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Role of Cytokines and Mineral Particle 
Profile in the Development of Coal Workers’ 

Pneumoconiosis as Assessed by 
Bronchoalveolar Lavage 

S.L. Weber,’ N.L. h p p , ’  V. Vallyathan,2 V. Castranova,’ _I. Shumaker, and D. Schweglev-Bewy’ 

’Section of Pulmonary and Critical Care Medicine, West Virginia University; Division of Respiratory 
Disease Studies, 2National Institute for Occupational Safety and Health, Morgantown, West Virginia 

The alveolar macrophage plays a number of important roles in the 
pathogenesis of silicosis and coal workers’ pneumoconiosis (CWP). 
These roles include phagocytosis of dust particles, release of fibro- 
genic cytokines, and recruitment and activation ofinflammatory cells. 
Three cytokines, fibronectin, tumor necrosis factor alpha (TNF-a), 
and interleukin-lp (IL-lp) were measured in the bronchoalveolar 
lavage fluid (BALF) of controls and asymptomatic coal miners. In 
addition the alveolar macrophages (AM) &om these subjects were 
analyzed using transmission electron microscopy with X-ray S a c -  
tion backscatter in order to determine the number and types of intra- 
cellular particles present in these macrophages. Alveolar macrophages 
&om miners contained sigruficantly more particles and silica than 
controls. Coal miners also exhibited lower levels of TNF-a in lavage 
fluid. Fibronectin and I G l P  measured in the lavage fluid was not 
significantly different than controls. This lower TNF-a and lack of 
elevation of fibronectin and I G l P  in asymptomatic coal miners con- 
trasts with reports of elevated TNF-a in miners with CWP. This 
disparity may be relevant to the lack of disease in the presence of 
low-level exposure. WEBER, S.L.; IAPP, N.L.; VAUYATHAN, V.; CASTRANOVA, V.; 
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xposure to coal mine dust leads to the development of a E wide spectrum of pulmonary disorders such as coal work- 
ers’ pneumoconiosis (CWP), silicosis, chronic bronchitis, 
Caplan’s syndrome, and focal emphysema. Despite intensive 
research over several decades, the major factor(s) responsible 
for the development of this spectrum of diseases remains un- 
clear. Coal mine dust is a complex mixture of coal dust 
containing different proportions of inorganic minerals, metals, 
and organics with different types of coal depending on the type 
of coal seam. Several studies have attributed the role of silica, 
type of coal, and other immunologic factors in the develop- 
ment of C W P  and other pulmonary diseases. The relationship 
between the type and severity of C W P  and the composition of 
inhaled coal mine dust remains a subject of debate. It has been 
shown that severe C W P  could develop after inhalation of silica 
free carbon(’) and in bituminous miners exposed to coal con- 
taining relatively low levels of silica.(’) 

Studies that present evidence on the important role of 
alveolar macrophages in the initiation of injury leading to 
the fibrogenic process have been well r e ~ i e w e d . ( ~ . ~ )  The  
interaction between alveolar macrophages and inhaled dust 
particles is fundamental to the understanding of early events 
that lead to fibrogenesis. Inhalation of dust leads to an influx 
of inflammatory cells, increased release of reactive products 
that can cause cell and/or tissue damage, and the release of 
inflammatory or fibrogenic cytokines. This results in a 
retained particle burden that continues the inflammatory 
and fibrogenic cascade.(5) 

It has also been shown that continued presence of tumor 
necrosis factor (TNFa) and interleukin 1-/3 (IL-1-/3) in a 
balanced state prevent cell damage.(6) Because the macrophages 
are the major source of these cytokines, it is hypothesized that 
the cytokine functions are perturbed or modified by the in- 
teraction of toxic and nontoxic dust at variable levels, resulting 
in prolonged inflammatory response and fibrogenesis. It is also 
possible a decreased T N F  and IL-lP production as a result of 
toxic dust interactions could result in direct death of macro- 
phages. In experimental animals exposed to crystalline silica or 
bleomycin, TNF-a and IL1-/3 secreted by the alveolar mac- 
rophages have been shown to have a major role in the devel- 
opment of fibrosis.(7) 

Stimulation of TNF-a  and IL1-/3 release from rat alveolar 
macrophages by exposure to crystalline silica has been shown 
to be dose dependent and such an effect is not present with 
titanium dioxide, a nontoxic dust.(*) From these studies, it is 
evident that TNF-a and IL1-/3 have important roles in the 
fibrogenesis process, often exerting synergistic effects including 
stimulation of fibroblast proliferation. 

In this study we postulated that activated alveolar mac- 
rophages after phagocytosis of toxic and nontoxic particles 
are upregulated in the synthesis of cytokines. In an auto- 
regulatory mode an inhibitory cytokine, IL-10, also shown 
to be produced by human monocytes, downregulates the 
synthesis and release of inflammatory fibrogenic cytokines, 
thereby exhibiting only a transient reaction. However, in 
contrast, an upregulation of the inflammatory cytokines 
could be expected by the outlined process of cell death, 
repeated phagocytosis, impaired clearance, or impaired re- 
lease of IL-10 due to direct, prolonged release of inflam- 
matory cytokines. 

~ ~~ ~ ~~ 

APPL OCCUP. ENVIRON HYG 1 l ( 7 )  * JULY 1996 * 1047-322X/96/1107-923$15.00/5 0 1996 AIH * PI1 S1047-322X(96)00104-6 923 



924 S.L. Weber et al. 

Methods 
This study was approved by the Institutional Review Board for 
the Protection of Human Subjects. 

Subjects were recruited by word of mouth, advertisements 
in newspapers, contact with unions, and by posters. Twenty 
miners and 19 controls were recruited for study. Miners were 
required to have at least 5 years underground exposure, most 
ofwhich included jobs with high silica exposure such as surface 
drilling, roof bolting, or rock drilling. All subjects were re- 
quired to be lifelong nonsmokers. An explanation of the study 
was given and consent to participate was obtained in writing. 
Both miners and controls completed a symptom, occupational, 
and medical history questionnaire and underwent physical 
examination of the cardiopulmonary system. Posteroanterior 
and lateral chest radiographs were obtained and classified on 
the ILO system for the appearances of pneumoconioses. 
Screening pulmonary function tests included spirometry and 
diffusing capacity. 

The day following screening studies, the subjects underwent 
bronchoscopy with bronchoalveolar lavage in a subsegment of 
the right middle lobe. The procedure was carried out with 
atropine premedication to reduce secretions and local anesthe- 
sia with topical lidocaine. Lavage was performed with warmed 
saline solution instilled in 50-rnl aliquots and removed with 
gentle suction. The total lavage volume instilled was constant 
at 200 ml. Variable amounts of lavage fluid were obtained by 
gentle suction. The mean return volume was approximately 60 
to 65 percent of that instilled in both the controls and miners. 

Cytokine Analysis 

Lavage fluid was spun down at 600 g on a Sorvall RT6000B 
Centrifuge to separate the supernatant from suspended cells or 
particles. The supernatant was then stored at 10°C and kept 
overnight to be concentrated 10 times on a Minitan Ultrafil- 
tration System (Millipore Co., Bedford, Massachusetts). The 
concentrate was aliquoted into microcentrifuge tubes and fro- 
zen at -2OOC until ready to be used in the immunoassay tests. 

O n  the day of each assay, aliquots were thawed and run 
undiluted in the human TNF-a  and 11-lp ELIZA kits (R&D 
Systems, Minneapolis, Minnesota). The tests were run accord- 
ing to the standard procedure and read on a Dynatech Micro- 
plate Reader (Dynatech Labs, Inc. Alexandria, Virgmia). The 
human Fibronectin Immunoassay (Biomedical Technologies, 
Inc. Stoughton, Massachusetts) was also run according to pro- 
cedure and read on a Beckman DU650 Spectrophotometer 
(Beckman Instruments, Inc. Fullerton, California). 

Particle Analysis and Characterization 

Samples of BAL lavage alveolar macrophages were pelleted and 
fixed overnight in Karnovsky’s fixative at 4°C. They were 
then post-fixed in osmium tetroxide and embedded in LX-112 
resin. Two-micron sections were cut and placed on spectro- 
scopically pure carbon planchets and attached by placing on a 
hot-plate. The specimens were viewed in an ETEC scanning 
electron microscope equipped with a solid-state backscatter 
electron detector and a PG&T energy dispersive spectrometer 
(EDS). Particles within the macrophages were identified by 
backscatter electron imaging and analyzed by EDS for 60 
seconds at a magnification X2000. Fifteen random areas in two 
sample preparations were evaluated for number of macro- 

TABLE 1. Characteristics of the Study Population 

Parameter Controls Miners 

Age (Y) 
Height (cm) 
Years underground 
FVC (L) 
FEV, (L) 
FEV,/FVC (!!I) 
FEF25-75% (L X sec-’) 
DLCO (ml X mmHg X min 

39.1 (1 .A)* 
175 ( 1 . j )  

0 

3.98 (0.14) 

4..51 (0.30) 

4.79 (0.1 9) 

83 (1.7) 

’ )  34 (1 .A) 

41.9 (1.3) 
170 (1 2) 

16.2 (1.4) 
4.85 (0.12) 

82 (1  2) 
4.23 (0.25) 

30 (1 .O) 

4.01 (0.12) 

*Mean ? SEM 

phages viewed and number of particles identified as silica. 
Approximately 250 macrophages were counted and evaluated 
for number of particles and particles identified as silica. 

Statistical Methods 

Comparisons between the control subjects and miners were 
made using the Mann-Whitney U statistic for nonparametric 
data. Significance was determined when p < 0.05. The data 
were expressed as mean ?SEM. 

Results 
The characteristics of the study populations are summarized in 
Table 1. The control subjects and miners were well-matched 
with regard to age and height. The miners had spent an average 
of 16.2 years underground exposed to coal mine dust, whereas 
none of the control subjects had significant dust exposures of 
any type. The chest radiographs of the controls were all normal 
(category 0/1 or less). Two  of the miners’ radiographs were 
classified as category 1 /0, four with category 011 and the rest 
were classified as 0/0. 

The results of screening spirometry and single breath diffus- 
ing capacity are also listed in Table 1. There were no signifi- 
cant differences between the controls and miners with regard 
to either restriction of lung volumes (FVC) or airflow obstruc- 
tion (FEV,, FEV, /FVC%, or FEF,,_,,,). Similarly, no tignif- 
icant differences were observed between controls and miner? 
with regard to gas exchange (IIL,c;cJ. 

The results of analysis of TNF-a in the UAL fluid are 
presented in Figure 1. TNF-a  measured in the miner’? UAL 
fluid was significantly lower than in the HAL fluid from 
controls. In contrast, neither IL-1 p (Figure 2) nor fibronectin 
(Figure 3) were found to be significantly different in thc UAL 
fluid from controls or miners. 

The results of the alveolar macrophage particle analysis are 
presented in Figures 4 and 5. The miners’ niacrophages had 
significantly more intracellular particles and many more parti- 
cles identified as silica than the control subjects. Thcse differ- 
ences were significant. 

Discussion 
A growing body of evidence indicates that fibrotic lung disease 
in humans is associated with elevated release of various cyto- 
kines in bronchoalveolar lavage samples and in enhanced pro- 
duction of mediators and reactive oxygen species from har- 
vested alveolar macrophages. Idiopathic pulmonary fibrosis 
and sarcoidosis are characterized by stimulation of fibronectin 
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FIGURE 1.  
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Tumor necrosis factor-a measured in the bronchoalveolar 
lavage fluid of controls and miners. *, p < 0.05. 

and insulin-likc growth factor (IGF) production by alveolar 
iiiacrophages.(","') Alveolar macrophages harvested from pa- 
ticnts with sarcoidosis also release elevated levels of (IL-lP).(") 
Further, increased production of reactive oxygen species and 
enhanced generation of chemiluniinescence by alveolar mac- 
rophages has been reported in patients with idiopathic pulmo- 
nary fibrosis or silicosis.(1zx13) A similar profile of elevated 
mediator production has been reported for CWP with in- 
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FIGURE 2. 
fluid of control5 and miners. 

Interlcukin-I p measured in the bronchoalveolar lavage 
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FIGURE 3. Fibronectin measured in the bronchoalveolar lavage fluid 
of controls and miners. 

creased production of fibronectin, interferon (IGF), and reac- 
tive oxygen species by alveolar macrophages n ~ t e d . ( ' ~ , ' ~ )  In 
addition, TNF-a release from bronchoalveolar lavage cells is 
elevated in workers suffering from CWP.(") 

Animal and cellular studies support the role of cytokines and 
reactive species in the development of pulmonary fibrosis. 
Reactive oxygen species can cause cell damage and the result- 
ing scarring of lung tissue.('6) Fibronectin acts as a competence 
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FIGURE 4. Number of alveolar macrophages in bronchoalveolar la- 
vage from controls and miners that contained particles. *, p < 0.05. 
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FIGURE 5. Number of alveolar macrophages in bronchoalveolar la- 
vage from controls and miners that contained silica. *, p < 0.05. 

factor for the proliferation of fibroblasts.(") TNF-a  activates 
neutrophils,('') causes pulmonary granulomas,('9) and increases 
proliferation and collagen synthesis by fibroblasts.('") The  im- 
portant role of TNF-a in the development of pulmonary 
fibrosis is emphasized further by a study showing that pretreat- 
ment of mice with anti-TNF-a prevents the silica-induced rise 
in pulmonary collagen levels.(7) IL-tP has been associated with 
pulmonary granulomas.(21) However, the effect of IL-tP on  
fibroblasts is controversial with evidence that it both induces 
and inhibits p r o l i f e r a t i ~ n . ( ~ ~ , ~ ~ )  Mangan et a1.(@ proposed that 
it is the balance between TNF-a and IL-1P levels that is 
critical in controlling programmed cell death (apoptosis) and 
fibrogenesis. 

In contrast to the human studies cited above, results from 
the present investigation of asymptomatic, nonsmoking coal 
miners show no increase in either IL-1P or fibronectin levels 
in bronchoalveolar lavage samples, and a decrease in lavage 
TNF-a compared to controls. Similarly, previous studies from 
our lab indicate that basal and PNA-stimulated chemilumines- 
cence by alveolar macrophages obtained from asymptomatic 
coal miners were not significantly different from controls.(24) 

Even though cytokines and reactive oxygen species were 
not elevated in asymptomatic miners, indications of particulate 
exposure were evident. In a randomly selected microscopic 
evaluation of lavage cell populations, 68 percent of the miners' 
alveolar macrophages were found to contain dust. The  mean 
particle load in the cells was 9.36 t 1.19 ofwhich 1.65 -+ 0.29 
showed birefringence. In contrast to this, only 8 percent of 
control alveolar macrophages were found to have dust. The  
mean particle count in these cells was 2.46 2 0.53 of which 
only 0.033 ? 0.033 showed birefringence. In addition, we 
have shown previously that pulmonary macrophages from 
asymptomatic miners exhibited more surface rufling than con- 

trols suggesting activation in its early stages.(24) Differences in 
cytokine and reactive oxygen levels may vary dramatically over 
the course of disease process. Thus, miners such as ours, 
without symptoms and radiographic and functional evidence 
of disease may exhibit normal levels, while patients with frank 
disease show significant elevations in the levels of these inflam- 
matory and fibrotic mediators. 

While it is expected that cytokine levels in the BALF may 
not accurately reflect the levels found in pulmonary phagocytes 
at their source, they do seem to correlate with disease progres- 
sion as assessed by independent means (i.e., radiographic 
changes). Thus, an explanation for our findings may be that 
our subjects were not experiencing fibrosis and may not in the 
future. 

Our  findings are not explained by differences in BALF 
recovery. The  volume of saline instilled was constant for each 
subject and the recovery volumes were not significantly dif- 
ferent between the miners and controls. 

At what point in disease development and progression sig- 
nificant changes in these mediators become discernible is a 
question for further investigation. 
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