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ABSTRACT: Cigarette smoking may alter bronchial inflammation in asthma. Multicolour

immunohistofluorescent examination on bronchial cryosections was used to examine bronchial

inflammatory cell infiltrate in patients with occupational asthma. Monoclonal antibodies to CD3,

CD4, CD8, T-cell receptor-d1, CD68 and human leukocyte antigen-DR were combined to identify T-

cell 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 10 nonsmoking, nonexposed controls.

The increased subepithelial CD4+ T-cell density in nonsmoking asthmatics was not present in

smoking asthmatics, who had the lowest CD4+ T-cell density of all groups. The decreased

subepithelial CD4+ and CD8+ 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

intraepithelial CD8+ T-cells and macrophages compared with nonsmoking asthmatics, the

proportion of cd-T-cells was significantly decreased in both asthmatic groups.

Smoking asthmatics had a distinctly different distribution of T-cell subsets compared with

nonsmoking asthmatics. The accumulation of subepithelial CD4+ T-cells, 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.
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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 authors9

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 immuno-
histofluorescence staining was performed to
identify macrophages and T-lymphocyte subsets
(CD3+, CD4+, CD8+, cd-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 (n520; 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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Karmøy, Håvik, and
+Health Dept, Elkem Aluminium

Lista, Farsund, Norway.

CORRESPONDENCE

T. Sjåheim
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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 asthma and the working
environment, 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 b2-agonist 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 study 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 study 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).

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. 1a). 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. 1b). From a lower lobe biopsy, 4-mm
cryosections were prefixed for 10 min in 1% paraformalde-
hyde. Macrophages were identified by a combination of mAb
directed against CD68 (clone KP1, MO814, IgG1; DAKO A/S,
Glostrup, Denmark) and HLA-DR (clone L123, IgG2a; Becton
Dickinson Immunocytometry Systems, San Jose, CA, USA)
followed by an appropriate mixture of fluorochrome-
conjugated goat anti-mouse IgG-subclass specific reagents,
combined with 49,6-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-CD8 (clone
DK25, IgG1; DAKO A/S) or mAb to the d chain of the T-cell
receptor (TCR)-cd (TCRd1, IgG1; T Cell Sciences, Cambridge,
MA, USA), followed by Alexa-conjugated goat anti-mouse IgG
subclass specific reagents (Molecular Probes). mAb TCR-cd
was also combined with anti-CD8 (IgG2b; Serotec Ltd., Oxford,
UK). Negative controls included omitting primary antibodies
and using nonimmune mouse Ig in similar concentrations. A
jejunal section from a patient with coeliac disease was used as
a positive control for cd-T-cells. The primary antibodies were
incubated for 20 h at 4uC and the secondary antibodies were
applied for 1 h at room temperature.

Quantification of leukocytes
All slides were coded and analysed using a Zeiss Axioplane2
microscope (Carl Zeiss, Oberkochen, Germany) at 6306
magnification. Positively stained cells were counted in intact
epithelium (defined as presence of both basal and columnar
cells) and in a subepithelial zone 114 mm 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

TABLE 1 Characteristics of the study population

Asthmatic workers Healthy workers Nonexposed controls

Nonsmokers Smokers Nonsmokers Smokers Nonsmokers

Subjects 8 12 8 7 10

Age yrs 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)

FEV1/FVC % 78 (61–82) 67 (59–79) 80 (71–87) 75 (71–84) 81 (74–90)

Inhaled corticosteroids 1# 3" 0 0 0

Inhaled b2-agonist 4 6 0 0 0

Data are presented as n or median (range). FEV1: forced expiratory volume in one second; % pred: % predicted; FVC: forced vital capacity. #: fluticasone 500 mg;
": budesonid 400 mg (two subjects) and budesonid 600 mg.
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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?mm-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. cd-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,

Roper Scientific Inc., Princeton, NJ, USA) at 6306 magnification
and AnalySIS software (Soft Imaging System GmbH, Münster,
Germany; fig. 1a) or the imaging software package MetaMorph
3.0 (Universal Imaging Corporation, Downingtown, PA, USA;
fig. 1b).

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 pf0.01 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 f0.01, 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. Chi-
squared tests were used to calculate differences in the
proportion of cd-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
(p50.001), but compared with the control groups the increase
was smaller (p50.04). The increase was predominantly made
up by rise in the CD4+ T-cell subpopulation, which was
significantly increased (pf0.01) 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,0.001). 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 (p50.02 and p50.03, 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?mm-2; nonsmoking
asthmatics 737 (331–1,131) cells?mm-2).

No mucosal cd-T-cells were observed in seven out of the 45
subjects, and the overall amount of cd-T-cells was too low to

FIGURE 1. a–c): Immunohistofluorescence triple-staining for identification of

subepithelial macrophages. a) The monoclonal antibody KP1 to CD68 reacts with

mast cells and macrophages, both of which are stained red. b) However,

macrophages (but not mast cells) express human leukocyte antigen (HLA)-DR,

which is stained green. c) Accordingly, the double-positive cell (CD68+HLA-DR+)

represents a macrophage and appears yellow in the overlay image. The

CD68+HLA-DR- cell appears red and probably represents a mast cell. In c)

the nuclei are visualised blue (49,6-diamino-2-phenylindole). d) Immunohisto-

fluorescence identification of T-cells and T-cell subsets in bronchial mucosa from a

nonsmoking asthmatic patient, showing increased density of subepithelial T-cells.

The T-cell marker (CD3) is stained green. The CD4+ cells are stained red. The CD3+
(green) T-cells that also express CD4+ (red) appear yellow in this double exposed

image (CD3+CD4+ cells). Note that macrophages (CD3-CD4+) appear red, as they

do not express the T-cell marker CD3. This particular field contained many CD4- T-

cells (CD3+CD4-; green) both in the subepithelium and in the epithelium (i.e. CD8

T-cell subset).
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justify interindividual group evaluation. The individual cd+ 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 cd-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 c and d chains (TCRcd), and double-labelling for
TCRcd and CD8 revealed that 23% of these cd-T-cells co-
expressed CD8.

Intraepithelial cell counts
The number of intraepithelial macrophages and CD8+ T-
cells?mm-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,0.001) in the
healthy smokers, no such increase was observed in smoking
asthmatics compared with nonsmoking asthmatics (table 3).
The proportion of intraepithelial cd-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 TCRcd. Double-
labelling for TCRcd and CD8 revealed that 53% of the
intraepithelial cd-T-cells co-expressed CD8.

T-cell 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).

Correlation
FEV1 was positively correlated to the subepithelial T-cell
(CD3+) density (r50.69, p50.01) in smoking asthmatics, with
similar contribution from the CD4+ (fig. 3) and CD8+ T-cell
subsets, as both were correlated equally to FEV1 (both r50.57,
p50.05). 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

TABLE 2 Subepithelial leukocyte subsets

Asthmatic workers Healthy workers Nonexposed controls

Nonsmokers Smokers Nonsmokers Smokers Nonsmokers

Subjects n 8 12 8 7 10

CD3+ T-cells 1374# (585–1797) 588 (246–935 732 (502–1496) 665 (513–1243) 757 (409–1296)

CD4+ T-cells 738#" (331–1131) 226 (88–407) 352# (231–764) 288 (182–660) 424# (205–626)

CD8+ T-cells 595 (240–927) 359 (158–550) 329 (174–732) 396 (331–780) 362 (158–868)

Macrophages 174 (53–366) 65 (36–210) 70 (22–183) 138 (57–237) 88 (38–222)

CD4+/CD8+ T-cell ratio 1.3# (0.8–2.3) 0.6 (0.4–0.8) 1.1 (0.7–1.9) 0.8 (0.2–1.1) 1.1 (0.5–1.9)

cd -T-cells 0.4+ (13/3142) 0.7+ (16/2356) 0.9 (13/1451) 0.6 (7/1157) 1.9 (40/2119)

Data for CD3+, CD4+, CD8+ T-cells and macrophages are expressed as median cells?mm-2 (range). cd-T-cells are expressed as percentage of all subepithelial CD3+ T-

cells (grouped cell count) in each group. #: pf0.01 versus smoking asthmatics; ": pf0.01 versus nonsmoking healthy workers, smoking healthy workers and

nonexposed controls; +: pf0.01 versus nonexposed controls.
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they had no increase in subepithelial macrophages or CD8+ T-
cells as previously reported in COPD [20, 21].

The majority of T-cells express the a and b chains of the TCR,
while a small fraction (,5%) expresses the c and d chains (cd-
T-cells). The function of cd-T-cells in normal and asthmatic
airways is still unknown, and they predominantly localise to
mucosal surfaces. It is debated whether cd-T-cells protect the
bronchial mucosa or promote airway inflammation [22]. While
increased cd-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 cd-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.

Smoking may have profound immunosuppressive 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 (n58), 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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FIGURE 2. Individual subepithelial cell density (cells?mm-2) of a) CD4+ T-

cells, b) CD8+ T-cells and c) macrophages in nonsmoking (h) and smoking (&)

asthmatic workers, healthy workers and nonexposed controls. The bars represent

median values. m: treatment with inhaled corticosteroids; &: ex-smokers; $:

other individuals. HLA-DR: human leukocyte antigen-DR. #: p50.01; ": p50.004;
+: p50.001; 1: p50.005; e: p50.03; ##: p50.02; ***: p,0.001.
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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

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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FIGURE 3. The subepithelial density of CD4+ T-cells was positively correlated

to forced expiratory volume in one second (FEV1) % predicted (% pred) value in

smoking asthmatics. r50.57; p50.05. m: treatment with inhaled corticosteroids;

$: other individuals.
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