In non-smoking subjects, the concentrations of exhaled NO 
were significantly higher in asthmatic workers than in both 
healthy workers and non-exposed controls (fig 3D). Exhaled 
NO was, as expected, low in smokers, and NO values in 
asthmatic smokers did not differ from those in control 

smokers. In non-smoking asthmatic workers, exhaled NO 
correlated to the density of lamina propria CD4S+ leucocytes 
(r = 0.81, p = 0.02) and eosinophils (r = 0.79, p = 0.02). 

Exposure and outcome variables 
We found no association between number of years employed 
in the potrooms and any of the outcome parameters. There 
was no difference between asthmatic workers who were still 
exposed in the potrooms and those who were relocated to 
non-polluted working environments. 

www.occenvmed.com 
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DISCUSSION 
This study reveals the presence of airway inflarrunation in 
subjects with potroom asthma, shown by significantly 
increased density of lamina propria CD45+ leucocytes and 
cosinophils, significantly increased numbers of intraepithelial 
mast cells, thickening of RBM, and increased exhaled NO in 
asthmatic non-smokers. In addition, a subclinical inflamma
tion, shown by significantly increased lamina propria 
eosinophils and RBM thickening, was observed in healthy 
potroom workers when compared to non-exposed controls. 

Similar results have been reponed in earlier studies of non
smokers with occupational asthma induced by low-molecular 
weight compounds such as isocyanates" and plicatic acid in 
western red cedar21 as well as non-occupational asthn1a ,24 n 

Earlier studies in aluminium smelters indicate that eosino
phils contribute to the pathophysiology of potroom astluna 
and we could confirm the presence of airway mucosal 
eos inophilia . However, about half of the asthmatic workers 
had eosinophil counts in the range observed for non-exposed 
controls. These findings are in line with the increasing 
recognition of non-eosinophilic forms of asthma."" also 
observed in other forms of occupational asthma." Our data 
did not support the hypothesis that non-eosinophilic asthma 
is a neutrophil mediated inflammallon2

' 
29 as we found no 

difference in neutrophil density between eosinophilic and 
non-eosinophilic groups. Neutrophil involvement in the 
pathogenesis of occupational asthma has been documented 
in asthma induced by isocyanates" and grain-dust," but in 
contrast to these studies, we were unable to show increased 
density of neutrophils in the airway wall in our asthmatics. 

The number of intraepithelial mast cells was significantly 
increased in non-smoking asthmatics, but no difference in 
lamina propria mast cells was found between the groups. 
This is somewhat surprising, since mast cells are regarded as 
an important effectors cell of the asthmatic inflammation." 
However, in previous studies the number of mast cells tended 
to vary."·" Our results are in line with a study by Saetta et a/ 
who found mast cells numbers to be increased only in the 
epithelium." In another study, increased numbers of mast 
cells were found in both the epithelium and lamina propria in 
subjects who developed asthma after a short time (median 2 
years) of exposure to isocyanates.'' The latency period in our 
study was longer (median 7 years, range 0.5- 13 years), 
suggesting that mast cells might be associated with indivi
dual susceptibility to exposure. 

Loss of epithelial integrity is commonly found in asth· 
matics, although this finding is inconsistently reported.''" 
Our results in non-smoking asthmatics agree with previous 
studies." We found, as have other resea rchers" that it is 
difficult to obtain biopsy samples from normal subjects. 
Hence, we hypothesise that mechanical biopsy induced 
damage to the bronchial epithelium is more likely to occur 
in healthy subjects and can explain the higher epithelial 
damage found in our conLrols . Thus, in vivo damage can 
possibly not be distinguished from biopsy induced, artifactual 
damage in our study. We also found that biopsy specimens 
were most easily taken from smokers. 

Wide variations exist in the reported ranges of RBM 
thickness, in both asthmatic and control airways," and may 
partly be due to different tissue handling and measurement 
techniques. Compared to a study with similar biopsy 
processing," RBM in the present study appear thinner in 
the asthmatics and thicker in the controls. Although the 
difference between the groups appears to be smaller, it is 
significant. We have performed a higher number of measure
ments than in most other studies and found that the RBM 
thickness shows great variations within one section, even in 
perpendicular cut areas. 

www.occenvmed.com 
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The finding of increased exhaled NO concentrations in 
non-smoking workers with potroom asthma is in accordance 
with a preceding study by Lund and colleagues." In addition 
we found a positive correlation between exhaled NO 
concentrations and the density of lamina propria CD45+ 
leucocytes and eosinophils in subjects with potroom asthma. 
Similar correlations were not observed in the healthy 
workers. 

The observed significant increase in some inflammatory 
markers in healthy potroom workers is an interesting finding. 
Compared to non-exposed controls, the healthy porroom 
workers had a higher density of lamina propria eosinophils 
and thicker RBM, and their exhaled NO tended to be higher. 
These findings suggest that exposure to pollutants in 
aluminium smelters may affect the bronchial mucosa and 
induce a subclinical airway inflammation, even in healthy 
asymptomatic workers. 

An unexpected finding was the impact of smoking in 
asthmatics. Asthmatic smokers had lower leucocyte density 
than asthmatic non-smokers . A higher proportion of asth· 
matic smokers were treated with inhaled steroids (3/12 of 
asthmatic smokers v 1/8 of asthmatic non-smokers). 
However, the difference in leucocyte density and exhaled 
NO values between the two asthma groups cannot be 
explained by anti-inflammatory treatment, as excluding the 
four subjects on inhaled conicosteroids from our analyses did 
not change the overall results. 

A misclassification of asthma also seems unlikely. The 
smokers who were diagnosed as asthmatics had symptoms, 
PEF measurements, and reversibility consistent with potroom 
asthma and not chronic obstructive lung disease, and their 
median FEV1 was comparable to that in non-smoking 
asthmatics (90% v 91% of predicted value). Two of the 
astlunatic workers and three of the healthy workers were ex· 
smokers. (The asthmatics had smoked respectively 8 and 20 
pack-years and had stopped smoking 3 and 13 years ago. The 
healthy workers had smoked 2, 5, and 11 pack-years and had 
stopped respectively 14, 15, and 6 years ago. ) No studies are 
available to clarify a potential effect of cigarette smoking on 
inflammatory parameters in the airways of previous smokers. 
Excluding the five ex -smokers from the analyses did not 
change the main results, but the sample size might be too 
small to show a hangover effect of smoking. 

Studies of asthmatic inflammation in humans have been 
limited to non-smokers, and to our knowledge there is no 
published biopsy study including asthmatic smokers. 

Hence, an inununomodulating effect of smoking on airway 
mucosa in asthmatics has not previously been shown, but 
recent publications from peripheral blood'"' and induced 
sputum" of smoking asthmatics support our data . In 
agreement with other studies showing smoking to induce 
an inflanunatory airway reaction in non-asthmatics,4 2 the 
smoking healthy workers tended to have higher leucocyte 
density compared to non-smoking healthy workers. 

Smoking in itself may be irnmunomodulating rather than 
proinflammatory. This is supported by several human and 
animal studies." Nicotine was recently shown to have a direct 
inhibitory effect on the production of proinflammatory 
mediators by stimulating the nicotinic acetylcholine recep
tor.« Moreover, in a recent study a smoke induced reduction 
in the number of dendritic cells in the murine lung was 
reported." The finding that smoke exposure influences the 
antigen presenting cells may have profound effects on 
immune responsiveness. 

According to this, it is likely that the relatively low num· 
ber of leucocytes in the airway wall found in our asthmatic 
smokers was induced by smoking and not by occupational 
exposure or interaction effects. However, at present we 
have no explanation for why smoking seems to have a 
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pro-inflammatory effect in non-asthmatics but an anti
inflanunatory effect in asthmatics. 

In conclusion, in non-smoking workers with potroom 
asthma characteristic immunopathological features of asthma 
such as inflanunatory cell infiltrate, thickening of RBM, and 
increased levels of exhaled NO were shown. In asthmatic 
smokers, only thickening of RBM was observed, suggesting a 
different pathophysiological process for potroom asthma in 
smokers than in non-smokers. In healthy workers, exposure 
to pot fume emissions may induce a subclinical airway 
inflammation. 
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Reduced bronchial CD4+ T-cell density in 
smokers with occupational asthma 
T. Sjahelm*•#, J. Kongerud#, 0. Bjortuft#, P.A. DrablosE, D. Malterud+ and T.S. Halstensen* 

ABSTRACT: Cigarette smoking may alter bronchial inflammation In asthma. Multlcolour 
lmmunohlstofluorescent examination on bronchial cryosections was used to examine bronchial 
inflammatory cell infiltrate in patients with occupational asthma. Monoclonal antibodies to C03, 
C04, COB, T-cell recaptor-M, CD68 and human leukocyte antigen-OR were combined to identify T
een subsets and macrophages in bronchial biopsies from 20 workers with occupational asthma 
(12 smokers and eight nonsmokers), 15 healthy workers (seven smokers and eight nonsmokers) 
and 1 0 nonsmoking, non exposed controls. 

The Increased subepithelial C04+ T-een density in nonsmoking asthmatics was not present in 
smoking asthmatics, who had the lowest CD4+ T-een density of all groups. The decreased 
subepithelial C04+ and COB+ T-cell density correlated with a reduction In lung function, as 
measured by percentage predicted forced expiratory volume in one second, In smoking 
asthmatics only. Although smoking asthmatics had a significantly Increased number of 
intraeplthellal CD8+ T -cells and macrophages compared with nonsmoking asthmatics, the 
proportion of yo-T-cells was significantly decreased in both asthmatic groups. 

Smoking asthmatics had a distinctly different distribution of T-een subsets compared with 
nonsmoking asthmatics. The accumulation of subepithelial C04+ T-eens, which was observed in 
nonsmoking asthmatics, appeared to be inhibited in smoking asthmatics, suggesting a smoking
Induced bronchial Immune modulation, at least in occupational asthma in the aluminium industry. 

KEYWORDS: Asthma, inflammation, smoking, T-lymphocyte subsets 

A 
sthmatic airway inflammation has mostly 
been examined in atopic, nonsmoking 
subjects, where the increased bronchial 

density of CD4+ T-cells appears central [1, 2] . 
Although nonatopic and occupational asthma 
seem to have different immunopathological 
mechanisms from atopic asthma, mucosal T -cells 
are prominent in all conditions [3-5]. Little is 
known regarding the influence of smoking on the 
bronchial inflammatory response in asthma. Only 
few data are available on airway pathology in 
smoking asthmatics, as reviewed by THOMSON et 
al. [6]. The main findings are reduced eosinophils 
in both induced sputum and peripheral blood, 
while neutrophils are increased in induced 
sputum samples. 

Bronchial biopsy studies in smoking asthmatics 
are lacking, apart from the current authors' 
previous study of occupational nonatopic asthma 
in aluminium potroom workers [7], who were 
exposed to a complex mixture of particulates and 
gases [8] . Even though smoking and nonsmoking 
asthmatics had parallel increases in reticular 
basement membrane thickness, the smoking 
asthmatics had no increase in subepithelial total 

leukocyte density (CD45+ cells). This was in 
contrast to the nonsmoking asthmatics, who had 
increased total leukocyte density and displayed 
similar mucosal-airway inflammation as pre
viously shown in "traditional", nonoccupational 
asthma [1]. Accordingly, the aim of the present 
study was to examine bronchial T -cell subsets 
and macrophages in smokers and nonsmokers 
with occupational asthma. Multicolour irnrnuno
histofluorescence staining was performed to 
identify macrophages and T-lymphocyte subsets 
(CD3+, CD4+, CDB+, y8-T-cells) in bronchial 
biopsies. The results revealed that the increase 
in subepithelial CD4+ T -cells found in nonsmok
ing asthmatics was not observed in smoking 
asthmatics. 

METHODS 
Subjects 
Potroom workers in aluminium smelters with 
occupational asthma (n =20; eight nonsmokers 
and 12 smokers) were included in the present 
study. The controls consisted of 15 healthy 
potroom workers (eight nonsmokers and seven 
smokers) and 10 healthy, nonexposed subjects 
(all nonsmokers). The diagnosis of occupational 
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asthma was set by confirming the diagnosis of bronchial 
asthma according to international guidelines [9] and by 
establishing a causal link between astluna and the working 
envirotunent, in line with previously defined criteria for 
occupational asthma in the aluminium industry [10]. Serial 
monitoring of peak expiratory flow was performed both at 
work and away from work. The inclusion criteria were: 
initially asymptomatic exposure period (latency); symptoms 
of airway obstruction (i.e. dyspnoea, wheezing and cough), 
usually occurring several hours after exposure or during sleep; 
and improvement of the symptoms after absence from work 
for several days or longer. Reversible airway obstruction, 
defined as > 15% increase in forced expiratory volume in one 
second (FEV1) after inhalation of ~ragonist and diurnal peak 
expiratory flow variability >15%, was documented in all 
asthmatic subjects. All patients with suspected work aggrava
tion of underlying asthma or a history of allergy or childhood 
asthma were excluded. Characteristics of the shtdy population 
are described in table 1 and further detailed elsewhere [7]. Half 
of the asthmatics (three out of eight of the nonsmokers and 
seven out of 12 of the smokers) had been relocated to 
nonpolluted working environments. Ex-smokers (who had 
ceased smoking > 1 yr previously) and never-smokers were all 
classified as nonsmokers. Two of the asthmatics and three of 
the healthy workers were ex-smokers. Median smoking load 
was 13 pack-yrs (range 8-31) for the asthmatics and 17 pack
yrs (range 13-32) for the healthy workers. None of the 
participants had a history of allergy, familial asthma or 
childhood asthma and their total immunoglobulin (Ig)E levels 
were within the normal range. The controls had no symptoms 
from upper or lower airways. Two of the asthmatic subjects 
were females (one nonsmoker and one smoker), whereas the 
rest of the participants were males. The shtdy was approved 
by the Regional Ethics Committee and written informed 
consent was obtained from all subjects. 

Spirometry and flexible bronchoscopy were performed in 
accordance with international guidelines as previously 
described [7] . Bronchial biopsies (maximum six from each 
subject) were taken from the second- and third-generation 
carina of the right lung and processed for cryosectioning (snap 
frozen). 

i{J:'!JI Characteristics of the study population 

Althmotlc workers 

Nonsmokers Smokers 

Subjects 8 12 

Age yrs 35 (27-49) 40 (32- 59) 

FEV1 % pred 91 (75-120) 9073-111) 

FEV1/FVC % 78 (61-62) 67 (59-79) 

Inhaled cortlcoaterolda 1' 3' 

Inhaled p2-agonlst 

C04- T·CELLS IN SMOKING ASTHMATICS 

Immunohistochemistry 
As both macrophages and mast cells express the CD68 epitope 
detected with the monoclonal antibody (mAb) KP1, double
labelling for CD68 and human leukocyte antigen (HLA)-DR 
was needed to identify macrophages (CD68+HLA-DR+ cells), 
as mast cells are HLA-DR negative (fig. la). Similarly, as 
macrophages, eosinophils and T-cells may all express CD4, 
double-staining with CD3 and CD4 was essential to identify 
CD4+ T-cells (fig. lb). From a lower lobe biopsy, 4-~m 

cryosections were prefixed for 10 min in 1% para formalde
hyde. Macrophages were identified by a combination of mAb 
directed against CD68 (clone KPl, M0814, IgG1; DAKO A/ S, 
Glostrup, Denmark) and HLA-DR (clone L123, IgG2.; Becton 
Dickinson Immunocytometry Systems, San Jose, CA, USA) 
followed by an appropriate mixhtre of fluorochrome
conjugated goat anti-mouse IgG-subclass specific reagents, 
combined with 4' ,6-diamino-2-phenylindole to visualise the 
nucleus (all from Molecular Probes, Eugene, OR, USA). T-cells 
and their subsets were identified by anti-CD3 (clone RIV9, 
IgG3; Monosan, Am Uden, The Netherlands) combined with 
anti-CD4 (Leu 3, IgG1; Becton Dickinson), anti-COS (clone 
DK25, IgG1; DAKO A/ S) or mAb to the 8 chain of the T-cell 
receptor (TCR)-yo (TCRol, IgG1; T Cell Sciences, Cambridge, 
MA, USA), followed by Alexa-conjugated goat anti-mouse IgG 
subclass specific reagents (Molecular Probes). mAb TCR-yo 
was also combined with anti-COS (IgG2b ; Serotec Ltd., Oxford, 
UK). Negative controls included omitting primary antibodies 
and using nonim mune mouse Ig in similar concentra tions. A 
jejuna! section from a patient with coeliac disease was used as 
a positive control for y8-T-cells. The primary antibodies were 
incubated for 20 h at 4' C and the secondary antibodies were 
applied for 1 h at room temperature. 

Quantification of /eukocytes 
All slides were coded and analysed using a Zeiss Axioplane2 
microscope (Car! Zeiss, Oberkochen, Germany) at 630 x 
magnification. Positively stained cells were counted in intact 
epithelium (defined as presence of both basal and columnar 
cells) and in a subepithelial zone 114 ~m beneath the reticular 
basement membrane. Excluding submucosal glands and 
vessels, all available area was analysed. To gain sufficient 
tissue to obtain representative cell counts [11], 2-4 sections 

Healthy workers Nonexposed controls 

Nonsmokero Smokers Nonsmokers 

8 10 
36 (31 - 58) 43 (32-49) 24 (21-44) 

108 (90-135) 105 (85-124) 112 (81-124) 

80 (71-87) 75 (71-84) 81 (74-90) 

0 0 

0 

Data are presented as nor med1an (range) FEV1: forced e>:p1ratory volume in one second:% pred:% predicted: FVC: forced vital capacity il. flul1casone 500 .ug. llaarr.... 

•. budeson1d 400 ~g (two subjects) and budesonid 600 ~g ,.. 

EUROPEAN RESPIRATORY JOURNAL VOLUME 28 NUMBER 6 1139 



CD4+ T-CELLS IN SMOKING ASTHMATICS 

c) 

'·' 

FIGURE 1. a-c) lmmunohistofluorescence triple-sta1n1ng for Identification of 

subepithelial macrophages a) The monoclonal antibody KP1 to CD6B reac1s With 

mast cells and macrophages, bo1h of wh1ch are sta1ned red b) However, 

macrophages (bu1 not mast cells) express human leukocyte antigen (HLA)-DR, 

wh1ch IS stained green c) Accordingly, the double-positive cell (CD68+HLA-DR+) 

represents a macrophage and appears yellow 1n the overlay 1mage The 

CD68+HLA-DR- cell appears red and probably represents a mast cell In c) 

the nuclei are visualised blue (4' ,6-diam~no-2-phenylindole) d) lmmunohisto

fluorescence identification ofT-cells and T-cell subsets in bronchial mucosa from a 

nonsmokmg asthmatic pat1ent, showing Increased dens1ly of subepithelial T-cells 

The T-cell marker (CD3) 1s sta1ned green The CD4+ cells are stained red The C03+ 

(green) T-cells that also express CD4+ (red) appear yellow in th1s double exposed 

rmage (CD3+CD4+ cells) Note that macrophages (CD3-CD4+) appear red, as they 

do not express the T-cell marker CD3 Th1s part1cular f1eld contained many C04- T

cells (C03+C04-, green) both m the subepithelium and 1n lhe epithelium (i.e COS 

T-cell subset) 

were analysed for each subject and all analysed sections were 
included. Median (range) 5.7 (1.8-17.2) mm of intact epithe
lium and 1.2 (0.4-2.8) mm subepithelial area, which corres
ponded to a basement membrane length of 8.2 (2.6-19.8) mm 
were examined per subject. The final result, expressed as 
number of intraepithelial cells·mm-1 of intact epithelium or 
number of cells·rnm·2 of lamina propria, was calculated as the 
average of all the measurements performed on each section. In 
order to directly compare intraepithelial and subepithelial cell 
numbers and evaluate a possible reallocation of cells between 
the two compartments, subepithelial leukocytes were also 
expressed as number of cells·mm·1 of lamina propria. y8-T
cells were expressed as a percentage of the total number of T
cells (CD3+ cells) counted. 

Computer-assisted digital image analysis 
Single-colour images were captured with a MicroMax charge
coupled device digital camera system (Princeton Instruments, 
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Roper Scientific Inc., Princeton, NJ, USA) at 630 x magnification 
and AnalySIS software (Soft Imaging System GmbH, Miinster, 
Germany; fig. la) or the imaging software package MetaMorph 
3.0 (Universal Imaging Corporation, Downingtown, PA, USA; 
fig. lb). 

Statistics 
Results are presented as median (range). Differences between 
two groups were compared by Mann-Whitney U-test. Instead 
of Bonferroni adjustments (which have limited applications in 
biomedical research [12]), the level of significance was set to 
1% to correct for multiple comparisons. Accordingly, when 
comparing multiple groups, only p.:;O.Ol was considered 
statistically significant. The nonparametric statistical analysis 
used in the current study is rather sensitive to low sample size, 
making it more difficult to achieve statistically significant 
differences. However, p-values between 0.05-0.01 have been 
taken into consideration in order not to exclude real differences 
that do not reach the significance level owing to the low 
sample size (type II error). The term "significantly increased" 
is used for p-values .:; 0.01, while the term "increased or 
decreased" is used for differences with p-values 0.05-0.01. 
Multiple linear regression analysis was performed in asth
matics and healthy subjects separately by using exposure, lung 
function, age and smoking as explanatory variables. Cm
squared tests were used to calculate differences in the 
proportion of y8-T-cells. Correlation coefficients were calcu
lated using Spearman's rank method. 

RESULTS 

Subepithelial cell counts 
Nonsmoking asthmatics had significantly increased T-cell 
(CD3+) density compared with smoking asthmatics 
(p=O.OOl), but compared with the control groups the increase 
was smaller (p=0.04). The increase was predominantly made 
up by rise in the CD4+ T-cell subpopulation, which was 
significantly increased (p .:;0.01) in nonsmoking asthmatics 
compared with all groups, while there were no difference in 
CD8+ T-cell densities (table 2; fig. 2a, b). A corresponding 
CD4+ T-cell density was not observed in smoking asthmatics, 
who actually had the lowest density of all groups. If asthmatic 
ex-smokers and steroid-treated asthmatics were excluded from 
the analysis, the difference in subepithelial CD4+ T-cells 
between the two asthmatic groups was still highly significant 
(p<O.OOl). Multiple linear regression analysis using exposure, 
lung function, age and smoking as explanatory variables 
confirmed that apart from smoking in the asthmatic group, 
none of the variables influenced the results. 

The macrophage (CD68+HLA-DR+) density was increased in 
nonsmoking asthmatics compared with nonsmoking exposed 
and nonexposed controls (p=0.02 and p=0.03, respectively), 
but such an increase was not observed in smoking asthmatics 
(table 2; fig. 2c). Both relocated smoking asthmatics (228 (106-
407) cells·mm-2

) and relocated nonsmoking asthmatics (788 
(556-989) cells·mm-2

), had similar subepithelial CD4+ T-cell 
densities to their corresponding exposed asthmatic colleagues 
(smoking asthmatics 225 (88-317) cells·rnm-2

; nonsmoking 
asthmatics 737 (331-1,131) cells·rnm-2

). 

No mucosal y8-T-cells were observed in seven out of the 45 
subjects, and the overall amount of y8-T-cells was too low to 
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if.H!JI Subepithelialleukocyte subsets 

Asthmatic workers Healthy workers Nonexposed controls 

Nonsmokers Smokers Nonsmokers Smokers Nonsmokers 

Subjects n 12 B 7 10 

CD3+ T-cells 1374. (585-1797) 588 (245-935 732 (502-1496) 885 (513-1243) 757 (409-1296) 

CD4+ T-cells 73B .. (331- 1131) 226 (BB-407) 352" (231-764) 2BB (1B2-660) 424" (205-626) 

COB+ T-cells 595 (240-9271 359 (158-550) 329 (174-732) 396 (331-780) 362 (158-888) 

Macrophages 174 (53-366) 65 (35-210) 70 (22-183) 138 (57-237) BB (38-222) 

CD4+/CDB+ T-cell ratio 1 3" (0 B-2 3) 0 6 (0 4-0 8) 1,1 (0 7-1 9) 0 8 (0.2-11) 11 (0 5-1 9) 

yi'> ·T·cells 04' (1313142) 0 7' (16/23561 0 9 (13/1451) 06 (7/1157) 1 9 (40/2119) 

Data for CD3-+-, C04+, COB+ T-cells and macrophages are expressed as median cells~mm·2 (tange) -,1')-T-cells are expressed as percentage of all subepithelial CD3+ T

cells (grouped cell count) in each group ~: p~001 versus smoking asthmalics. ··: p~001 versus nonsmoking healthy workers. smoking healthy workers and 

nonexposed controls:+: p~O 01 versus nonexposed controls 

justify interindividual group evaluation. The individual yo+ T
cell and CD3+ T -cell numbers were therefore summarised 
separately within each of the five groups. Such group-based 
data showed that the proportion of subepithelial yo-T-cells was 
significantly reduced in both smoking and nonsmoking 
asthmatics compared with the nonexposed controls (Chi
squared test; table 2). When all subjects were grouped 
together, 89 out of 10,225 subepithelial CD3+ T-cells (0.9%) 
expressed y and 6 chains (TCRyo), and double-labelling for 
TCRyo and COS revealed that 23% of these yo-T-cells eo
expressed CDS. 

lntraepithelial cell counts 
The number of intraepithelial macrophages and CD8+ T
cells·mrn-1 intact epithelium was increased in both asthmatic 
and healthy smokers compared with their corresponding 
nonsmoking groups (table 3). While intraepithelial CD4+ T
cell counts were significantly increased (p<O.OOl) in the 
healthy smokers, no such increase was observed in smoking 
asthmatics compared with nonsmoking asthmatics (table 3). 
The proportion of intraepithelial yo-T-cells was significantly 
reduced in both smoking and nonsmoking asthmatics 
(p<0.001) compared with nonexposed controls (table 3). 
When all subjects were grouped together, 172 out of 6,492 
intraepithelial CD3+ T-cells (2.6%) expressed TCRyo. Double
labelling for TCRyo and CD8 revealed that 53% of the 
intraepithelial yo-T-cells eo-expressed CD8. 

T-ee// distribution 
In order to directly compare intraepithelial and subepithelial 
T-cell numbers, and evaluate a possible reallocation of cells 
between the two compartments, subepithelial T-cells were 
additionally expressed as number of cells·mm-1 of lamina 
propria. When subepithelial and intraepithelial T-cells were 
summarised, the number of CD4+ T-cells was still significantly 
reduced in smoking asthmatics (39 (20-70) cells·mm'1) compared 
with nonsmoking asthmatics (108 (50-174) cells·mm'1; p < 0.001). 
However, the initial difference in lamina propria CD8+ T-cells 
between smoking and nonsmoking asthmatics was no longer 
significant (75 (47-128) cells·mm'1 in smoking asthmatics versus 
94 (41-149) cells·mm-1 in nonsmoking asthmatics). 
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Correlation 
FEV1 was positively correlated to the subepithelial T-cell 
(CD3+) density (r= 0.69, p=0.01) in smoking asthmatics, with 
similar contribution from the CD4+ (fig. 3) and CD8+ T-cell 
subsets, as both were correlated equally to FEV1 (both r = 0.57, 
p=O.OS). No such correlation was found in nonsmoking 
asthmatics or in the control groups. 

DISCUSSION 
The present increase in subepithelial CD4+ T-cell density in 
nonsmokers with occupational asthma is comparable to what 
has previously been shown in " traditional" asthma [1, 2], and 
illustrates the immunopathological similarity between occupa
tional and nonoccupational asthma (13, 14] . The lack of a 
similar increase in subepithelial CD4+ T-cell density in the 
smoking asthmatics was rather surprising, and apparently 
disagrees with the current concept of asthma immunopath
ology. There are no other comparable human studies of 
bronchial inflammation in smoking asthmatics, except a 
previous report by the current authors of inhibited increase 
of total leukocytes (CD45+ cells) and eosinophils in smokers 
with occupational asthma [7]. The current results identify the 
CD4+ T-cells as the major leukocyte subgroup responsible for 
the reduction in CD45+ cells in smoking asthmatics. As CD4+ 
T-cells were reduced to a greater extent than CD8+ T-cells, the 
CD4+/CD8+ T-cell ratio was reduced in smoking asthmatics. 

In general, cigarette smoking seems to induce a bronchial 
inflammatory reaction, even in asymptomatic subjects [15, 16]. 
Increased bronchial CD8+ T-cell and macrophage density and 
reduced subepithelial CD4/CD8 ratio are consistent findings 
in smokers [17, 18], a phenomenon which was also observed in 
the current healthy smokers. Thus, a smoking-induced 
inhibited increase in subepithelial CD4+ T-cell density in 
asthmatics appears to disagree with the generally accepted 
hypothesis that smoking amplifies asthmatic airway inflam· 
mation [19] . The present smoking asthmatics do not resemble 
chronic obstructive pulmonary disease (COPD) patients, as 
they all had history, symptoms and reversible airflow 
obstruction consistent with asthma and not COPD. 
Moreover, the bronchial cell infiltrate in these smoking • 
asthmatics differed markedly from that in COPD patients as • 
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they had no increase in subepithelial macrophages or CD8+ T · 
cells as previously reported in COPD [20, 21]. 

The majority ofT-cells express the cr and~ chains of the TCR, 
while a small fraction (-5%) expresses they and o chains (yo
T-cells). The function of yo-T-cells in normal and asthmatic 
airways is still unknown, and they predominantly localise to 
mucosal surfaces. It is debated whether yo-T-cells protect the 
bronchial mucosa or promote airway inflammation [22]. While 
increased yo-T -cell counts have been reported in broncho
alveolar lavage [23] and induced sputum from asthmatics with 
acute exacerbations [24], other studies report no difference 
between asthmatic and control subjects in bronchial biopsies 
[25] and bronchoalveolar lavage [22, 26]. The current observa
tion of depleted intraepithelial yo-T -cell levels in asthmatics 
supports the theory that these cells are involved in maintaining 
mucosal homeostasis. 

Both smoking asthmatics and healthy smokers had increased 
numbers of intraepithelial macrophages and CD8+ T-cells, but 
in contrast to healthy smokers, there was no increase in 
intraepithelial CD4+ T -cells in smoking asthmatics. Thus, 
smoking may predominantly affect CD4+ T-cell recruitment. 
Whereas decreased subepithelial CD8+ T -cell density in 
smoking asthmatics could partly be explained by migration 
from the lamina propria to the epithelium, intra
epithelial migration could not explain the reduced CD4+ T
cell density. 
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FIGURE 2. Individual subepithelial cell density (cells·mm·") of a) CD4+ T

cells. b) CD8+ T-cells and c) macrophages in nonsmoking (D) and smoking ( ) 

asthmatic workers, healthy workers and nonexposed controls The bars represent 

median values . .6.: treatment with inhaled corticosteroids; •: ex-smokers; e: 
other individuals. HLA-DR: human leukocyte antigen-OR. *: p~0.01; ': p~0.004; 

•: p~o 001; ': p~o.oos; 1: p~o.o3; *"': p~o 02; *'*: p<O oot 

Smoking may have profound inununosuppressive effects, as 
shown by the smoking-induced inhibition of pulmonary T-cell 
responses in mice [27, 28] and humans [29]. Although short
term smoke exposure may induce airway inflammation in 
murine asthma models [30], more chronic antigen stimulation 
and smoke exposure may actually inhibit an asthma-induced 
airway influx of macrophages, CD4+ T-cells and eosinophils 
[31] as well as dendritic cells [32]. Moreover, tobacco smoke 
prevented the activation and expansion of pulmonary CD4+ 
T-cells in a murine adenovirus infection model [32]. Thus, 
smoking may modify airway inflammation in a dose
dependent and time-related manner. Interestingly, one third 
of smoking asthmatics reported worsening of their asthmatic 
symptoms after smoking cessation [33]. It is, however, 
rather challenging to explain why subepithelial CD4+ and 
CD8+ T-cell density correlated to FEV1 in smoking asthmatics, 
while no such correlation was found in nonsmoking asthmatics 
or in the control groups. 

A rather limited number of subjects was included in the 
present study, a weakness shared with many published 
bronchial biopsy studies. However, the lack of an asthma
associated increase in subepithelial CD4+ T -cells in smokers 
was observed in a group of 12 patients and compared with a 
smaller group of nonsmoking asthmatics (n=B), where the 
expected increase in subepithelial CD4+ T -cells was observed. 
The difference between the two asthmatic groups was highly 
significant when nonparametric statistics that are sensitive to 
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lntraepithelial leukocyte subsets 

Asthmatic workers Healthy workers Nonexposed controls 

Nonsmokers Smokers Nonsmokers Smokars Nonsmokers 

SubJects n 12 10 

CD3+ T-cells 15' (7-34) 33 (19-74) 9' (6-29) 32 (22-50) 26 (S--30) 

CD4+ T-cells 5 (0-16) 8 (2-171 2' (1-4) 8 (5-16) 6 (3-7) 

CD6+ T-cells 10' (S--20) 22 (17-61) 8 (3-25) 21 (15-42) 16 (S--25) 

Macrophages 11' (4-18) 16 (10-26) 7' (3-13) 17 (S--33) 7 (1-13) 

CD4+/CD6+ T-cell ratio 04 (00-12) 0 3 (0 .1-0.7) 01 (0 .0-11) 0.4 (0 2-Q 7) 04(01-08) 

y&-T-cells 2 5' (23/925) 1 r (57/3357) 41 (19/467) 3.3 (30/916) 5.3 (43/812) 

Dala for CD3+, CD4+, COB+ T-cells and macrophages are expressed as median (range) cells •mm-1 epithelium yB-T-cells are expressed as percentage of all 

intraepilhelial C03+ T-cells (grouped counl number) in each group. tA: p ~0 01 versus smoking asthmatics: o;: p ~ 0.01 versus smoking healthy workers; +: p ~0.01 versus 

nonexposed controls 

small samples were used. The difference could not be ascribed 
to the inclusion of ex-smokers or steroid treated patients, as 
excluding these subjects did not change the statistical 
differences. 

The study was performed in subjects with occupational asthma 
who had been exposed to aluminium potroom fume emissions. 
Although it can be argued that the decrease in bronchial CD4+ 
T-cells in smoking asthmatics was due to occupational 
exposure in combination with smoking, there was no 
difference in the CD4+ T-cell density between smoking and 
nonsmoking healthy workers who were all exposed to the 
same working environment as the asthmatics. Moreover, seven 
of the smoking asthmatics had been relocated to unexposed 
environments for median 2 yrs prior to examination. These 
relocated smoking asthmatics had similar CD4+ T-cell den
sities to the smoking asthmatics who were still exposed. 

Although the smoking-induced lack of increase in bronchial 
CD4+ T-cells was observed in asthmatics in an occupational 
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FIGURE 3. The subepithelial density of CD4+ T-cells was poSiltvely correlated 

to forced expiratory volume 1n one second (FEV1) % predicted (% pred) value in 

smoking asthmatiCS r=0.57; p=O 05 A: treatment with Inhaled cort1costeroids; 

•: other individuals 

EUROPEAN RESPIRATORY JOURNAL 

setting, this phenomenon may not be restricted to occupational 
asthma. Rather, smoking asthmatics may represent a separate 
asthmatic phenotype without the characteristic asthma-asso
ciated increase in bronchial CD4+ T-cells, which challenges the 
current understanding of the pathogenetic mechanisms in 
asthma. 
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Increased bronchial density of CD25+ Foxp3+ regulatory 
T -cells in nonsmokers with occupational asthma 
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ABSTRACT: This study aimed to identify activated bronchial T -cells in nonsmoking and 
smoking subjects with occupational asthma. Because activated (CD25+) T-helper (CD4+) 
cells include both regulatory (Foxp3+) and effector (Foxp3neg) T-cells, we developed a triple 
colour immunohistofluoresence labelling technique to discriminate these subsets and to 
identify T -cell subtypes expressing additional activation markers like Ki-67 (proliferation) 
and HLA-DR. Monoclonal antibodies to CD3, CD4, CD8, CD25, Foxp3, HLA-DR and KI-67 
were applied on bronchial biopsies from 20 workers with occupational asthma (12 smokers), 
15 healthy workers (7 smokers) and 10 nonsmoking, nonexposed controls. Nonsmoking 
asthmatics had significantly higher subepithelial density of CD4+CD25+ T -cells, which 
predominantly expressed the regulatory T-cell marker Foxp3, and increased density of both 
proliferating (Ki-67+) T-cells (CD4+ and CD8+), and HLA-DR+ T-cells (predominantly 
CD8+ ). A corresponding increase in activated T -cells was not observed in smoking 
asthmatics, although a decreased percentage of the CD25+ T-cells expressed Foxp3, resulting 
in an altered effector/regulatory T-cell balance. The majority ofthe CD4+Foxp3+ T-cells did 
not express CD25, and may be a hereto undescribed T-cell-subtype in the bronchial mucosa 
with unknown function. Whereas asthmatic smokers were almost similar to controls, 
nonsmoking asthmatics had increased density of activated T -cells, despite increased 
CD25+Foxp3+ regulatory T-cell density. 
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INTRODUCTION 
Workers in aluminium smelters have 
increased risk of developing asthma, often 
referred to as potroom asthma [ 1]. The 
causal agent(s) and pathogenesis are 
unknown, but nonsmoking potroom 
workers have the same bronchial 
pathophysiological alterations as described 
for other types of asthma [2, 3]. The 
phenotype of the bronchial Jeukocyte 
infiltrate in conventional asthma has 
revealed the importance of CD4+ T -cells, 
in particular the T-helper 2 (Th2) subset 
[ 4 ]. An increased density of activated 
CD4+(CD25+) T-cells is demonstrated in 
atopic- [5], non-atopic- [6], and 
occupational asthma [7]. This asthma
associated increase in bronchial CD4+ T
cells was, however, not observed in 
tobacco smoking subjects with 
occupational asthma, in contrast to their 
nonsmoking asthmatic colleagues [3]. 
Although smoking appeared to inhibit 
bronchial influx of CD4+ T -cells in 
particular [3], also other leukocytes were 
affected [8]. Although CD8+ T-cells have 
predominantly been implicated in the 
immunopathology of smoking-induced 
chronic obstructive pulmonary disease 
(COPD) [9], they may also be involved in 
the immunopathology of asthma [10], in 
particular when fatal [11]. 

T-cell activation may induce de novo 
expression of the IL-2 receptor a-chain 
(CD25), human leukocyte antigen class-11 
(HLA-DR), or induce T-cell proliferation 
identified by expression of the nuclear Ki-
67 antigen. Although the bronchial CD25+ 
T -cells in asthma have been assumed to be 
activated asthma-promoting effector T
cells, this subset may include regulatory T
cells (Tregs), identified by nuclear 
expression of the forkhead/winged-helix 
transcription factor Foxp3 (Foxp3) [12]. 
Tregs are important in maintaining 
immunological homoeostasis [13] and may 
inhibit both autoimmunity and allergic 
diseases through suppression of Th 1 as 

well as Th2 responses [14]. It is 
hypothesized that impaired expansion or 
function of Tregs lead to the development 
of asthma [14, 15]. However, Tregs in 
asthmatics have to date only been studied 
in peripheral blood [14, 16-18] and 
broncheoalveolar lavage (BAL) [16] . 

Multicolour immunohistofluorescent label
ling on bronchial biopsies from non
smokers and smokers with occupational 
asthma was used to reveal which of the T
cell subsets (CD4, CD8) that in particular 
expressed the activation markers (CD25, 
HLA-DR, Ki-67) and their relationship to 
Foxp3-expressing T -cells. The results 
revealed that most CD4+CD25+ T -cells 
expressed Foxp3, presumably representing 
Tregs, and this subset was increased in 
nonsmoking asthmatics. 

METHODS 
Subjects 
Twenty potroom workers in aluminium 
smelters with occupational asthma (eight 
nonsmokers and 12 smokers), 15 healthy 
potroom workers (eight nonsmokers and 
seven smokers) and 10 healthy nonexposed 
nonsmoking controls were included. The 
study population was identical as in 
foregoing studies [3, 8]. Asthma was 
diagnosed according to international 
guidelines, and the inclusion criteria were 
as detailed elsewhere [8]. Briefly, 
symptoms of airway obstruction 
(dyspnoea, wheezing, cough) and 
reversible airway obstruction defined as > 
15 % increase in forced expiratory volume 
in one second (FEY 1) after inhalation of 
~2-agonists, were documented in all 
asthmatics. Characteristics of the study 
population are described in table 1 and in 
further details previously [8]. Ex-smokers 
(who had ceased smoking > 1 year prev
iously) and never-smokers were all clas
sified as nonsmokers. Two of the 
asthmatics and three of the healthy workers 
were ex-smokers. Median smoking load 
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TABLE 1. Characteristics of the study population 

Asthmatic workers Healthy workers Nonexposed 
controls 

nonsmokers smokers nonsmokers smokers nonsmokers 

Subjects n 8 12 8 7 10 

Age 35 (27-49) 40 (32-59) 36 (31-58) 43 (32-49) 24 (21-44) 

FEV1 % pred 91 (75-120) 90 (73-111) 108 (90-135) 105 (85-124) 112 (81-124) 

FEV.tFVC% 78 (61-82) 67 (59-79) 80 (71-87) 75 (71-84) 81 (74-90) 

J'nhalcd corticosteroids 3 0 0 0 

Inhaled fu-agonisl 4 6 0 0 0 

Data are presented as n or median (range). FEV1: forced respiratory volume in one second; % pred: 
% predicted; FVC: forced vital capacity 

was 13 pack-years for the asthmatics and 
17 pack-years for the healthy workers. Half 
of the asthmatics had been relocated to 
non-polluted working environments. None 
of the participants had a history of allergy, 
familiar asthma or childhood asthma and 
their total IgE-levels were within the 
normal range. The controls had no 
symptoms from upper or lower airways. 
The study was approved by the Regional 
Ethics Committee and informed written 
consent was obtained from all subjects. 

Spirometry and flexible bronchoscopy 
were performed as previously described 
[8]. Bronchial biopsies were taken from the 
second and third generation carina of the 
right lung, and snap frozen. 

Multicolour immunohistofluorescent 
labelling 
Mucosal T-cell subsets (CD4 and CD8) 
were examined for expression of the 
activation markers CD25, HLA-DR, and 
the proliferation marker Ki-67 and/or 
expression of the regulatory T-cell 
associated nuclear transcription factor 
Foxp3, by double-or triple-colour 
immunohistofluorescent labelling in situ, 
using various antibodies to CD3 
(monoclonal antibody (mAb) IgG1 

K, Diatec Monoclonals AS, Oslo, Norway, 
mAb clone RIV9, IgG3; Monosan, Am 
Uden, The Netherlands; rabbit antiserum to 
a CD3c-peptide; DAKO A/S, Glostrup, 
Denmark) in various combination with 
mAb against HLA-DR (clone L123, IgG2a; 
Becton Dickinson, San Jose, CA, USA); 
Ki-67 (lgG~, Zymed Invitrogen, Carlsbad, 
CA, USA); CD4 (clone MT310, IgG1, 
DAKO); CD8 (clone DK25, IgG~, DAKO 
or clone 4Bll, lgG2b, SeroTech Ltd. 
Oxford UK); CD25 (clone ACT-1, IgG1. 
DAKO), or Foxp3 (IgG3, Abeam plc, 
Cambridge, UK). The primary antibody 
combinations were applied for 20 hat 4°C, 
followed by peroxidise quenching in 3 % 
H20 2 for 30 minutes when needed. The 
following labelling were appropriate 
combinations of peroxidate-, biotin-, 
(Southern Biotechnology, Birgmingham, 
AL, USA), Alexa-488, or -594 conjugated 
mouse IgG-subclass specific goat antisera, 
(Molecular Probes, Eugene, OR, USA) and 
either Thyramide Signal Amplification 
(TSA)-Coumarin (PerkinElmer Life 
Science, Boston, MA, USA) or the DNA 
binding reagent 4' ,6-diamino-2-
phenylindole (DAPI, Molecular Probes) 
when appropriate. The CD25 expression 
was in particular amplified with the TSA
system to ensure detection of even weak 



CD25 expression. CD8negCD3+ T -cells 
were used to identify CD4+ T -cells when 
examining CD25 and Ki-67 expression, 
because the mAb to CD4 have the same 
murine Ig-subclass as mAb to CD25 and 
Ki-67. We have previously revealed that 
there are less than 2 % CD4"0gCD8neg T
cells ( y8 T -cells) in this study population 
[3]. Methodological negative controls 
included sections incubated with non
immune mouse Ig and rabbit serum in 
similar concentrations. 

Quantification of leukocytes 
All slides were coded and analyzed using a 
Zeiss Axioplane2 microscope (Car! Zeiss, 
Oberkochen, Germany) at 630x magni
fication. Positively stained cells were 
counted in a subepithelial zone 114 J..lm 
beneath the reticular basement membrane, 
excluding cells in submucosal glands and 
vessels. Allover, 88 430 CD3+ T-cells 
(median 1423 cells per subject, range 690-
5461) were individually examined for 
Foxp3 and CD25 expression in triple 
labeling, covering an area of median 1.8 
mm2 per subject (range 0.9-3.9 mm2

); ~ 
13.0 mm basement membrane length 
(range 6.2-27.8 mm). Similarly, a total 
number of 14 620 CD3+ T-cells (median 
208 cells per subject, range 10 1-1802) 
were individually examined for HLA-DR 
expression and a total number of 16 718 T
cells (median 282 per subject, range 103-
1664) were examined for Ki-67 
expression, corresponding to an area of 
median 0.9 mm2 per subject, (range 0.3-2.4 
mm2

); ~ median 6.6 mm basement 
membrane length (range 2.4-17.0 mm). 
The ana1yzed area was then above the 
recommended area to obtain representative 
cell counts (19). The final result, expressed 
as number of cells per square millimeter of 
lamina propria, was calculated as the sum 
of all cells divided by the total area 
examined for each subject. In the 
epithelium, only Foxp3 positive T -cells 
were counted and examined for CD25 eo
expression. 

Statistics 
Results are presented as median (range) 
values. Differences between two groups 
were compared by Mann-Whitney U-test. 
Analysis of variance was performed to 
control for age as a potential confounder. 
A p value :::; 0.05 was regarded as 
significant. Subtyping T -cells expressing 
some of the activation markers (in 
particular Ki-67, HLA-DR, and partly 
CD25) revealed often <1 0 positive cells 
per subject, making individual statistics 
difficult to justify. Although such 
individual data are shown in table 2, 
additional group based statistics were 
applied (figure 4 and 5). The density ofT
cells expressing a combination of 
activation markers were calculated by 
adding the counted cells within each group, 
divided by the total area examined, to 
normalize group-based differences in total 
area examined. Chi-squared test was then 
used to examine any group-based 
differences in the proportion ofT -cells that 
expressed a given activation marker(s). 

RESULTS 

Increased regulatory T-cell (CD25+ 
Foxp3+CD3+) density in nonsmoking 
asthmatics 

The density of Foxp3+ T-cells was 
significantly increased in nonsmoking 
asthmatics (table 2, figure la). Foxp3+ was 
expressed on both CD25+ and CD25"eg T
cells (figure 2a-d) and the majority of the 
Foxp3-expressing T-cells was actually 
CD25neg in all groups (table 2). Moreover, 
triple-colour immunohistofluorescent 
staining for CD4, Foxp3 and CD3 revealed 
that 99 % of the Foxp3+ T -cells eo-stained 
CD4, which was similar in all groups. 
Further triple-labelling for CD25, Foxp3 
and CD3 was perfonned to discriminate 
the two functional CD4+CD25+ T -cell 
subsets; Tregs (Foxp3+) and effector T
cells (Foxp3"0g) (figure 2a-d). The majority 
of the CD25+ T-cells was Foxp3+, and 
thus Tregs, (medians 54- 83 %). The sub-
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TABLE 2 Subepithelialleukocyte subsets 

Asthmatic workers Healthy workers Non-exposed 
controls 

nonsmokers smokers nonsmokers smokers nonsmokers 
Subjects 8 12 8 7 10 

83# * 22 41 44 35 
Density of Foxp3+ T -cells (44-125) (9-102) (19-109) (19-104) (18-60) 

6.4. 2.7 4.4 5.0 3.8 
% Fox23+ T-cells of total T-cells (4.3-8.3) (1.3-14.1} (3 .0-12.2} (2.0-7.7) (2.3-5 .1} 

Density of regulatory T -cells 22# 4 6 4 7 

(CD25+Foxp3+CD3+) (9-66) (1-42) (3-54) (1-35) (1-15) 
1.9# 0.6 0.7 0.5 0.7 

% regulaton; T -cells of total T -cells (0.8-4.4) (0.1-5.8) (0.4-6.0) (0.2-2.0) (0.1-1.2) 

Density of effector T-cells 10#* 4 2, 2 1 

(CD25+F oxp3"•8 CD3+) (2-37) (1-12) (1-5) (1-15) (1-3) 
0.8# 0.5 0.2 0.2 0.1 

% effector T -cells of total T -cells (0.2-2.6) (0.2-1.5) (0.1-0.5) (0.1-0.7) (0.1-0.2) 

31#. 9 7 6 8 

Density of CD25+ T -cells (13-99) (3-53) (4-59) (3-49) (2-16) 
2.6*. 1.0 0.8 0.8 0.9 

% CD25+ T -cells of total T -cells (1.0-7.0) (0.4-7.3) (0.6-6.5) (0.4-2.4) (0.2-1.3) 

45* 16 33 42 29 

Density ofCD25"08Foxp3+ T-cells (23-95) (8-60) (16-56) (18-70) (17-46) 

% CD25"'8Foxp3+ T-cells 65* 77 85 89 81 

oftollll Poxp3 T-cells (41-85) (59-98) (51-89) (65-95) (74-97) 

37# 15 0 15 8 
Density of HLA-DR+ T-cells (0-104) (0-73) (0-100) (0-48) (0-38) 

3.7 3.9 0 2.1 0.8 
% HLA-DR+ T cells oftota1 T-cells (0.0-9.3) (0.0-12.7} (0.0-6.7) (0.0-5.7} (0.0-3.8) 

Density of Ki-67+ T -cells 14** 0 0 0 0 
(0-186) (0-4) (0-0) (0-145) (0-16) 

% Ki-67+ T-cells of total T-cells 1.2#. 0.0 0.0 0.0 0.0 
(0.0-14.2) (0.0-0.9) (0.0-0.0) {0.0-17.1) (0.0-1,5} 

The data are expressed as median cells·mm-2
• #PS 0.05 compared to nonsmoking healthy 

workers and nonexposed controls. * p:S. 0. 05 compared to smoking asthmatics. , PS 0. 05 
compared to nonexposed controls 
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FIGURE 1. Individual subepithelial cell density 
(cel/s·mm-2

) of a) Foxp3+ T-ee/Is, b) 
CD25+Foxp3+ T-cells (regulatory T-cells), and c) 
CD25"•KFoxp3+ T-cells in nonsmoking (D) and 
smoking ( 1]11) asthmatic workers, healthy workers 
and nonexposed controls. The bars represent 
median values. •.- treatment with inhaled 
corticosteroids; • ex-smokers; 0 convalescent 
subject; e : other individuals. 

epithelial density and percentage of 
putative Tregs (CD25+Foxp3+ T-cells) 
were significantly increased in 
nonsmoking asthmatics (table 2, figure lb). 
Based on the known subepithelial 
CD4/CD8 ratio [3], it was revealed that 
median 3.4 % of the CD4+ T-cells were 
CD25+Foxp3+, putative Tregs in 
nonsmoking asthmatics compared to 1. 7 % 
in smoking asthmatics (p=0.08). 
Intraepithelial Foxp3+ T-cells were only 
occasionally observed, but 24% of the 354 
intraepithelial Foxp3+ T-cells eo-expressed 
CD25. 

Increased CD25+ T -cell density in 
nonsmoking asthmatics 
Both the density and the percentage of 
subepithelial CD25+ T-cells were 
significantly increased in nonsmoking 
asthmatics compared to all the other 
groups (table 2, figure 3a). Further 
subtyping of the CD25 expressing T -cells 
(CD3+) revealed that the vast majority, 
(medians 90-100 %), was CD8 negative 
and thus CD4+. Accordingly, as the 
bronchial CD4+ T -cell density was 
considerably higher in nonsmoking than in 
smoking asthmatics [3], subepithelial 
CD4/CD8 T -cell ratio was used to 
calculate the percentage of CD4+ T -cells 
that expressed CD25. Median 4.6% of the 
CD4+ T -cells expressed CD25 in 
nonsmoking asthmatics compared to 3.0% 
in smoking asthmatics (p=O.l). 

Increased effector T-cells (CD25+ 
Foxp3"egCD3+) in asthmatics 
The nonsmoking asthmatics had a 
significantly higher density of putative 
effector T-cells (CD25+Foxp3negCD3+) 
compared to all groups (table 2, figure 3b). 
Although the effector T -cell density in 
smoking asthmatics was similar to 
smoking healthy workers group based data 
revealed that both asthmatic groups had an 
increased percentage of effector T -cells (of 
all CD25+ T -cells) compared to their 
respective control groups (figure 4). 



FIGURE 2. a-d): Triple-colour immunohistojluorescent staining for CD3 (a, green), Foxp3 (b. blue 
nuclear staining) and CD25 (c, red). The triple, CD25+Foxp3+CD3+ labelled cells (d) represent 
putative regulatory T-cells and appear yellow (red and green fluorescence) with blue nuclear Foxp3-
positivity. Blue nuclear Foxp3-positivity was also noted in several CD25negative green CD3+ T-cells 
(d). CD25-positivity on CD3+ T cells which did not express Foxp3 (CD25+Foxp3negCD3+), are 
yellow without blue nuclear positivity and represent putative effector T-cells (d). In e-h) is triple
colour immunohistojluorescent staining for CD3 (e, blue), Foxp3 (f, green) and Ki-67 (g, red nuclear 
staining) visualized. A proliferating (Ki-67+) Foxp3+CD3+ T-cell (arrow) is indicated in h. Note 
several proliferating (Ki-67+) epithelial cells. Multi-colour immunohistojluorescent staining of 
bronchial cryo-sections from a nonsmoking asthmatic patient. Single colour images were captured with a 
MicroMax CCD digital camera system and the AnalySIS Soft Imaging Systems produced the pseudo-coloured 
images. Internal scale bar= JO;.un. 

The majority of CD25+ cells was non T
eens 
It has previously been assumed that the 
majority of the increase in bronchial 
CD25+ cells in asthmatics reflected 
CD25+ T-cells. However, by using multi
colour immunohistofluorescence, the 
present study reveals that the majority of 
the bronchial CD25+ cells actually was 
non-T-cells (CD3neg) in all groups 
(medians 71-92 %). The density of CD25+ 
non-T -cells was similar in nonsmoking 
(median 65 cells·mm-2

, range 51-115) and 
smoking asthmatics (median 53, range 21-
136). 

Increased HLA-DR+ T-cell density in 
asthmatics 
HLA-DR+ T-cell density was increased in 
nonsmoking asthmatics compared to the 
nonsmoking controls (table 2). Triple
labelling revealed that HLA-DR was 
mainly expressed on CD8+ T -cells 
(medians 79-93 %). The distribution of 
HLA-DR on CD8+ or CD4+ T-cells was 
calculated by use of the CD4/CD8 ratio 
and group based data. Although the HLA
DR+CD8+ T-cell density was significantly 
higher in nonsmoking compared to 
smoking asthmatics, the density was also 
increased in smoking asthmatics compared 
to controls (figure 5). Even the density of 



CD4+ HLA-DR+ T-cells was significantly 
increased in nonsmoking asthmatics 
compared to the other groups (figure 5). 

Bronchial T -cells proliferate in asthma 
Both the density and percentage of 
proliferating T-cells (Ki-67+CD3+) were 
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FIGURE 3. Individual subepithelial cell density 
(cel/s·mm·2

) of a) CD25+ T-ee/Is, and b) 
CD25+Foxp3"'K T-cells (effector T-cel/s) in 
nonsmoking (0) and smoking (11) asthmatic 
workers, healthy workers and nonexposed controls. 
The bars represent median values. • .- treatment 
with inhaled corticosteroids; • ex-smokers; 0 
convalescent subject; e : other individuals. 

increased in nonsmoking asthmatics (table 
2). These proliferative T -cells were 
predominantly observed as scattered cells 
in the mucosa (figure 2e-h). Triple
labelling revealed that approximately half 
(48 %) of these subepithelial proliferative 
T -cells in nonsmoking asthma eo
expressed CD8, the remaining being 
CD8neg and thus CD4+ T-cells. The 
distribution ofKi-67 on CD8+ or CD4+ T
cells was calculated by use of the 
CD4/CD8 ratio and group based data. The 
density of both CD4+Ki-67+ and CD8+Ki-
67+ T -cells was significantly increased in 
nonsmoking asthmatics compared to all the 
other groups (figure 5). 

Bronchial proliferation of Foxp3+ T
cells 
Ten samples from nine subjects with high 
T -cell proliferative response were selected 
for detailed triple imrnunohistofluorescent 
labelling to examine whether Foxp3+ T
cells proliferated in the bronchial mucosa. 
Distinct nuclear Ki-67+ labelling were 
observed on 24 % of 121 subepithelial 
Foxp3+ T-cells (figure 2e-h) and on nine 
out of 13 intraepithelia1 Foxp3+ T-cells. 
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FIGURE 4. Group based data (Chi-Square test) . 
Percentage of effector T-cells (ofCD25+ T-cel/s) in 
nonsmoking (0) and smoking (11) asthmatic 
workers (A), healthy workers (Hw) and nonexposed 
controls (C). 
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* 

HLA-DR+ Ki-67+ 

FIGURE 5. Group based data of the expression of HLA-DR and Ki-67 on CD4+ and CD8+ T-cells in bronchial 
mucosa in nonsmoking asthmatics (0), smoking asthmatics(.). nonsmoking healthy workers~). smoking healthy 
workers (11) and nonsmoking nonexposed controls r-J. * p< 0.05 compared to all groups ** p< 0.05 compared to the 
nonsmoking control groups. When the convalescent subject is excluded from the smoking healthy workers group, the 
density decreases from 10.3 to 6.1 cells·mm·2 in this group and the difference between smoking asthmatics and smoking 
healthy workers then became significant (p=0.005). 

There were few proliferative T -cells in the 
controls, except for one smoking healthy 
worker who had a strikingly high density 
of proliferative T -cells. By inclusion, he 
had no respiratory symptoms, normal 
blood samples, and denied any respiratory 
infection the last weeks. When asked later 
on, facing the present observation, he 
admitted having some cough and sore 
throat several days prior to the 
investigation. Thus, he was probably re
covering from a respiratory tract infection 
which can explain the particular strong 
proliferative activity. All statistics were 
performed with and without this con
valescent subject, but his inclusion did not 
change the main results. His data are 
identified in all scatter diagrams. 

DISCUSSION 
The study revealed several, actually novel 
phenotypic characteristics of the bronchial 
leukocyte infiltration in nonsmoking and 

smoking subjects with asthma. Primarily, 
the asthma-associated increase in sub
epithelial CD25+ T -cells observed in non
smoking asthmatics was not observed in 
smoking asthmatics. The majority of the 
bronchial CD4+CD25+ T -cells eo-expres
sed Foxp3, as described in peripheral blood 
[16, 18] and BAL [16], presumably 
reflecting Tregs. The increased Treg 
density in nonsmoking asthmatics was not 
only a consequence of the increased CD4+ 
T -cell density [3], as the percentage of 
Tregs was increased as well. This is 
somewhat in contrast to the reduced 
percentage of Treg in BAL from untreated 
asthmatic children, which was unable to 
inhibit Th2-immune responses, a features 
that returned to normal after inhaled 
corticosteroid treatment [16]. This was 
taken to reflect reduced number of 
bronchial Tregs [14], similar to atopic 
dermatitis [20]. However, the tran
sepithelial migration of Tregs may also 



have been suppressed during active 
inflammation, increasing the effector/ 
regulatory T -cell ratio in BAL. 

Although several recent studies indicate 
that Tregs may inhibit Th2 responses and 
protect against allergy and asthma [15], 
Tregs may predominantly inhibit Thl 
responses, perhaps depending on Foxp3 
expression levels [21] . The predominance 
for Thl inhibition may even facilitate Th2 
type of inflammation, as it reduces Thl
induced Th2 inhibition. Interestingly, 
mouse CD4+CD25+Foxp3+ Tregs were 
shown to upregulate airway Th2 cell
mediated allergic inflammation [22]. Thus, 
Treg-induced T -cell inhibition appears to 
have a Thl>Th2 inhibitory hierarchy. 

The majority of Foxp3+ T -cells did 
actually not express CD25 . The functional 
property of the CD4+CD25neg Foxp3+ T
cell phenotype has not been fully 
examined, but these cells appear not to be 
as inhibitory as CD25+ Tregs. Although 
there are some discrepancies concerning 
methodology [23], even newly activated T
cells may express some Foxp3 [24], but 
these CD25negFoxp3+ T-cells were unable 
to inhibit T-cell proliferation or cytokine 
production [24]. The Foxp3 expression 
level may actually regulate Treg function, 
as inhibited Foxp3 expression in a 
transgenetic mouse model, induced Tregs 
which only inhibited Thl , and not Th2 
type of cytokine production [21] . Taken 
together, this may partly explain why the 
increased subepithelial Treg density in the 
present study was unable to prevent 
asthma-induced inflammation and mucosal 
T -cell proliferation in the nonsmoking 
asthmatics. Tregs are, moreover, generally 
considered to be anergic in vitro. However, 
a relatively large fraction (24 %) of the 
subepithelial Foxp3+ T-cells in the present 
study was in a proliferative state (Ki-67+), 
which is in accordance with the rather high 
proliferative indexes observed in vivo for 
murine [25, 26] and human peripheral 
blood [27] Tregs. Thus, there appears to be 

an ongoing activation of both the Treg and 
the effector T -cell system, where the 
balance between them may modulate 
bronchial inflammation. Although the T
cells may have been induced to proliferate 
locally in the bronchial mucosa, it can not 
be excluded that the Ki-67+ T -ceiJs 
represented newly arrived cells, which had 
been induced to proliferate in organized 
lymphoid tissue 6-8 hours prior to biopsy 
sampling. 

Although smoking asthmatics did not have 
a parallel increase in bronchial Treg 
density, the percentage of CD25+ T-cells 
that expressed Foxp3 was reduced in both 
asthmatic groups, resulting in an increased 
effector/regulatory T -cell ratio. However, 
it may be difficult to argue that such 
slightly increased effector/regulatory T -cell 
ratio could be the driving force inducing 
asthma in smoking asthmatics. It can 
therefore not be excluded that the 
predominant pathophysiology in asthmatic 
smokers may be different and less 
dependent on activated CD4+ T-cells. 
However, the ability to subdivide the 
CD4+CD25+ T -cell subset into Foxp3+ 
(Tregs) and Foxp3neg (effector T- cells) 
revealed, nevertheless that subepithelial 
CD4+ T -cells may actually be involved in 
smoking asthmatics as well, even though 
the bronchial density of CD25+ T -cells 
was similar to controls [3]. 

Not only CD4+ T-cells, but also the CD8+ 
T -cell subset appeared activated in the 
nonsmoking asthmatics, reflected by the 
increased HLA-DR expression on 
subepithelial CD8+ T -cells. The activated 
HLA-DR+CD8+ T-cells (reviewed in [28]) 
may either have produced or responded to 
cytokines like TNF-a [29] or proliferated, 
as some expressed Ki-67 . 

Occupational exposure in the potroom may 
induce a bronchial inflammation even in 
asymptomatic workers, as this group had a 
slightly increased bronchial density and 
percentage of subepithelial effector T -cells. 
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This is in line with the previously reported 
increased reticular basement membrane 
thickness and increased subepithelial 
eosinophil density in these subjects [8]. 

In conclusion, the increased subepithelial 
density of Tregs (CD4+CD25+Foxp3+ 
CD3+) in nonsmoking asthmatics was 
apparently unable to fully inhibit the 
bronchial inflammation, as the density of 
proliferative (Ki-67+) T-cells, effector T
cells (CD4+CD25+FOXp3negCD3+) and 
activated (HLA-DR+) T-cells were in
creased. Although asthmatic smokers were 
almost devoided of the asthma-associated 
accumulation of activated bronchial T
cells, the decreased expression ofF oxp3 in 
CD25+ T -cells, resulting in an increased 
effector/regulatory T -cell ratio, suggested 
that CD4+ T -cells participate in the 
immunopathology of asthma in smokers as 
well. 
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