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Abstract Introduction

Although acute asbestos-induced pleurisy is characterized by
an influx of neutrophils, the identity of the factors that attract
these cells to the pleural space and the source of the factors are
unknown. Wefound that instillation of crocidolite asbestos into
the pleural space of rabbits led to the appearance in pleural
liquid of chemotactic activity for neutrophils, and that this che-
motactic activity was inhibited significantly by a neutralizing
antibody to human interleukin 8 (IL-8). Cultured rabbit pleural
mesothelial cells incubated with crocidolite asbestos also re-
leased chemotactic activity for neutrophils, which was inhibited
significantly by the anti-IL-8 antibody. To determine whether
rabbit pleural mesothelial cells synthesize IL-8, we generated a
probe for rabbit IL-8 mRNAby amplifying cDNA prepared
from stimulated pleural mesothelial cells using the polymerase
chain reaction (PCR) and primers based on homologous se-
quences in human and sheep IL-8 cDNAs. Homology-based
PCRyielded a single cDNA fragment with a nucleotide se-
quence 88% identical to that of a corresponding region of hu-
man IL-8 cDNA. With the radiolabeled PCR product as a
probe, we demonstrated rapid induction of IL-8 mRNAexpres-
sion in pleural mesothelial cells exposed to asbestos. As ex-
pected, tumor necrosis factor-a also led to the appearance of
IL-8 in the rabbit pleural space and stimulated cultured pleural
mesothelial cells to synthesize and release IL-8. Weconclude
that asbestos directly stimulates pleural mesothelial cells to
synthesize IL-8 and that mesothelial cell-derived IL-8 may
play an important role in mediating asbestos-induced pleural
inflammation. (J. Clin. Invest. 1992. 89:1257-1267.) Key
words: chemotaxis * pleural effusions * pleurisy * polymerase
chain reaction * rabbit neutrophils
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The pleura is an important site of asbestos-induced injury in
man. When asbestos is instilled into the pleural space of ani-
mals, the earliest response is an acute inflammation character-
ized by an influx of neutrophils. Asbestos is also associated with
a persistent neutrophilia (1, 2). Indeed, the influx of neutro-
phils may be a necessary precursor to later manifestations of
pleural disease (3). Although the neutrophil influx has been
described, neither the identity of the chemotactic factors that
attract neutrophils to the pleural space nor their source has
been determined. In a study by Shore et al. (4), instillation of
crocidolite asbestos into the pleural space of rabbits led to the
appearance in pleural liquid of chemotactic activity for neutro-
phils, which was not affected by prior depletion of comple-
ment. The investigators concluded that the unidentified che-
motactic activity was produced by resident pleural cells.

Mesothelial cells, which continuously line the pleural
spaces, are in an advantageous position to encounter anything
entering the pleural spaces and to recruit neutrophils from the
vasculature into these spaces. Although previously considered
a passive lining cell, pleural mesothelial cells exhibit a variety of
functions that suggest that they play a role in the pathogenesis
of inflammation. For example, mesothelial cells have been
shown to phagocytose particles including asbestos fibers (5),
produce prostaglandins in response to nonspecific irritants (6),
and express immune-associated antigens in response to inter-
feron-^y (7). In a recent report by Antony et al. (8), rabbit
pleural mesothelial cells were shown to produce a neutrophil
chemotaxin, a 6-9-kD peptide. Although the identity of the
peptide was not determined, this work provided evidence that
pleural mesothelial cells might be a source of asbestos-induced
chemotactic activity.

Interleukin 8 (IL-8), an 8.5-kD peptide, has potent chemo-
tactic activity for neutrophils. There are reasons to suspect both
that IL-8 might be a product of mesothelial cells and that IL-8
might be an important mediator induced by exposure to asbes-
tos. For example, IL-8 has been shown to be synthesized not
only by hematopoietically derived cells, such as mononuclear
phagocytes (9, 10), but also by a variety of nonhematopoieti-
cally derived cells such as fibroblasts (11), hepatocytes (12),
endothelial cells (13), and a pulmonary epithelial cell line (14).
In addition, IL-8 is resistant to proteases, its message is long-
lasting, and it specifically attracts and activates neutrophils.
Therefore, IL-8 may be an important mediator of those types
of inflammation characterized by a neutrophil influx, such as
that due to asbestos.

Wehypothesized that mesothelial cells produce IL-8 in re-
sponse to asbestos, and that this chemotactic factor plays an
important role in the pathogenesis of asbestos-induced pleural
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inflammation. To test this hypothesis, we first used a novel
method for continuously monitoring inflammatory responses
in vivo to determine whether instilling crocidolite asbestos into
the pleural spaces of rabbits led to the appearance in pleural
liquid of chemotactic activity. Second, we tested whether che-
motactic activity generated in vivo could be inhibited by a neu-
tralizing antibody to IL-8. Third, we exposed cultured rabbit
pleural mesothelial cells to asbestos to determine whether these
cells release chemotactic activity that also could be inhibited by
the anti-IL-8 antibody. Fourth, we developed a probe for rab-
bit IL-8 mRNAto determine whether asbestos induces IL-8
mRNAexpression in mesothelial cells. Finally, in order to gen-
eralize our findings to other types of inflammation, we re-
peated the experiments in vitro and in vivo, using as a stimulus
the macrophage-derived cytokine, tumor necrosis factor-a
(TNF).'

Methods

Studies in vivo. 21 healthy male NewZealand white rabbits (2.6±0.3
kg) were anesthetized with halothane, intubated via tracheostomy, and
ventilated with 60%oxygen/l% halothane at an inspiratory pressure of
18 cmH2O(end-expiratory pressure of 5 cmH2O). Each rabbit was
placed supine for insertion of carotid artery and jugular venous cath-
eters, as well as bilateral pleural catheters. The pleural catheter had
been prepared by flaring the tip of a PE-160 catheter (Clay Adams,
Parsippany, NJ), sealing the opposite end with a rubber adapter, gas
sterilizing, and flushing with RPMI-1640 (GIBCO, Grand Island, NY).
The pleural catheters were placed sterilely, as follows (15). After the
upper abdomen was opened to expose the diaphragm, the ventral dia-
phragmatic muscle was bluntly dissected 1 cm lateral to the midline on
each side to expose the diaphragmatic pleura and underlying lung.
Through a small hole in the pleura, the flared tip of the catheter was
introduced, secured in place by a purse-string suture and two circum-
ferential ties, and pulled back flush with the diaphragm. All air (0.2-1.5
ml) was aspirated. After the two catheters were placed and the abdo-
men closed, the rabbit was placed prone with the catheters projecting
through a hole in a supporting board.

The control instillate was prepared from RPMI-1640 cell culture
medium with added human serum albumin (0.1 g/dl) and calcium
gluconate (3 meq/liter) (GIBCO). For the experimental instillates, cro-
cidolite asbestos (National Institute of Environmental Health and
Safety, Research Triangle Park, NC) (16) or recombinant human TNF
(R & DSystems Inc., Minneapolis, MN) was added to a final concen-
tration of 30 Mg/ml or 20 ng/ml, respectively. The crocidolite asbestos
(mean width, 0.25 Mum; mean length, 19 gm [16]) had been washed
three times with endotoxin-free water, baked at 300°C for 12 h, and
autoclaved. The concentrated stock samples of asbestos and TNFwere
found to contain undetectable levels of endotoxin using a Limulus
assay (Whittaker Bioproducts, Walkersville, MD), indicating that
< 1.0 pg/ml endotoxin was present in the dilutions used in vivo. For
additional control experiments, instillates either with glass beads, as-
bestos filtrate or asbestos with polymixin were prepared. Glass beads
(diameter, 2.1±0.9 ,m [mean±SD]; Duke Scientific Corp., Palo Alto,
CA), washed, baked, and autoclaved as above, were added to an RPMI-
1640 control instillate to a final concentration of 30 jig/ml (mean bead
count 15,125/,ul). Asbestos filtrate was obtained by preparing an asbes-
tos instillate as above, allowing it to stand for 10 min and then slowly
filtering twice (Acrodisc, 0.2 ,m, Gelman Sciences Inc., Ann Arbor,
MI); after filtration, no asbestos fibers could be seen on repeated exami-
nation using a hemocytometer (< 1 fiber/Ml). Polymixin B sulfate
(25,000 U; Burroughs-Wellcome, Research Triangle Park, NC) was

1. Abbreviation used in this paper: TNF, tumor necrosis factor-a.

added to asbestos instillates at a concentration sufficient to neutralize
2 IO1g of endotoxin by Limulus assay. All instillates were adjusted to
pH 7.4 and warmed to 390C.

During a 30-min baseline period, arterial and venous blood pres-
sures and rectal temperature were recorded every 15 min, and arterial
blood was obtained for measuring blood gases and for preparing a
plasma sample. At the start of the 6-h experimental period, '25I-human
serum albumin (4 MACi) (Merck-Frosst, Kirkland, Quebec) was injected
intravenously as a protein marker. The rabbit then was tilted 150 head
up and baseline pleural liquid samples (0.1 ml) were withdrawn
through the catheters before the instillates (10 ml) were injected into
each pleural space. In the control experiments (n = 5), control instil-
lates were injected bilaterally. In the asbestos (n = 5), TNF(n = 5), glass
bead (n = 2), or asbestos filtrate (n = 2) experiments, the instillate
containing the test substance was injected into one pleural space cho-
sen at random (8 on right, 6 on left), and the control instillate was
injected into the opposite pleural space. In the asbestos plus polymixin
experiments (n = 2), the instillate containing asbestos plus polymixin
was injected into one pleural space and the instillate containing asbes-
tos alone was injected into the opposite pleural space. After instillation,
each pleural catheter was cleared with 0.1 ml air, and the rabbit was
returned to a level position. A portion of each instillate was saved for
later measurements of chemotactic activity and endotoxin concentra-
tion. By Limulus assay, endotoxin was undetectable in all instigate
samples.

During each experiment, pleural liquid samples (1.0 ml) were with-
drawn at 0, 1, 2, 3, 4, and 6 h. Vascular pressures and temperature were
recorded every 15 min, and blood samples were obtained hourly. After
6 h, the rabbit was exsanguinated, and the chest was opened. A drop of
liquid was cultured aerobically (none of the cultures yielded growth
after 48 h of incubation). All available pleural liquid was aspirated and
the space lavaged twice with one 10-ml aliquot of sterile saline.

After saving a portion for cell and differential counts and asbestos
fiber counts, all pleural liquid samples were centrifuged and superna-
tants frozen at -70'C for later chemotaxis studies. White and red
blood cells and asbestos fibers in undiluted samples of pleural liquid
and lavage were counted using a hemacytometer, and differential
counts were determined after May-Grunwald staining of cytocentri-
fuged samples. Radioactivity of pleural liquid and lavage samples was
determined by gammascintillation counting.

Total cell counts and radioactivity were calculated as the counts in
the available pleural liquid plus those in the lavage. To assess pleural
microvascular permeability to protein, plasma equivalents (ml), i.e.,
the minimum plasma volume that could account for the pleural radio-
activity, were calculated (total pleural radioactivity [cpmJ divided by
the average plasma radioactivity [cpm/ml]).

Rabbit pleural mesothelial cell cultures. Pleural mesothelial cells
were harvested by instilling trypsin (0.25%, wt/vol) into the pleural
spaces of anesthetized New Zealand white rabbits as described previ-
ously (8). All cells were incubated at 370C in an atmosphere of 5%CO2
in medium consisting of equal parts Dulbecco's modified Eagle's me-
dium and RPMI-1640, containing gentamicin (0.05%, wt/vol) and
heat-inactivated fetal bovine serum (10%, vol/vol) (GIBCO). After dis-
crete colonies were established (5-7 d), mesothelial cells were separated
from rare contaminating fibroblasts by the greater susceptibility of the
mesothelial cells to removal from the culture dishes by treatment with
trypsin (0.25%, wt/vol). The identity of the cells and their purity were
verified by negative immunohistochemical staining with polyclonal an-
tibodies to factor VIII antigen (Dako Corp., Santa Barbara, CA) (Fig. 1
a), by positive immunohistochemical staining with monoclonal anti-
bodies to both keratin (AEI and AE3, Boehringer-Mannheim Corp.,
Indianapolis, IN) and vimentin (Accurate Chemical and Scientific
Corp., Westbury, NJ) (Fig. 1, b and c), by the presence of numerous
long microvilli on electron microscopy, and by negative staining for
nonspecific esterase. To check the validity of the factor VIII antibody
for rabbit cells, we confirmed that rabbit aortic endothelial cells in
culture and in tissue section stained positively with the polyclonal anti-
bodies to factor VIII. To check the specificity of vimentin and keratin
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Figure 1. Immunohistochemical staining of cultured rabbit pleural mesothelial cells for (a) factor VIII, (b) keratin, and (c) vimentin (original
magnification X500). Above: Section a.

coexpression, we lavaged a rabbit lung and confirmed that alveolar
macrophages stained only for vimentin, and ciliated bronchial epithe-
lial cells stained only for keratin. Finally, to exclude the presence of
macrophages in our cultures, we stained cultured mesothelial cells for
nonspecific esterase using rabbit alveolar and peritoneal macrophages
as positive controls. Macrophages demonstrated homogeneous and in-
tense staining for esterase, but in 100 fields of cultured cells (25x mag-
nification), we found no cells showing homogeneous staining for ester-
ase signifying fewer than one macrophage per 20,000 mesothelial cells.

Exposure of mesothelial monolayers to asbestos or TNF. Confluent
monolayers of rabbit pleural mesothelial cells (passage 2-6) were
washed three times with phosphate-buffered saline and then incubated
with serum-free medium (RPMI- 1640) for 6 h. After 0, 2, or 4 h, cro-
cidolite asbestos (30 ug/ml) or TNF (20 ng/ml) was added. For addi-
tional control experiments, after 4 h, glass beads (30 gg/ml) or the
filtrate from crocidolite asbestos (30 .g/ml) was added. As a result, all
cells were exposed to serum-free medium alone for 6 h or to stimuli for
2, 4, or 6 h. After 6 h, samples of conditioned media were centrifuged
and supernatants were frozen at -70°C; the cells were harvested for
RNAextraction (see below). Cell integrity was determined at the end of
each experiment by phase-contrast microscopy and by measuring lac-
tate dehydrogenase activity in medium from cells cultured with and
without stimuli using a kit from Sigma Chemical Co. (St. Louis, MO).
Results are expressed as a percent of the total lactate dehydrogenase
activity released from an equal number of cells lysed with 1.0% (vol/
vol) Triton X-100 (Sigma Chemical Co.).

Preparation ofrabbit neutrophils. Blood (10 ml) was aspirated from
the central ear artery of rabbits into acid-citrate-dextrose (2.5 ml). Neu-
trophils were isolated by centrifugation of anticoagulated blood (100 g

for 1 h at 10°C) in dextran (1.5%, wt/vol, molecular weight of 200,000-
300,000) (Eastman Kodak Co., Rochester, NY). The neutrophil-rich
layer was gently aspirated, exposed to distilled water for 30 s to lyse
contaminating erythrocytes, and sedimented by centrifugation (700 g
for 10 min). After washing with phosphate-buffered saline, pelleted
neutrophils were resuspended at a density of 3 X 106 cells/ml in buffer,
i.e., Hanks' balanced salt solution with calcium and magnesium
(GIBCO), containing 1%(wt/vol) bovine serum albumin (Sigma Chem-
ical Co.). Cell viability exceeded 96% as determined by exclusion of
trypan blue dye (0.4%, wt/vol) (GIBCO).

Measurement ofchemotactic activity. Directed migration (i.e., che-
motaxis) and random migration of rabbit neutrophils were measured
using minor modifications of the "leading front" method of Zigmond
and Hirsch (17). Briefly, duplicate samples of conditioned media at
various dilutions, FMLP (1.0 nM, Sigma Chemical Co.) or buffer
alone, were placed in the lower wells of a blind-well microchemotaxis
chamber (Neuro Probe Inc., Cabin John, MD). A nitrocellulose filter (3
,gm-pore diameter, Neuro Probe) was placed in the assembly on top of
the conditioned media, and 50 !d of the neutrophil suspension was
added to each of the upper wells. The wells were covered and the che-
motaxis chamber was incubated for 40 min at 37°C in humidified 95%
air/5% CO2. The filters were removed, fixed in methanol, and stained
with Giemsa (Sigma Chemical Co.). The leading front of migrating
neutrophils was measured as the farthest distance from the upper sur-
face of the filter that the nuclei of two neutrophils could be seen clearly.
For each sample, the leading front was determined by making six ran-
dom measurements at high power (lOOx) on each of two duplicate
filters, eliminating the highest and lowest values, and averaging the
remaining 10 values. All measurements were blinded. Chemotactic
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Figure 1 (Continued). Section b.

activity is expressed as net neutrophil migration (,gm/40 min), i.e., the
distance neutrophils migrated in response to a stimulus minus the dis-
tance they migrated in response to buffer alone (i.e., random migra-
tion). A "checkerboard analysis" to distinguish directed migration
(chemotaxis) from stimulated random migration (chemokinesis) was
performed by measuring migration of neutrophils in response to
various concentrations (100%, 10%, 1%, and 0%) of conditioned me-
dium in the lower and upper wells (17). In addition to samples of
pleural liquid or conditioned medium, tested samples included cell
culture medium alone, asbestos alone (30 ,g/ml) and TNF-a alone (20
ng/ml).

Neutralization studies. For neutralization studies, samples of
pleural liquid or conditioned media were incubated with 100 gg/ml of
either a murine monoclonal anti-human IL-8 antibody (A.5.12.14,
IgG2.) (Genentech, Inc., South San Francisco, CA), F(ab')2 fragments
of this antibody, an isotype-matched murine myeloma protein (RPC 5,
Bionetics Laboratory Products, Charleston, SC) or F(ab')2 fragments of
a murine monoclonal anti-IL-6 antibody (Genentech) for 30 min at
370C and then assayed for chemotactic activity. Because of a limited
supply during the study period, the F(ab')2 antibody fragments were
used for the asbestos studies only. MAbA.5.12.14 reacts equally well
with the 77- and 72-amino acid forms of human IL-8, does not
crossreact with closely related members of the macrophage inflamma-
tory protein family (i.e., platelet factor 4 and fl-thromboglobulin), and
blocks the ability of human IL-8 to induce chemotaxis and changes in
cytosolic calcium in human neutrophils (HMbert, C. A., and K. J. Kim,
unpublished observations).

Homology-based PCR. To isolate a cDNA fragment that encodes
rabbit IL-8, total mesothelial cell RNAwas reverse-transcribed and the
resulting cDNA was used as a template in a homology-based PCR.
Total cellular RNAwas first isolated from TNF-stimulated (20 ng/ml,

24 h) and unstimulated rabbit pleural mesothelial cells as follows. Cul-
tured cells (- 1.6-1.9 X I07) were washed, lysed in 3 MLiCl/6 Murea,
homogenized, stored overnight at 4VC, and then centrifuged (1 1,000 g
for 60 min at 4VC). The pelleted material was dissolved in 10 mM
Hepes/l.0 mMEDTA/1.0% (wt/vol) SDS, and then extracted with
phenol/chloroform (1:1). RNAwas recovered from the aqueous phase
by sodium acetate/ethanol precipitation and subsequently dissolved in
RNase-free water.

RNA(50-55 Mg) was then reverse-transcribed using random hex-
amer primers and RNase H-negative Maloney murine leukemia virus
reverse transcriptase (300 U) (Bethesda Research Laboratories, Gaith-
ersburg, MD) in a 30-,ul reaction volume. Homology-based PCRwas
then performed using the cDNAgenerated by reverse transcription as a
template and two degenerate, synthetic oligonucleotide primers. The
oligonucleotide primers were designed to be complementary to homol-
ogous regions of human (18) and sheep IL-8 cDNA(Talhouk, A., and
I. M. Goldstein, unpublished observations) and to contain recognition
sites (underlined) for the restriction enzymes, EcoRI and Sall, at their
5' ends, as follows:

5'-AGAGAATTCGAA(G)C(T)TICGITGC(T)

CAA(G)TGC(T)A(C)TIAA-3' (forward)

and

5'-ACAGTCGACT(C)TGIACCCAITTC(T)

TCITTIGGA(G)TCIAA(G)A(G)CA-3' (reverse).

Reaction mixtures contained the reverse-transcribed cDNA(2 gl), both
primers (1.0 MAMeach), dATP, dGTP, dCTP, and dTTP (0.1 mMeach),
Taq DNApolymerase (3 U) (Promega Biotec, Madison, WI), and PCR
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Figure 1 (Continued). Section c.

buffer (50 mMKC1, 10 mMTris-HCl [pH 9.0 at 25'C], 1.5 mM
MgCl2, 0.0 1%gelatin, and 0.1% Triton X- l00). Reaction mixtures (to-
tal volume 100 Ml) were overlayed with mineral oil, heated to 950C for
4 min in a thermal cycler (Ericomp Inc., San Diego, CA), and then
subjected to 30 cycles of denaturation at 950C for 45 s, annealing at
480C for 45 s, and extension at 720C for 1 min. Immediately after the
last cycle, the sample was maintained at 720C for 10 min and then
extracted with phenol/chloroform. DNArecovered after precipitation
with sodium acetate/ethanol was digested with EcoRI and Sall (Pro-
mega Biotec) and then electrophoresed in low-melting-point agarose
(1.5%, Bio-Rad Laboratories, Richmond, CA). Relevant portions of
the gel were excised, melted at 680C for 10 min, placed at 370C for 3
min, extracted with phenol/chloroform, and mixed with sodium ace-
tate/ethanol to precipitate the DNA.

Cloning and sequencing. Purified DNAfrom the PCR(- 100-200
ng) was ligated into pBluescript (Stratagene Inc., La Jolla, CA) that had
been digested with EcoRI and Sall, and the product was used to trans-
form competent Escherichia coli (JM-109, Clontech, Palo Alto, CA).
Plasmids containing inserts were purified from the E. coli using alka-
line lysis (Pharmacia Miniprep Lysis Kit, Pharmacia-LKB Biotechnol-
ogy, Piscataway, NJ), denatured in 0.3 MNaOH, and further purified
on columns of Sephacryl S400 (Pharmacia). Sequencing of both
strands was carried out by the dideoxynucleotide chain-termination
procedure (19), using modified T7 polymerase (Stratagene) and
primers complementary to the T3 and T7 promoter sequences of
pBluescript (Stratagene).

Northern blot analysis. Total RNAfrom stimulated and unstimu-
lated mesothelial cells was analyzed for IL-8 mRNAexpression using
the labeled rabbit IL-8 cDNA fragment as a probe. Total RNA(- 20
ug) was electrophoresed in agarose gels (1.0%) containing formalde-
hyde (2%, vol/vol) and transferred to Hybond-N nylon membranes
(Amersham Corp., Arlington Heights, IL) by capillary action. Mem-

branes were prehybridized in 5x SSC, 40% formamide, 5x Denhardt's
solution, 20 mMTris (pH 7.5), and sheared salmon sperm DNA(100
gg/ml) at 50°C for I h. The 32P-labeled probe was generated by using
the rabbit IL-8 cDNAPCRproduct as a template for random-primed
synthesis (Multiprime DNAlabeling system, Amersham Corp.). Filters
were hybridized overnight at 50°C in fresh prehybridization buffer sup-
plemented with 10%dextran sulfate (Sigma) and the denatured, 32P-la-
beled cDNA probe (sp act 0.5-1.0 X l09 cpm/gg). Filters were then
washed (2X SSCbriefly, 2x SSCwith 0.1% SDSat 50°C X 30 min, then
2x SSCwith 0.5% SDSat 50°C X 30 min), and subjected to autoradiog-
raphy. Filters subsequently were stripped (in 0.1X SSCat 950C for 10
min) and hybridized with a radiolabeled fl-actin partial cDNAprobe
from rat pCl2 cells (generous gift of Dr. Michael Miles, University of
California, San Francisco) to assess the amounts of mRNAloaded onto
the gels.

Statistics. Data from the checkerboard analysis were analyzed using
the paired Student's t test to compare the distances neutrophils mi-
grated in response to conditioned medium in the lower well only (posi-
tive gradient) and the distances cells migrated when concentrations of
conditioned medium in the upper and lower wells of the chemotaxis
chamber were the same (no gradient). Differences with respect to time
were determined by analysis of variance with repeated measures design
(20). Differences among more than one group were analyzed by one-
way analysis of variance, with Tukey's test to determine where the
differences lay (21). Weconsidered a difference to be significant if P
< 0.05.

Results

Effects of instilling asbestos or TNF into the pleural spaces of
rabbits. Baseline pleural liquid samples of all experiments con-
tained 1,900±1,400 total white blood cells/Ml, with 24±8% neu-
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trophils (mean±SD, n = 42 pleural spaces), similar to reported
normal values (22). In the pleural spaces into which asbestos
was instilled, the neutrophil count increased significantly at 3 h
compared with that in the opposite pleural spaces and in the
pleural spaces of control rabbits (Fig. 2 A). By 6 h, the total
number of neutrophils in the pleural spaces with asbestos was
10-fold higher than in the opposite and control pleural spaces
(Table I). Asbestos was the only stimulus that induced an in-
crease in the entry of protein into the pleural space: 0.35±0.10
ml plasma equivalents (n = 5) versus 0.19±0.05 ml on the
opposite side (n = 5) and 0.17±0.03 for control experiments (n
= 10 pleural spaces). The increased protein leak was not ac-
counted for by the entry of blood because the number of eryth-
rocytes was < 1500 cells/Al and was not greater in the pleural
spaces exposed to asbestos. Immediately after instillation, as-
bestos fiber counts were 11,060±3,048 fibers/l, which de-
creased to 280±450 fibers/Al by 3 h (2.5% of the initial). At 6 h,
<1%of the original number of fibers could be retrieved from
the pleural space, either by aspiration or lavage. Polymixin did
not reduce the neutrophil influx to asbestos; the total number
of neutrophils recovered 6 h after asbestos plus polymixin was
not different from the number after asbestos alone on the op-

Table L Total Neutrophils Recoveredfrom Rabbit Pleural Spaces
6 h after Asbestos, TNF, or Control Substances Were Instilled

Total neutrophils
No. of
rabbits Experimental side Opposite side

x106

Asbestos 5 23.8±10.1* 2.2±0.5
TNF 5 10.3±2.7t 2.8±1.5
Medium alone 5 1.9±1.2 (right) 1.9±2.0 (left)
Glass beads 2 0.8±0.5 0.6±0.1
Asbestos filtrate 2 0.8±0.9 0.9±0.4

Total neutrophil counts in pleural liquid plus lavage fluid collected
6 h after instillation of asbestos (30 ALg/ml) or TNF (20 ng/ml) were
compared with that in pleural liquid and lavage fluid from the oppo-
site pleural spaces of the same rabbits and from the pleural spaces of
rabbits after instillation of RPMI cell culture medium alone, glass
beads (30 ;&g/ml), or filtrates from asbestos instillates. Data represent
mean values ± SD. * Different from opposite pleural spaces and all
other groups by analysis of vance; t Different from opposite pleural
spaces and control pleural spaces by analysis of variance (P = 0.0001).
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Figure 2. (A) Neutrophil counts in pleural liquid withdrawn from
rabbit pleural spaces after asbestos (30 ,ug/ml) or TNF (20 ng/ml) was
instilled, compared with those from the pleural spaces of control ani-
mals (mean±SE, n = 5 rabbits in each group). *Neutrophil counts in
pleural liquids from animals exposed to asbestos were significantly
greater than those in pleural liquids from control animals at 3, 4, and
6 h. *Neutrophil counts in pleural liquids from animals exposed to
TNF were significantly greater than those in pleural liquids from
control animals only at 4 and 6 h. (B) Chemotactic activity in pleural
liquid withdrawn from rabbit pleural spaces after asbestos (30 ,g/ml)
was instilled. Results represent net neutrophil migration (inm/40 min)
and are mean values (±SE) obtained in five experiments. Chemotactic
activity was detectable at 2 h and was maximal at 3 h. *Significantly
different from 0-h sample. Net neutrophil migration in response to
1.0 nMFMLPin these experiments was 54±8 Mm/40 min.

posite side (asbestos plus polymixin, 10.3±5.3 X 106 neutro-
phils vs. asbestos alone, 6.7±0.8 X 106 neutrophils; n = 2).

Asbestos By 2 h after asbestos was instilled, pleural liquid induced a
significant increase in neutrophil migration compared with liq-
uid collected at 0 h (Fig. 2 B). Whenpleural liquid collected 3 h
after instillation of asbestos was incubated with F(ab')2 frag-

TNF ments of the anti-IL-8 MAbA.5.12.14 (100 ,ug/ml) for 30 min
at 370C, its ability to induce directed migration of neutrophils
was reduced by 72±8% (mean±SE, n = 5) (Fig. 3). Incubation
with F(ab')2 fragments of the control, anti-IL-6 MAb(100lg/
ml) had no significant effect (9±7% reduction).

By 4 h after TNF was instilled in one pleural space, the
neutrophil count in the pleural liquid was slightly but signifi-
cantly greater than that in the pleural liquid from the opposite
or control pleural spaces (Fig. 2 A). At 6 h, the total number of
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25 -
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Anti-IL-8 Anti-IL-6
F(ab')2 F(ab')2
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I

Figure 3. Neutralization of asbestos-induced chemotactic activity in
pleural liquid with F(ab')2 fragments of the anti-IL-8 MAb, A.5.12.14.
Incubation of pleural liquid withdrawn 3 h after instillation of asbes-
tos with F(ab')2 fragments of the anti-IL-8 MAb(100 Mg/ml) reduced
neutrophil migration by 72±8% (P < 0.05). Similar treatment with
F(ab')2 fragments of an anti-IL-6 MAbdid not affect chemotactic ac-
tivity. Data are mean values (±SE) obtained in five experiments. Net
neutrophil migration in response to 1.0 nMFMLPin these experi-
ments was 64±5 Mm/40 min.
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Figure 4. Neutralization of chemotactic activity in conditioned media
from asbestos-stimulated pleural mesothelial cells by incubation with
F(ab')2 fragments of the anti-IL-8 MAb, A.5. 12.14. Net neutrophil
migration was significantly greater in response to conditioned media
from rabbit pleural mesothelial cells exposed to asbestos (30 ,g/ml)
for 2 h compared with media from cells cultured alone (control cells)
(P < 0.05). Incubation of conditioned media from asbestos-stimu-
lated mesothelial cells with F(ab')2 fragments of MAbA.5. 12.14 (100
gg/ml) reduced neutrophil migration by 70±7% (P < 0.05). Similar
treatment with F(ab')2 fragments of an anti-IL-6 MAbdid not affect
chemotactic activity. Data represent mean values (±SE) obtained in
four experiments. Net neutrophil migration in response to 1.0 nM
FMLPin these experiments was 81±12 ,m/40 min.

neutrophils recovered from the pleural spaces exposed to TNF
was more than threefold greater than that from the opposite
side (Table I). There was no increase in the entry of radiola-
beled protein. Chemotactic activity was detected in pleural liq-
uid at 2 h and was maximal by 4 h (net neutrophil migration
26±8 and 66±7 ,um/40 min, respectively, versus net migration
to the instillates alone 4±3 ,um/40 min; n = 5). Furthermore,
the chemotactic activity that appeared in pleural liquid at 4 h
was inhibited significantly by incubation with MAbA.5. 12.14
(by 82±9%, mean±SE, n = 5), but not with the control my-
eloma protein, RPC5 (by -3±9%).

There was no difference in measured physiologic parame-

ters among the three groups of rabbits (asbestos-exposed, TNF-
exposed, and controls). For all experiments, mean arterial

blood pressure was 70±5 mmHg(mean±SD), central venous
pressure was 5±1 cmH2O, rectal temperature was 39.2±0.20C,
arterial pH was 7.39±0.06, arterial Pco2 was 38±7 mmHg,and
arterial Po2 was 295±42 mmHg. Following instillation of liq-
uid into pleural spaces bilaterally, there was no change in air-
way pressure, but there was a transient and significant increase
in Pco2 of 3±4 mmHg.

Stimulation of rabbit pleural mesothelial cells with asbestos
and TNF. Conditioned media from mesothelial cells exposed
for 2 h to asbestos (Fig. 4) or TNF(see below) contained signifi-
cant chemotactic activity for rabbit neutrophils. Neither asbes-
tos alone (30 jig/ml), TNFalone (20 ng/ml), nor medium from
either unstimulated cells (net neutrophil migration 9±8 ,um/40
min; n = 3), cells exposed to glass beads (7±2 ,um/40 min; n
= 3), or cells exposed to asbestos filtrate (3±4 um/40 min; n
= 3) induced an increase in neutrophil migration. By checker-
board analysis, samples of conditioned media from mesothelial
cells exposed to asbestos (Table II) or to TNF(data not shown)
contained primarily chemotactic, rather than chemokinetic,
activity (n = 3, P = 0.042). Heating conditioned media (from
cells exposed to TNF) to 560 for 30 min reduced chemotactic
activity by 33±14% (mean+SE, n = 3); heating to 100°C for 30
min eliminated all chemotactic activity. Mesothelial cells ex-
posed to asbestos or TNF for 6 h remained viable, i.e., did not
exhibit morphologic changes detectable by phase-contrast mi-
croscopy and did not release greater amounts of lactate dehy-
drogenase than did control cells exposed to serum-free medium
alone: asbestos, 7±4% (mean±SD) of total lactate dehydroge-
nase activity (n = 4); TNF, 4±1% (n = 4); control, 5±4% (n
=4).

Incubation with F(ab')2 fragments of MAbA.5. 12.14 (100
,ug/ml) significantly decreased chemotactic activity in condi-
tioned media from asbestos-stimulated pleural mesothelial
cells (by 70±7%) (Fig. 4). Incubation with F(ab')2 fragments of
the anti-IL-6 MAbhad no effect (Fig. 4). Chemotactic activity
from TNF-stimulated cells also was reduced significantly when
incubated with MAbA.5.12.14 (net migration reduced from
72±6 to 21±4 ,um/40 min), but not with the isotype-matched,
control myeloma protein (to 68±7 ,m/40 min). The specificity
of these findings was confirmed by the inability of MAb
A.5.12.14 to decrease net neutrophil migration in response to

Table IL Effects of Conditioned Medium from Mesothelial Cells Exposed to Asbestos on Neutrophil Migration (Checkerboard Analysis)

Concentrations of conditioned medium in upper wells

0 1% 10% 100%

Mm/40 min

Concentrations of conditioned
medium in lower wells

0% 8±2 17±6 11±3 3±4
1% 13±6 14±4 14±8 -9±3
10% 24±16 21±11 14±8 -2±4
100% 90±11 49±12 26±13 -14±3

Results represent net neutrophil migration, i.e., migration of rabbit neutrophils in response to varying concentrations of conditioned medium
from mesothelial cells incubated with asbestos (30 ;ig/ml) for 2 h minus migration in response to buffer alone. Data are mean values ± SE. Net
migration in response to a positive gradient of conditioned medium was significantly greater than that observed when concentrations of
conditioned medium were the same in the upper and lower wells by Student's t test (P = 0.042). Net neutrophil migration in response to 1.0 nM
FMLPin these experiments was 101±11± m/40 min.
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1.0 nM FMLP(FMLP alone, 62±6 ,m/40 min; FMLPplus
A.5.12.14, 54±7 jm/40 min; n = 4).

Isolation of a rabbit IL-8 cDNAfragment. Homology-based
PCRyielded a single product from the cDNA of stimulated
rabbit pleural mesothelial cells (TNF 20 ng/ml, 24 h), but not
from unstimulated mesothelial cells. All recombinant clones
analyzed contained 185-bp inserts with the same nucleotide
sequence. The nucleotide sequence was 88% identical to that of
the corresponding region of human IL-8 cDNA (18), and the
deduced amino acid sequences were 89% identical. In addition,
the nucleotide sequence of this fragment subsequently was
found to be identical to bases 17-229 of a recently published
rabbit IL-8 cDNAsequence (23).

Induction of IL-8 gene expression in pleural mesothelial
cells by asbestos and TNF. Northern blot analysis, using the
labeled rabbit IL-8 cDNAfragment as a probe, revealed a single
mRNAspecies of - 1.8 kb in pleural mesothelial cells exposed
to asbestos or TNF, but not in cells incubated with serum-free
medium alone. IL-8 mRNAexpression was evident 2 h after
exposure to asbestos or TNF; after exposure to asbestos, IL-8
mRNAexpression continued to increase over the 6 h studied
(Fig. 5).

Discussion

In this report, we have shown that crocidolite asbestos stim-
ulates cultured mesothelial cells to produce the potent chemo-
tactic factor IL-8, and our results suggest that mesothelial cell-
derived IL-8 plays an important role in mediating asbestos-in-
duced pleural inflammation. To our knowledge, we are the first
to show that IL-8 is produced either in vitro or in vivo after
exposure to asbestos, and that IL-8 contributes significantly to
chemotactic activity generated in vivo.

First, we confirmed the findings of others (4) that instilla-
tion of crocidolite asbestos into the pleural spaces of rabbits
induces a significant influx of neutrophils (Table I, Fig. 2 A) as
well as the appearance in pleural liquid of chemotactic activity

TNF

IL-8

0246....
Acitin
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ASBESTOS

i'w
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Time of exposure (hours)

Figure 5. Northern blot analysis of IL-8 mRNAexpressed in TNF-
and asbestos-stimulated rabbit pleural mesothelial cells. IL-8 mRNA
was not detected in unstimulated cells, but was detected in cells incu-
bated for 2 h with either TNF or asbestos. Similar expression of
mRNAfor fl-actin demonstrates that similar amounts of mRNAwere
loaded in each lane.

for neutrophils (Fig. 2 B). In these experiments, we were con-
cerned about contamination of the instillates with endotoxin,
to which the rabbit pleural space is exquisitely sensitive. In-
deed, it has been reported that instillation of as little as 50 ng of
E. coli endotoxin into the pleural spaces of rabbits induces a
large influx of neutrophils (24). Consequently, the crocidolite
asbestos used in our experiments was treated to eliminate en-
dotoxin; stock suspensions of asbestos prepared in this way, as
well as conditioned medium and instillates, contained unde-
tectable levels of endotoxin. The addition of polymixin at a
concentration that can bind much higher levels of endotoxin
did not ablate the effect of asbestos. Interestingly, instillation of
asbestos into the pleural space caused a small, but significant,
increase in protein entry (Table I) unexplained by changes in
vascular pressures or by a leak of blood. Similar small increases
in entry of protein have been associated with the entry of neu-
trophils into the lung in response to the chemotactic factor,
LTB4 (25, 26).

Second, we demonstrated that the bulk of chemotactic ac-
tivity in pleural liquid after asbestos was instilled could be inhib-
ited by incubation with F(ab')2 fragments of a MAbto human
IL-8 (Fig. 3). It should be emphasized that the MAbused in
these studies was directed against human, not rabbit, IL-8. It
was fortunate, therefore, that the antibody blocked the chemo-
tactic activity of rabbit IL-8, but not unexpected given the high
degree of homology of IL-8 among different species (23). In
fact, it is possible that an antibody directed against rabbit IL-8
might have neutralized more of the asbestos-induced chemo-
tactic activity than did the antibody directed against human
IL-8. Weassume that this antibody is as specific for rabbit IL-8
as it is for human IL-8 by not crossreacting with other members
of the macrophage inflammatory protein family, specifically
platelet factor 4 and f3-thromboglobulin (27). Even if the anti-
human IL-8 MAbdid crossreact with these closely related pro-
teins in the rabbit, it is unlikely that they contributed to the
chemotactic activity that we detected in pleural liquid because
platelet factor 4 is a relatively weak neutrophil chemotactic
factor (28) and f3-thromboglobulin has no neutrophil chemo-
tactic activity (29).

Third, after confirming the findings of others (8) that incu-
bation of cultured rabbit pleural mesothelial cells with asbestos
causes the appearance of chemotactic activity in conditioned
medium (Table II, Fig. 4), we demonstrated that the bulk of
this chemotactic activity is attributable to IL-8 (Fig. 4). Since
chemotactic activity was not produced after exposure to asbes-
tos filtrate or glass beads, we conclude that some aspect of the
asbestos particle itself induced production of IL-8. It may be
the crystalline structure or the geometry of the asbestos fiber
that is important for generation of IL-8. Since other crystals
such as urate and silica induce IL-8 production by monocytes
(30), we cannot exclude the possibility that these crystals would
also induce production of IL-8 by mesothelial cells.

Fourth, using a specific rabbit IL-8 cDNAprobe, wedemon-
strated that rabbit pleural mesothelial cells stimulated with as-
bestos in vitro, but not unstimulated mesothelial cells, contain
IL-8 transcripts (Fig. 5). It is not likely that cells other than
mesothelial cells in our cultures contributed to these results or
to those described above. Although there is no single identify-
ing marker for mesothelial cells, other cells could be excluded
by several tests. The cultured cells stained negatively for non-
specific esterase and factor VIII, while rabbit macrophages and
endothelial cells, respectively, stained positively. The cultured

1264 Boylan, Rilegg, Kim, Hgbert, Hoeffel, Pytela, Sheppard, Goldstein, and Broaddus



cells also stained for both intermediate filaments, vimentin and
keratin (Fig. 1), considered a unique feature of mesothelial cells
(31). Furthermore, the large quantity of message detected by
Northern analysis suggests strongly that many cells, not just
a few contaminants, were the source of the mRNAencod-
ing IL-8.

Finally, we found that a more general stimulus, the macro-
phage-derived cytokine TNFalso induces an influx of neutro-
phils into the pleural space as well as the production of IL-8
both in vivo and in vitro (Table I, Figs. 2 and 5). The fact that
experiments performed in vivo and in vitro with two different
stimuli yielded similar results lends support to our conclusion
that mesothelial cell-derived IL-8 probably plays an important
role in mediating pleural inflammation.

Asbestos is an important cause of pleural and lung disease
in man, capable of causing chronic inflammation, fibrosis, and
cancer. One of the earliest biologic responses to asbestos ap-
pears to be the recruitment of neutrophils. This neutrophil in-
flux may be important for the development of later pathologic
responses (3, 32). In humans with a history of asbestos expo-
sure, a neutrophilia has been detected in bronchoalveolar lung
lavage (1) and in pleural effusions (33). In animal models, neu-
trophilia can be produced by introducing asbestos fibers into
the airspaces (2), into the peritoneal space (34), or into the
pleural spaces (4, 35). Of note, in other studies (8) as well as in
our own, asbestos itself did not exhibit chemotactic activity.
Consequently, it is the interaction of asbestos with cells or
serum that is necessary for the generation of chemotactic activ-
ity for neutrophils.

Asbestos is known to induce the generation of several che-
motactic factors for neutrophils: C5a (from serum) (36); leuko-
triene B4 and a 1 -kD chemotactic factor (from alveolar macro-
phages) (37, 38); and a 6-9-kD chemotactic peptide (from
pleural mesothelial cells) (8). Wehave now shown that asbestos
directly induces production of IL-8 by pleural mesothelial cells
in vitro, and that, whether directly or indirectly, asbestos also
induces the production of IL-8 in vivo. Asbestos in vivo could
act indirectly by causing the generation of pleural macrophage-
derived cytokines, which, in turn, could stimulate pleural meso-
thelial cells to generate IL-8. Since asbestos is known to stimu-
late macrophages to produce TNFand IL- 1 (39-41), it is possi-
ble that it did so in the pleural space. Because of the lack of
availability of neutralizing antibodies to rabbit TNF or IL-1 3,
we were unable to test whether these cytokines played an inter-
mediate role.

Wedo not know how much of the IL-8 that we detected in
the experiments performed in vivo was produced by pleural
mesothelial cells. IL-8 could also have been produced by
pleural macrophages, lymphocytes, or subpleural fibroblasts.
To estimate the contribution of mesothelial cells, conditions
for the in vitro and in vivo experiments were made as similar as
possible. The cell culture dishes that we used had a surface area
(176 cm2) very similar to the surface area of the pleura which
lines one rabbit pleural space (182 cm2) (42). The concentra-
tions of asbestos and TNFand the volume of medium (10 ml)
were the same for both the in vitro and in vivo experiments.
The similar amounts of chemotactic activity that we detected
suggests that it is possible that pleural mesothelial cells could
have produced all of the IL-8 found in vivo.

Although macrophages are a likely source of IL-8, evidence
to date has failed to show that either pleural macrophages ex-
posed to endotoxin or alveolar macrophages exposed to asbes-

tos produce an IL-8-like factor. In a study of endotoxin-in-
duced pleurisy in the rabbit, pleural macrophages harvested
after endotoxin exposure produced two factors that caused an
influx of neutrophils when injected intradermally, one of 14-
18 kD and the other of 45 kD (24). Although the 14-18-kD
factor could have been a dimer of IL-8, this seems unlikely
since the factor did not exhibit chemotactic activity in vitro.
Whenalveolar macrophages were exposed to crocidolite asbes-
tos (100 ,ug/ml) for 4 h, gel filtration of the conditioned me-
dium failed to yield a chemotactic peptide with physical proper-
ties similar to those of IL-8 (38). Failure to detect generation of
IL-8 after exposure to asbestos is surprising given that alveolar
macrophages produce IL-8 in response to other stimuli, such as
TNF and IL-1 (43). It is possible, however, that pleural meso-
thelial cells are more sensitive to stimulation with asbestos than
are alveolar macrophages (44). Thus, experimental evidence so
far supports an important role for mesothelial cells as the
source for pleural IL-8.

Several properties of IL-8 make it a likely mediator of extra-
vascular recruitment of neutrophils into the pleural space in
response to a variety of pleural insults. It is specifically chemo-
tactic for neutrophils, activating them and inducing expression
of CDI 1/CD 18 adhesion receptors on their surfaces (45). IL-8
protein is resistant to degradation by proteinases and, com-
pared with cellular expression of some cytokines such as TNF,
cellular expression of mRNAencoding IL-8 is long-lasting
(46). Finally, we suspect that IL-8 may play a role in mediating
pleural inflammation in general because it is produced by meso-
thelial cells after stimulation with TNF, a likely product of
many different inflammatory stimuli.

There is suggestive evidence from other studies that IL-8
may participate in mediating several types of pleural inflamma-
tion. For example, in a study of pleurisy induced by carra-
geenan and kaolin, Lynn and coworkers (47) found that almost
90% of the chemotactic activity in pleural liquid could be ac-
counted for by proteins of 5-8 kD and 20-25 kD. IL-8 could
represent the 5-8-kD chemotactic proteins found in this study.
In many other studies of pleural inflammation (4, 24, 48, 49),
as well as in our own, neutrophil influx in response to instilla-
tion of various stimuli typically followed a lag period of 30 min
to 2 h. The lag period suggests a major role for protein synthesis
and a minor role, if any, for chemotactic factors that are gener-
ated immediately or within minutes after exposure to asbestos,
such as complement-derived peptides (e.g., C5a) or leukotriene
B4 (50). In the peritoneal space, which is similarly lined by
mesothelial cells, IL-8 has recently been isolated by protein
purification methods from peritoneal liquid after induction of
inflammation with zymosan (51). Consequently, diverse in-
flammatory stimuli may induce generation of IL-8, and IL-8
may be a commonmediator of acute pleural inflammation.

In this report, we describe a novel method for studying
inflammation in vivo, which permits access to the pleural space
via a minimally invasive, noninjurious transdiaphragmatic
catheter (15). Using this continuous access to the pleural space,
we can instill and withdraw samples repeatedly without resort-
ing to multiple thoracenteses or an indwelling catheter ad-
vanced alongside the fragile visceral pleura. Webelieve this
explains why our control values for neutrophil counts are lower
than those obtained by others using different techniques to
access the pleural space. For example, in one study in which a
catheter was advanced into the pleural space of rabbits, 20
x 10 6 neutrophils were recovered 4 h after the injection of 5 ml
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of saline (4), as compared with our recovery at 6 h of 1.9 x 106
neutrophils (Table I). In another study (24), the neutrophil
count was 4,000-5,000/d 4 h after the instillation of 10 ml of
Tyrode's solution compared with the neutrophil count of
102±8 l/,gl that we observed at 4 h (Fig. 2 A). Furthermore, we
can measure baseline pleural liquid counts to assure that the
pleural space is uninflamed; indeed, our baseline pleural liquid
cell counts (1,900±1,400 cells/Ml) are similar to reported nor-
mal values (1,500±280 cells/hl) (22). The number of erythro-
cytes in the pleural liquid was also very low, < 1500 cells/'l in
all experiments. This value cannot be compared with those
obtained in other models of pleural inflammation since erythro-
cyte counts generally have not been reported. Of note, the
pleural space is one ofthe few sites in the body where inflamma-
tory liquid can be collected and studied. Using this catheter
method, we anticipate multiple uses for the study of inflamma-
tion.

In conclusion, we have shown that pleural mesothelial cells
produce IL-8 directly after exposure to asbestos fibers. This
represents the first demonstration that asbestos can stimulate
the production of this potent neutrophil chemotactic factor.
Wehave further shown that, in the pleural space, IL-8 contrib-
utes significantly to the chemotactic activity generated in vivo.
Mesothelial cell-derived IL-8 may play an important role in
mediating many types of pleural inflammation, including that
due to asbestos.
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