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Epithelial and Extracellular Matrix Injury
in Quartz-Inflamed Lung: Role of the
Alveolar Macrophage
by Kenneth Donaldson,' Geraldine M. Brown,
David M. Brown,1 Joan Slight,' and Xiao Yang Li'

The bronchoalveolar leukocytes from quartz-inflamed lung were separated into macrophage-enrichedand neutrophil-
enriched populations on density gradients. Neutrophil-enriched populations showed the greatest activity in causing in-
jury to epithelial cells and fibronectin vi. na ry macrophage-enrhed populaons m quartz-eposed lung
had the ability to cause fibronectin degradation but could notcause detachment injury to epithelial cells over and above
that caused by control alveolar macrophages. Fibronectin damage in w,vo could be an important factor in disordering the
connective tissue scaffold ofthe lung, thereby favoring fibrosis. In vitro quartz stimulated more production ofcytokines
by alveolar macrpiges than the inert prficuattitaniumdKdei Cytloidn could be important in upgulating adhesion
molecules in the nmnbranes oflung cells in W; this process could aid leukocye/lung ceUl contact, allowing epithelial injury
to be expressed, and could also be a factor leading to pathological change.

Introduction
Leukocytes perform an important defensive role in the lung,

where they act to keep the alveolar epithelial surface free from
particles. There is, however, evidence to suggest that leukocytes
can also be harmful to the lung ifthey are recruited there in large
numbers and become activated, as is found in workers in in-
dustries where the dust causes pneumoconiosis (I). Experimen-
tal inhalation ofpneumoconiotic dusts such as quartz, asbestos,
and coal mine dust causes macrophage and neutrophil recruit-
ment (2,3). These leukocytes then have the potential to release
a range of toxic products, including proteases, which we have
demonstrated are able to injure epithelial cells (4) and ex-
tracellular matrix components (5) in vitro. In addition, leukocytes
may also release fibroblast growth factors such as interleukin-1
(IL-1), which could contribute to fibrosis. In the presence ofsuch
growth factors, proteolytic injury to the connective tissue matrix
ofthe lung after quartz exposure may lead to abnormal repair and
fibrosis ifthe connective tissue scaflbld is disordered. Epithelial
injury can lead to disruption ofthe normal balance between the
interstitium and the alveolar space. In addition, by stimulating
proliferation oftype II epithelial cells, quartz exposure can lead
to the pathological lining ofthe alveoli with cells inappropriate
to the gas transfer function ofthe alveoli and also accumulation
of type II cell product.

In our own rat model of silicosis, both fibrosis and type II cell
proliferation are evident (6) and, as described above, leukocytic
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protease has the potential to play a major role. It is clear from our
studies that neutrophils are a major source of the connective
tissue protease (5), but alveolar macrophages also provide a
potential source ofharmful protease and are present generally in
greater numbers than neutrophils. We therefore set out to deter-
mine whether macrophages from quartz-inflamed lung were able
to injure epithelial cells and break down fribronectin in vitro. We
also assessed the effect ofdifferent dusts on the ability ofmacro-
phages to release tumor necrosis factor (TNF) and interleukins
1 and 2 (IL-1 and IL-2).

Materials and Methods
Leukocyte Populations

Leukocyte populations were obtained from control PVG rats
(<98% macrophages) or rats exposed to 1 mg of quartz by in-
stillation 5 days previously (50% macrophages and 50% poly-
morphonuclear neutrophils [PMN]). Cells were collected by
bronchoalveolar lavage as previously described (2). Cell popula-
tions were either kept whole or separated into macrophage and
neutrophil-rich fractions by density gradient centrifugation
through Sepracell medium according to the manufacturer's in-
structions (Sepra-tech Corporation, Oklahoma City, OK).

Epithelial Injury
Epithelial injury was assessed by radiolabeling cells of the

alveolar epithelial cell line A549 with 5'Cr and incubating them
with effector leukocytes for 6 hr at an effector: target ratio of 5:1.
At the end ofthis time, two types of injury were assessed: lytic
injury and detachment injury (4).
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Fibronectin Degradation
The ability of leukocytes to break down the extacellular matrix

component fibronectin was assessed using fibronectin labeled
with 125I. 125I-fibronectin was dried on to the base of microtiter
plate wells and leukocytes were incubated on this matrix for 4 hr,
and the release of 125I-fibronectin breakdown products into the
supernatant was measured (5).

Cytokine Production
Alveolar macrophages were exposed in vitro to various types

ofdust for24 hr at 25 Ztg/mL and the supematants were collected.
IL-1 in supernatants was measured as enhanced stimulation of
suboptimal lectin-treatedmouse thymocytes. TNF was measured
using the L929 cell line.

Statistical Analysis
Data from repeat experiments were analyzed by analysis of

variance to determine whether there were any treatment effects
and to obtain a measure ofestimated standard error. Differences
between treatments were tested for statistical significance using
this estimated error in a t-test.

Results
Epithelial Injury
As shown in Figure 1, the separated, macrophage-enriched

populations from quartz-inflamed lung were able to cause
detachment of epithelial cells. However, when individual ex-

periments were assessed and detachment was related to the pro-
portion of contaminating neutrophils (Fig. 2), it was clear that
the detachment was attributable to the neutrophils. Results were
obtained from four separate experiments using pooled cells from
one to three rats in each experiment.

Fibronectin Degradation
As shown in Figure 3, the inflammatory macrophage-enriched

population was capable ofdegrading large quantities of the ex-
tracellular matrix component fibronectin compared to control
macrophages. However, in this case the increased proteolytic in-
jury could not be explained by the 4% of contaminating PMN.
This level of PMN would be anticipated to increase the pro-
teolytic activity ofthe macrophage population by 12%, whereas
the actual increase over the control macrophages was 45%.
Results represent means and standard deviations from five sepa-
rate experiments, with cells from one rat used in each experiment.

Cytokine Production
Wehave demonstrated, as shown inFigure4, thatquartz caused

more release ofcyokine from alveolar macrophages in vitro than
titanium dioxide. On dilution, the supematants showed a sigmoid
curve of activity, as is normally seen with crude supernatant in
a bioassay ofthis sort. It is presumed that the differential effect
ofdilution on the response is due to conflicting activities present
in the supernatant, which dilute out at different rates to theTNF
activity.
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FIGURE 1. Detachment injury caused to epithelial cells by control broncho-
alveolar leukocytes and cells from quartz-exposed lung. Whole, unsepa_ated;
PMN, PMN-enriched population; MACS, macrophage-enriched population.
Significantly more detachment caused by all quartz populations compared
to control macrophages (p<QOL). Significantly more detachment caused by
PMN than MACS or whole (p< 0.05).
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FIGURE 2. Detachment injury, expressed as detachment caused by macro-
phage-enriched populations divided by detachment caused by control
macrophage populations, versus percentage ofconuaminating PMN. The line,
fitted by eye, passes through 1, suggesting that inflammatory macrophages
cause as much detachment as control macrophages when no PMN are pre-
sent. Datafrom four separateexperiments. he "2" representstwodatapoints
that were identical.

Discussion
We and odters have demonstrated the ability ofPMN to cause

injury to epithelial cells and extracellular matrix components (4).
Macrophages are present in normal lung but are present in in-
creased numbers and inan activated state in dust-inflamed lung
(2) and so could also contribute to injury. We have shown here
that macrophages from inflamed lung are unlikely to be able to
cause epithelial damage, at least in the rat model ofsilicosis that
we used here. In contrast, the inflammatory macrophages have
the ability to break down fibronectin in increased amounts com-
pared to control macrophages.

In the case ofPMN, we have previously associated the abili-
ty to break down fibronectin with the ability to cause epithelial
injury, both ofwhich are protease-mediated events (4). We report
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FIGURE 3. Fibronectin degradation caused by control alveolar macrophages
(CON), macrophage-enriched (Q MAC), or PMN-enriched (Q PMN)
populations from quartz-inflamed lung. Spontaneous release of ' -fibro-
nectin counts are shown as the bar marked "medium." Numbers under the
bars indicate the mean percentages ofPMN. Results are the means +SDs of
five separate experiments, wtih two to three rats used in each experiment.
Significantly more fibronectin degradation with all populations compared
to medium alone(p < 0.01) and withQPMN compared to the otherconditions.

here that the two functions are not necessarily associated and that
macrophages have the ability to break down fibronectin in the
absence ofthe potential to cause detachment injury to epithelial
cells in vitro.

It seems likely that close-range interaction, possibly compris-
ing membrane-membrane contact with target cells or adherence
to extracellular matrix components, is a necessary prerequisite
for inflammatory leukocytes to cause injury. Cell-to-cell attach-
ment involves the integrin class of molecules and associated
adhesion molecules in the cell membrane (7). Clearly, both
macrophages and neutrophils possess the receptors that allow
close interaction between these cells and fibronectin. However,
only neutrophils may possess the receptors that allow close in-
teraction with epithelial cells in vitro.
We have found that the inflammatory dust quartz, which was

used as a model injuring agent in the present study, is able to
directly stimulate the release ofthe cytokines IL-1 and TNF from
alveolar macrophages in excess of that produced when the
macrophages are treated with the relatively harmless dust
titanium dioxide (2). Cell adhesion molecules can be upregulated
by exposure to cytokines (8). Thus, in the lung itself, when the
epithelial cells are exposed to the cytokine for longer than the 5
hr used in the assay here, this time may allow upregulation of
adhesion molecules on the epithelial cells, allowing macrophage-
mediated short-range epithelial injury to occur in vivo.
We intend to expose epithelial cells to cytokine in vitro and then

assess the ability of the macrophages to cause injury. This may
allow the epithelial cells to upregulate their adhesion molecules,
which could promote close contact between the effectors and the
targets, possibly allowing injury to be expressed. The fact that
PMN can cause the injury may be related to expression ofthe ap-
propriate adhesion molecules or their much increased produc-
tion of protease, which may be sufficient to cause injury without
the necessity for direct contact. We have, however, demonstrated
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FIGURE 4. Production of interleukin-l (IL-1) and tumor necrosis factor (TNF)
by alveolar macrophages exposed to quartz and titanium dioxide (TiO2) in
vitro. Results are expressed as thymocyte proliferation in counts per minute
(IL-1) or international units per milliliter (TNF). Results are shown as the
means ofthree to five experiments with significant differences between TI02
and quartz at 1/8 and 1/16 dilutions (p< 0.05). Pooled cells from one to three
rats were used in each experiment.

the production ofhigh levels ofIL-1 by neutrophils from inflamed
lung (9), and this may also play a role.
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