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Abstract

The relative activation of eicosanord production which results from the exposure of
the alveolar macrophage (AM) to mineral dusts is thought to be a key factor in the
pathophysiology of occupational lung disease. We compared in vitro basal and silica-
stimulated production of prostaglandin Ez (PGEp) and thromboxane A (TXA»2) by AM
from normal humans and non-human primates (Macaca nemistrina). In addition, we
instilled mineral dusts directly into one lung of the non-human primate and evaluated AM
eicosanoid production at two week intervals following dust instillation. Unstimulated AM
from humans produce more PGE; and TXA» than do AM from M. nemistrina. However,
in vitro exposure of AM from both species to silica dust produced a qualitatively similar
increase 1n TXA» production accompanied by no change in PGEp production. Sequential
analysis of AM eicosanoid production following a single bolus exposure to bituminous or
anthracite coal dusts, titanium dioxide (T109) dust or crystalline silica showed marked
vanability among individual non-human primates in qualitative and quantitative aspects of
dust-1nduced eicosanoid production. However, the rank order of potency of the different
dusts (silica > anthracite > bituminous) correlated with epidemiological evidence relating
the type of dust mined to the incidence of pneumoconiosts. These studies suggest that the
non-human primate may serve as a model for the study of both the role of eicosanoids in
the etiology of dust-induced occupational {ung disease and the biochemical basis for
individual vanabulity in the response of lung cells to mineral dust exposure.

Introduction

Occupational 1nhalation of mineral dust can lead to chronic debilitating lung disease
(1,2). One of the key components of the disease process 1s thought to be the interaction of
mineral dust with the alveolar macrophage (AM) and the subsequent release by the AM of
inflammatory and fibrotic substances (3,4). Chronic inhalation of mineral dust, depending
on the type and amount of dust, may then produce a situation in which ongoing
inflammation, accompanied by the destruction of functional lung tissue by products of
activated AM and polymorphonuclear neutrophtls, stimulates the production of
nonfunctional matrix by lung fibroblasts.

The AM produces several oxygenated derivatives of arachidonic acid (AA) which
may play important roles in dust-induced lung pathophysiology (5.6). In previous studies
in the rat, we found that prostaglandin E; (PGE;), thromboxane Az (TXA2) and
leukotriene B4 (LTB4) were the major AA metabolites produced by AM (7). PGE» is
associated with pro-inflammatory activity (8) as well as anti-fibrotic activity since it down-
regulates interleukin -1 (IL-1) and tumor necrosis factor (TNF) release by AM (9-11).
TXA2 15 known to stimulate platelet activity, cause bronchial and vascular smooth muscle
contraction (12) and to possess chemotactic activity (13). LTB4 1s chemotactic for
necutrophils and monocytes (14) and has been suggested as an additional regulatory factor
in the release of TNF by AM exposed to silica dust (15).

AM eicosanoid production has been shown to be influenced by exposure to mineral
dust in vitro and in vivo using both bovine and rat AM (7,16). However, the effect of
mineral dusts on AM ercosanoid 1n the non-human primate has not been assessed despite
the phylogenic proximity of this species to man and the ability to follow the progress of
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dust-induced pathophysiology through longitudinal analysis of cellular and radiographic
parameters. Therefore, we characterized and compared basal and silica-stimulated
eicosanoid production by AM from normal humans and non-human primates. In addition,
we evaluated the production of PGEj and TXA72 by AM from non-human primates at
several time points following a single bolus instillation of dust into the right lung. The
results of these studies suggest that mineral dusts vary in their potential for activating AM
eicosanoid production and that individual non-human primates vary in the reactivity of their
AM to the instillation of mineral dust.

Methods

Bronchoalveolar lavage (BAL) and dust instillation -- Human AM were harvested
from non-smoking, adult male volunteers by previously described methods (17,18).
Brnefly, the pharynx of subjects was lightly anesthetized with lidocaine and oxygen was
administered by nasal prongs. Three separate aliquots of 50 ml sterile isotonic saline were
passed through a flexible fiberoptic bronchoscope wedged into a subsegmental bronchus of
the right middle lobe. Each aliquot was then withdrawn by gentle syringe suction. This
procedure was repeated 1n the lingula of the left lung.

Twelve adult female pigtailed macaques (Macaca nemestrina) were used in these
studies. Animals were housed in individual cages and routinely screened for
bronchopulmonary infection. BAL was performed using a pediatric bronchoscope as
previously described (19). In brief, 12 hour-fasted animals were anesthetized with
ketamine (10-25 mg/kg, [.M.) and subjected to chest radiography, physical examination
and CBC analysis. The tip of the bronchoscope was wedged nto the left caudal bronchus
for the lavage of lung cells. The bronchoscope was cleaned and the procedure was
repeated in the right lung for erther the insuitlation of dust or lavage of lung cells.

Characterized coal and quartz dusts used for in vivo exposure studies were
provided by Dr. Richard Hogg, The Generic Technology For Respirable Dust. Crystalline
silica (Min-U-Sil) was provided by Dr. Peter Bolsaitis, Massachusetts Institute of
Technology. T10; was purchased from Sigma Chem. Co. All dusts were either provided
or fractionated to the same size range (2-7 ym diameter). Mineral dusts (500 mg) were
suspended in 50 ml of sterile saline and instilled 1nto the nght lung of non-human primates.

At two week intervals following dust instillation, BAL was performed in order to
harvest dust-exposed AM. Fifty ml of sterile phosphate-buffered saline (PBS) was
instilled into the left lung and withdrawn with gentle suction. This procedure was repeated
twice. The dust-exposed portion of the night lung was then lavaged 1n a similar manner.
The BAL was performed at least twice on each antmal prior to dust instillation 1n order to
assess pre-instillation AM eicosanoid production.

BAL cell culture -- Pooled lavage fluid from each lung was filtered through sterile
Nitex filters (60 pm pore size) and centrifuged (225 x g, 10 min) to sediment lung cells.
Cells were washed once with PBS and recentrifuged. Lung cells were enumerated with a

hemacytometer and diluted to a concentration of 5 x 105 cells/ml 1n tissue culture medium
(M199, pH 7.35) containing 3 mg/ml albumin and 100 ug/mi L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin. Cells were incubated for 1 hr (37°C in a humtdified
atmosphere of 5% COz 1n air) to allow AM to attach. Non-adherent cells were removed
and AM were incubated for 24 hr to allow them to return to a metabolic steady state. AM
were then incubated for a final 24 hr in fresh M199 1n order to evaluate either basal and
silica-stimulated (100 pug/ml) eicosanoid production or the effect of in vivo mineral dust
exposure on AM eicosanoid production. Culture medium was removed and subjected to
lipid extraction 1n 2 x 2 vols ethyl acetate/cyclohexane (1:1). Pooled extracts from each
well were dried under Np, reconstituted in 1 ml ethanol and stored at -20°C until eicosanoid
analyses were performed.

Eicosanoid radioimmunoassay (RIA) -- Appropriate volumes of extract were dried under
Ny, reconstituted in BGG buffer and analyzed in duplicate for eicosanoid levels using
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antibodies obtained from Advanced Magnetics, Inc. (Cambridge, MA). Anutbodies were
specific for the relevant eicosanoids and did not significantly cross-react with other
eicosanoids (with the exception of PGE2 antibody which cross-reacted 42% with PGEy, a
minor AM eicosanoid).

Statistical analysis -- Absolute values for AM eicosanoid production are expressed
as mean (+SEM) values. Relative eicosanoid production by dust exposed AM 1s expressed
as a percentage of values obtained from either unexposed AM from the same individual (in
vitro exposure studies) or AM from the unexposed lung of the same individual (in vivo
exposure studies). Comparisons of mean eicosanold production were conducted using
ANOVA 1n conjunction with Dunnett's procedure.

Results

Comparison of eicosanoid production by alveolar macrophages from non-human
primates and humans -- We evaluated both basal and simulated eicosanotd production by
AM from humans and non-human primates in order to determine species-specific
characteristics. In non-human primates we found no difference in basal eicosanoid
production between AM harvested from the left and night lung. In addition, ercosanoid
production by AM harvested from individual animals was similar from one lavage to
another (data not shown). Basal production of both PGE, and TXA» (measured as TXB 3,
the stable metabolite of TXA»3) was higher i1n the human than 1n the non-human primate
(Figure 1). [These values are presented as pg/mi of culture medium since there was no
difference in cellular protein content (80-100 pg) in cultures from these species.] Human
AM produced 7425 (£1635) pg/ml PGEj and 12454 (+2030) pg/ml TXA 2 while non-
human primate AM produced 2110 (£368) pg/ml PGE2 and 422 (+92) pg/ml TXA,.
Thus, human AM produced more TXA2 than PGE; while non-human primate AM
produced more PGE; than TXA2. The relative variability 1n eicosanord production among
human individuals (PGE2 range 1610-13,320 pg/ml, coefficient of vanation = 0.76; TXAz
range 2370-22,370 pg/ml, coefficient of vanation = 0.56) was sumular to that among
individual non-human primates (PGE3 range 1047-4292 pg/ml, coefficient of vanation =
0.58; TXA7; range 108-995 pg/ml, coefficient of vanation = 0.72).
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Figure 1. Basal eicosanoid production by AM from humans and non-human primates.
Data points represent values for eicosanoid levels (circles are values for PGE>, Iriangles are
values for TXB3) in culture medium as determined by specific radioimmunoassay.
Horizontal bars represent mean values for each eicosanoid.
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In vitro exposure of non-human primate AM to silica dust resulted 1n a sigmficant
increase in TXAp production from 556 (x151) pg/ml to 769 (+206) pg/ml (p=0.039,
Figure 2). PGE3 production by non-human primate AM was also increased by exposure to
silica from 1257 (£176) pg/ml to 1418 (x108) pg/mli, however this increase was not
statistically significant. Exposure of human AM to silica dust resulted in a modest increase
in PGEj production from 5354 (£1706) pg/ml to 6519 (+2188) pg/ml and a substantial
increase 1n TX A3 production 7899 (x1918) pg/ml to 15786 (£6107) pg/ml. However,
neither increase 1n silica-stimulated eicosanoid production by human AM was statistically
significant.
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Figure 2. The effect of in vitro exposure 1o silica dust (100 ug/500,000 AM) on the
production of eicosanoids by AM from human and non-human primates. Data are
expressed as % of control (no dust exposure) values. Absolute mean values (+SEM) are
reported in the texl.

The effect of mineral dustinstilation on eicosanoid production by AM from non-
human pnmates -- Sequential analysis of AM eicosanoid production by AM harvested fre -
non-human prnimates at 2 wk intervals following instillation of vanous miner.i cu s
suggested that considerable individual vanation exists in both quantitative and qualitative
aspects of the reaction to these stimuli (Figures 3-6). For example, instillation of
bituminous coal 1nto the nght lung resulted in an 1ncrease 1n PGE7 and TXA 2 production
by AM harvested 2 weeks after dust instullation in only 1 of 3 anmimals (Figure 3).
However, AM from another animal 1n this group did not react to the dust until 6 weeks
after instllation. Likewise, while 1 of 3 animals instilled with anthracite coal dust
demonstrated a marked biphasic response 1n AM eicosanoid production over the duration of
the study, another animal showed only a modest reaction (Figure 4). These qualitative and
quantitative differences are apparent in each group regardiess of the type of dust instilled
However, qualititative differences 1n the reaction to different dusts were observed when
trends in eicosanoid production among the groups were compared (Figure 7). As
expected, the greatest increase in AM ercosanoid production resulted {from exposure to
silica dust while, at most time points following instillation, bituminous coal dust produced
only a small increase in AM eicosanoid production. In general, TiO; and anthracite coal
dust produced an increase 1n eicosanoid production which was intermediate between silica
and bituminous coal. There were no statistically stgnificant differences 1n mean % control
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values among groups, probably due to individual variability and the limited number of
ammals in each group. No increase in the production of eicosanoids by AM from the left
lung was observed in any dust-exposed ammal.
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Figure 3. The effect of in vivo exposure to bituminous coal dust on the production of
eicosanoids by AM from non-human primates. Different symbols represent values
obtained using AM from different individual non-human primates. Values represent %
change from those seen in AM from the unexposed lung of each individual.
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Figure 4. The effect of in vivo exposure to anthracite coal dust on the production of
eicosanoids by AM from non-human primates. Different symbols represent values
obtained using AM from different individual non-human primates. Values represent %
change from those seen in AM from the unexposed lung of each individual.
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Figure 5. The effect of in vivo exposure lo titanium dioxide dust on the production of
eicosanoids by AM from non-human primates. Different symbols represent values
obtained using AM from different individual non-human primates. Values represent %
change from those seen in AM from the unexposed lung of each individual.
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Figure 6. The effect of in vivo exposure 1o crystalline silica dust on the production of
eicosanoids by AM from non-human primates. Different symbols represent values
obtained using AM from different individual non-human primates. Values represent %
change from those seen in AM from the unexposed lung of each individual.
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Figure 7. The effect of various mineral dusts on the production of eicosanoids by AM
Jrom non-human primates. Values at the indicated time points after dust instillation are
means of values from 3 animals in each group.
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Discussion

The role of macrophage eicosanoid production 1n a variety of inflammatory and
fibrotic disease processes has been extensively evaluated. It has been suggested that the
primary tole of eicosanods 1s expressed through regulatory functions including the
mediation of vascular dynamics, immune cell recriitment, lysosomal enzyme release and
cytokine production (reviewed inref. 20). Indeed, intervention which targets exaggerated
eircosanold production (eg. aspirin) has been shown to effectively ameliorate the
inflammatory process. Much of the literature related to the role of eicosanoids in
inflammation has been developed using in vitro and animal models. These studies have
been of great value in the development of therapeutic approaches in the human. However,
the need for continued evaluation of these models, based on apparent species differences
which may diminish their relevance to human pathophysiology and biochemistry, is well
recognized. Thus, our experiments were designed to characterize AM eicosanoid release as
a result of mineral dust exposure 1n order to provide a basis for the possible use of the non-
human primate model 1n the evaluation of this aspect of lung pathophysiology. In
particular, these studies focused on PGEj as a modulator of lung fibrosis through 1ts
regulatory role on macrophage cytokine release (11), and on TXA 3 production since little 1s
known about the effect of mineral dust on the production of this major macrophage
eicosanold and since TXA» has been shown to be chemotactic for monocytes, the
progenitor cell of the macrophage (13).

Mineral dust has been shown to activate AM eicosanoid production both in vitro
and 1n inhalation and 1nstillation models of dust toxicity (7,21-23). The mechanism of
activation probably nvolves radical-mediated lipid peroxidation (23-25). Silica dust has
been particularly well studied due to its potent biological activity and presumed key role in
the occupational lung pathophysiology of coal and rock miners (1). Englen et al. (6)
evaluated eicosanoid release by bovine AM exposed to 0.5-5 mg crystalline silica and
found that the production of cyclooxygenase metabolites (PGEj, TXA2, PGFaq)
predominated at lower doses of silica while lipoxygenase products (LTBy, LTC4) became
the predominant arachidonic acid metabohtes at hugher doses. However, Brown et al. (26)
found no PGE; produced by human AM exposed to 1 mg/ml silica and Bissonnette ct al.
(27) found no increase 1n PGE» production by rat AM exposed to 100 pg/ml silica
Finally, our own studies with rat AM showed that both amorphous fumed silica and
crystalline silica can stimulate AM eicosanoid release with the former being considerably
more potent than the latter (23). These disparate findings may be explained by the type and
dose of silica utilized, the vanable protocols employed (eg. exposure to silica immediately
after harvest or following 24 hr of preincubation), the relative contribution of different
subsets of AM harvested from different species (4) or the strain and age of the animals
from which AM are harvested. Thus, 1t is apparent that the results of in vifrro and animal
model studies of mineral dust biocactivity must be interpreted carefully regarding their
application to human mineral dust-induced lung disease. Studies of the effects of coal dust
are much less prolific and are likely to yield even more conflicting results due to both the
chemical complexity of the mineral itself and the enormous variability 1n mineral
composition of coal from different sources.

Vanability 1in the morphology and reactivity of AM among species and strains
within species has also been reported (28,29). Moreover, the response to stlica dust is
apparently quite variable among strains and among individuals of the same strain. Callis et
al. (30) evaluated inflammation and fibrosis 1n six strains of mice exposed to silica dust by
intratracheal instillation and found that parameters of silica bicacuvity can vary two-fold
depending on the strain. In addition, Hannothiaux et al. (31) determined that lung
enzymatic activity among individuals within the stratn Macacus cynomolgus can vary as
much as ten-fold when these amimals 1nhale aerosolized silica dust. Thus, 1t 1s not
surprising that cultured AM from both humans and monkeys showed marked 1ndividual
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variabihity in the present study. However, despite significant differences in absolute values
for PGEj and TXAj3 production between the two species, the relative vanability within
each species was not markedly different. Thus, 1ntraspecies heterogeneity in basal
eicosanoid production 1s similar between the human and Macaca nemestnina. It 1s imporiant
to note that variability in structural and functional aspects of the lung is widely thought to
explain both inter- and intraspecies vanability in the relative pathophysiology which may
result from exposure of the lung to certain mineral dusts (32-34). Our studies suggest thai
the relative production of PGE and TX A3 by AM from human and non-human primates 1s
different. That 1s, while the human produces more TXA than PGE3, a phenomenon also
noted 1n the studies of Balter et al. (5), the non-human primate produces more PGE» than
TXA2 (stmilar to the rat, ref 7). The relevance of this difference to lung physiology or
pathophysiology 1s currently unclear.

While absolute and relative aspects of basal eicosanoid production by AM from
human and Macaca nemestrina showed some differences in our studies, the relative
response of AM from both species to in vitfro silica exposure was similar. TXA»
production by AM from both species was elevated by exposure to crystalline stlica while
the production of PGE> was unchanged. The finding that human AM do not respond to
stlica with elevated PGE; production has been documented 1n other studies (26) and ts the
basis for the suggestion that the fibrotic response to silica may be due 1n part to the inability
of the silica-exposed AM to down-regulate interleukin-1 release by increasing PGE»
production. In contrast, PGE3 production 1s elevated by in vitro exposure of rat AM to
stlica dust (23) and rats exposed to silica dust by inhalation do not dev elop a silicotic lesion
which resembiles that seen 1n the human (35). Thus, our data suggest that the eicosanoid
response of the non-human primate AM to in vitro silica exposure 1s relatively similar to
that which occurs 1n the human.

AM from Macaca nemestrina exhibit individual vanability tn response to mstilled
mineral dust on both a temporal and relative basis. Within each experimental group, we
found 1ndividuals who showed marked elevations 1n eicosanoid production by AM from
the exposed lung while AM from other individuals were apparently unresponsive. In
addition, while AM from some animals showed a peak of eicosanoid reactivity two weeks
after dust instillation (the first lav age conducted after dust administration), AM from other
individuals manifested increases 1n ercosanord release at later tme points. In general, there
was a good correlation between the patterns of production of the individual eicosanords.
This heterogeneity in AM eicosanoid response to mineral dust 1s similar to the vanability
seen 1n enzymatic activity by Hannothiaux et al. (31). Of interest was the observation 1n
our studies (data not shown) that macrophage 1nflux, as measured by total AM recovery 1n
cach lavage, correlated well with the eicosanoid response. This observation may be due
partly to the chemotactic activity of TXA7 (13) and another eicosanoid not measured 1n our
studies, leukotrniene By.

Examination of mean eicosanoid production among the expenmental groups (Figure
7) was conducted 1n these studies only to begin to assess the charactenistics of the model 1n
relation to the known relative pathogenicity of different mineral dusts. While these
comparisons showed no staustically significant differences among the groups, due to the
apparent individual variability 1n response and the limited number of animals which were
allocated to each experimental group, they did reveal a pattern which i1s similar to
epidemiological associations between the type of dust mined and the incidence of
pneumoconiosis. For example, McClintock et al. (36), and Jacobsen and Maclaren (37), in
extensive studies of miners from British collieries, found that the stlica content of coal
correlated positively with the degree of progression of simple pneumoconiosts. Moreover,
the rapidity with which simple pneumoconiosis progressed was proportional to the nsk for
the development of progressive massive fibrosis. Likewise, it has been demonstrated that,
generally, the incidence of CWP 1s higher m anthracite coal mines than in bituminous mines
(1). However, neither the role of silica nor the influence of coal rank as predominant in the
pathophysiology of dust-induced lung disease is universally accepted, primarily due to the
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complexity of individuals, dusts and mining environments which, in all hikelihood,
combine to determine the relative sevenity of lung malfunction and disease (38).
Nonetheless, the data presented here support the concept that the type of dust to which the
AM s exposed may be an important factor in eicosanord-mediated lung inflammation. In
addition, the variabihity among individual non-human primates supports the suggestion that
host factors may be relevant to expression of the disease process resulting from inhalation
of specific dust types. Thus, exposure of non-human pnmates to anthracite dust resulted 1n
greater increase in eicosanoid production at most time points than did exposure to
bituminous coal. In addition, sihica activated AM eicosanoid production to a greater degree
than either bituminous or anthracite coal dust While a statistical evaluation of the
significance of differences among dusts was not possible in our studies, these results tend
to support the suggestion of others than the relative ability of mineral dusts to activate AM
eicosanoid production may be a key factor in the extent to which lung pathophystology is
produced.

Of additional interest in our studies was the finding that TiO7 was not nert with
regard to the activation of AM eicosanoid release. T10; 1s thought to be innocuous and has
been used 1n in vitro and animal models as an inactive, negative control dust. However,
our results, as well as those of Dniscoll et al. (22), suggest that TiO2 may be biologically
active under certain conditions. In particular, when dust {oad 1s mgh or when the AM 1s
“primed" by prior exposure to dust or other simulants, TiOp may be capable of activating
AM. This activation may result in ercosanoid and cytokine release at a level comparable to
that of other dusts.

The studies presented here are part of an ongoing evaluation of a vanety of aspects
of lung pathophysiology in the non-human primate model of mineral dust exposure. These
studies will allow the sequential analysis of the effects of mineral dust on the production of
mediators of inflammation and fibrosis and may provide additional valuabie information
related to the etiology of mineral dust-induced fung disease, the role of individual vanability
in the development of dust-induced lung pathophysiology, and the efficacy of potential
intervention modalities designed to reduce the incidence and severity of pneumoconioses.
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