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Chemokines are chemotactic cytokines that can
play a key role in leukocyte recruitment to sites
of tissue injury or infection. Previous studies
have demonstrated that exposure to a-quartz as
well as other noxious particles increases chemo-
kine gene expression in rat lung, although the
ceUls responsible for chemokine expression and
the mechanisms underlying this response have
remained unclear. The present studies demon-
strate that exposure ofrats to ae-quartz induced
expression of mRNA for the chemokine macro-
phage-inflammatory protein (MIP)-2 in epithe-
lial ceUs lining the terminal bronchioles and alve-
olar ducts as weU as macrophages and alveolar
type II cells in the more distal lung. Treatment of
rats with an anti-MIP-2 antiserum before
a-quartz exposure markedly attenuated neutro-
philic infiltration of the lungs demonstrating an
important role for MIP-2 in a-quartz-induced
pulmonary inflammation. In vitro exposure of
primary cultures of rat alveolar type II ceUs or
the rat alveolar type II ceU line RLE-6TN to tumor
necrosis factor-a, endotoxin, or a-quartz in-
creased mRNAfor MIP-2 as weU as the structur-
ally andfunctionaly similar chemokine cytokine-
induced neutrophil chemoattractant but not the
chemokine MIP-1 a The a-quartz-induced in-
crease in epithelial MIP-2 mRNA resulted, at
least in part, from increased gene transcription
and was associated with the release of active
MIP-2 protein. Induction ofRLE-6TN MIP-2 and
cytokine-induced neutrophil chemoattractant

mRNA expression was not unique to a-quartz,
being also increased by crocidolite asbestus fi-
bers but not by titanium dioxide or MMVF-10
glass fibers. Thesefindings indicate that epithe-
lial ceUs contribute to chemokine expression in
rat lung after exposure to a-quartz and poten-
tialy other noxious particles and suggest that
a-quartz-activated MIP-2 expression in vivo re-
sults, at least in part,from a direct action ofthe
particles on the lung epithelium. (Am J Pathol
1996, 149:1627-1637)

Exposure to respirable crystalline silica particles can
result in an inflammatory and fibrotic lung disease,
which, when manifested in its accelerated or acute
forms, can be rapidly debilitating and fatal.1 Studies
using animal models of silicosis indicate that inflamma-
tory cells and, in particular, neutrophils contribute to
lung tissue injury resulting from crystalline silica expo-
sure.2 In this respect, it has been suggested that mem-
bers of a supergene family of chemotactic cytokines
known as chemokines contribute to the pulmonary re-
cruitment of inflammatory cells after exposure to
a-quartz, one of the polymorphic forms of crystalline
silica.'5 Chemokines are small (ie, 8 to 10 kd) heparin-
binding proteins that possess a conserved four-cys-
teine motif.6`8 Based on structural, functional, and
genomic considerations, chemokines can be divided
into two subgroups designated as C-X-C or C-C che-
mokines.6-8 The C-X-C chemokines, which include in-
terleukin (IL)-8 and macrophage inflammatory protein
(MIP)-2, typically exhibit neutrophil chemotactic activi-
ty6-8 whereas the C-C chemokines, which include
MIP-1a and monocyte chemotactic protein (MCP)-1,
exhibit bioactivities that include chemotactic activity for
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monocytes and lymphocytes.7'8 Recent studies on
a-quartz-induced pulmonary inflammation have shown
that expression of the chemokines MIP-2, cytokine-
induced neutrophil chemoattractant (CINC), and
MIP-i a increases dramatically in rat lungs shortly after
a-quartz exposure.3-5

At present, the sources of chemokines in the lung
after a-quartz exposure remain poorly defined as do
the processes underlying a-quartz-induced activation
of chemokine expression. There is evidence that one
pathway for increased chemokine expression in the
lung and other tissues involves activation of macro-
phages to release the cytokines tumor necrosis factor
(TNF)-a and IL-1, which then act via autocrine and/or
paracrine pathways to stimulate release of chemokines
by cells including macrophages, epithelial cells, and
fibroblasts.459-1 1 An additional or alternate pathway
by which a-quartz and other inhaled agents may influ-
ence lung chemokine expression is through a direct
action on the lung epithelium. Like alveolar macro-
phages, epithelial cells are directly and continually ex-
posed to the external environment, and these cells are
known to respond to a diversity of stimuli in vitro with
production of chemokines such as IL-8, MIP-2, CINC,
and MCP-1.39-1 Thus, it is possible that epithelial
cells could respond to a-quartz particles with release of
chemokines and, in this manner, facilitate inflammatory
cell recruitment.

In the present studies, we used a rat model of
silicosis to investigate the role of lung epithelial cells
in a-quartz-induced lung chemokine expression. In
vivo studies were conducted using in situ hybridiza-
tion and passive immunization techniques to identify
the lung cells that express the chemokine MIP-2 after
a-quartz exposure and to assess the importance of
MIP-2 in a-quartz-elicited neutrophil recruitment. In
vitro studies were conducted to assess the role of
direct particle/epithelial cell interactions in the in vivo
response to a-quartz as well as to evaluate the extent
to which the in vitro effects of a-quartz were particle
specific. Our findings support an important role for
chemokines in pulmonary inflammation and indicate
that epithelial cells likely act as key effectors of the
chemokine response. In addition, the in vitro results
support a role for a direct effect of a-quartz, and
potentially other particles, on activation of epithelial
cell chemokine expression in vivo.

Materials and Methods

a-Quartz Intratracheal Instillation Studies

Specific pathogen-free male F344 rats (Charles
River Breeding Laboratories, Kingston, NY), 12 to 14

weeks old and -200 g body weight, were intratra-
cheally instilled with saline or a saline suspension of
2 mg of a-quartz at a dose volume of 1 ml/kg body
weight as described in detail elsewhere.3 The
a-quartz (Min-U-Sil, Pennsylvania Glass Sand Corp.,
Pittsburgh, PA) had a median diameter ± geometric
standard deviation (GSD) of 0.9 ± 1.8 ,um and a
surface area of 4.5 m2/g and was heated for 2 hours
at 200°C for sterilization before use. To evaluate
MIP-2 mRNA expression in situ, rats were killed by
intraperitoneal injection of sodium pentobarbital (50
mg/kg) 2 or 24 hours after saline or a-quartz instilla-
tion, and the lungs were removed and infused via the
trachea with 10% neutral buffered formalin to 25 cm
pressure. In studies to examine the contribution of
MIP-2 to a-quartz-induced lung inflammation,
groups of three rats were pretreated intraperitoneally
with 1 ml of saline, normal rabbit serum, or a rabbit
anti-murine MIP-2 antiserum. At 2 hours after pre-
treatment, the rats were intratracheally instilled with
saline or a saline suspension of 1 mg of a-quartz
(dosing volume = 1 ml/kg), and 24 hours after dos-
ing, the animals were killed by an intraperitoneal
injection of sodium pentobarbital (50 mg/kg). Bron-
choalveolar lavage (BAL) was performed, and differ-
ential cell counts were made on the BAL fluid cell
population as described in detail elsewhere.3

In Situ Hybridization
Linearized plasmid DNAs of a homologous cDNA
clone for rat MIP-28 was used as template for the
preparation of cRNA probes. Sense and anti-sense
orientations were confirmed on Northern blots. cRNA
synthesis reactions were a modification of those de-
scribed by DeLeon et al.12 Final concentrations of
the synthesis reactions were 40 mmol/L Tris-HCL
(pH 7.5), 6 mmol/L MgCI2, 10 mmol/L dithiothreitol,
0.5 mmol/L unlabeled nucleoside triphosphate
(NTP), 5 ,umol/L [32P]NTP, 20 ,umol/L unlabeled NTP,
2 mmol/L spermidine, 100 ,tg/ml bovine serum albu-
min, 250 mg/ml template DNA, and 1500 U/ml RNA
polymerase. Reactions were incubated at 380C for
90 minutes, the DNA template was digested with
RNAse-free DNAse (Promega, Madison, WI), and
then the probe was extracted with an equal volume
of phenol/chloroform (1:1), precipitated out of etha-
nol, and resuspended in diethylpyrocarbonate-
treated water. Full-length transcripts were approxi-
mately 1.4 to 1.5 kb; before hybridization, limited
alkaline hydrolysis of RNA probes was performed to
reduce transcript length to 0.1 to 0.3 kb.

Lung tissue sections (2 to 3 ,um) were mounted on
uncoated glass slides and deparaffinized in xylene
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and rehydrated in graded ethanol. After treatment
with 0.25% acetic anhydride, 0.1 mol/L glycine, and
2x standard saline citrate (SSC), slides were dehy-
drated through graded ethanol. Tissue sections were
treated for 30 minutes at 37°C with 1 ,ug/ml protein-
ase K, washed, and dipped in fresh 0.25% acetic
anhydride in 0.1 mol/L triethanolamine (pH 8.0) for
10 minutes. After dehydration through a series of
ethanol washes, the sections were dried and hybrid-
ized overnight at 560C in 50% formamide, 0.3 mol/L
NaCI, 10 mmol/L Tris-HCI (pH 8.0), 1 mmol/L EDTA,
1 x Denhardts solution, 10% dextran sulfate, 0.5
mg/ml yeast tRNA, and 0.3 ,ug/ml cRNA probe. After
hybridization, slides were washed twice in 1 x SSC
(sodium chloride, sodium citrate) for 10 minutes.
Sections were treated with RNAse A (20 ,ug/ml) in
RNAse buffer (0.5 mol/L NaCI, 10 mmol/L Tris-HCI,
and 1 mmol/L EDTA, pH 7.5) for 30 minutes at 370C.
Slides were passed through 30-minute washes of
370C RNAse buffer, 0.1 x SSC at room temperature,
0.1 x SSC at 680C, and 0.1 x SSC at room tempera-
ture. The slides were passed through a series of
graded ethanol washes and dried. Autoradiography
was performed; 32P hybridizations were exposed for
14 days and then counterstained with hematoxylin
and eosin.

Culture and in Vitro Exposure of Rat
Alveolar Epithelial Cells

In vitro studies were conducted using the rat alveolar
epithelial type 11 cell line RLE-6TN and, in some

experiments, primary cultures of rat alveolar type 11
cells. The RLE-6TN cell line was derived as a spon-

taneous transformant from a culture of rat alveolar
type 11 cells and has been described in detail.13
RLE-6TN cells retain several characteristics of
freshly isolated rat alveolar type 11 cells and are

karyotypically stable, exhibiting a near diploid chro-
mosome number.13 The RLE-6TN cells were main-
tained in 25-cm2 tissue culture flasks and grown in
RLuE medium (Biological Research Facility and Fac-
ulty, ljamsville, MD) which is a Ham's-F12-based
medium supplemented with insulin, pituitary extract,
transferrin, and fetal bovine serum (FBS; see Biolog-
ical Research Facility and Faculty product catalog
for details of medium composition). Rat alveolar type
11 cells were isolated and cultured as described pre-

viously.14 Briefly, the heart, lungs, and trachea were

removed from male Fischer 344 rats (Charles River
Laboratories), and the lungs were perfused via the
pulmonary artery with a sterile buffered salt solution
(BSS; 125 mmol/L NaCI, 5 mmol/L KCI, 2.5 mmol/L

NaHPO4, 17 mmol/L Hepes, 0.1% glucose, pH 7.4).
The lungs were lavaged five times with 10 ml of BSS
and twice with 10 ml of BSS containing 2.5 mmol/L
CaCI2 and 1.2 mmol/L MgSO4 (Ca-Mg BSS). A Pro-
nase (Sigma Chemical Co., St. Louis, MO) solution
(0.25% in Ca-Mg BSS) was instilled into the trachea
for a total of 15 minutes, the lungs minced into -1- to
4-mm pieces, and the minced tissue was filtered
through sterile nylon filters. The resultant cell sus-
pensions were centrifuged at 500 x g for 10 minutes,
and the cell pellet was resuspended in Ham's F12
medium (Gibco, Gaithersburg, MD) containing 2%
FBS and layered over a Nycodenz (Accurate Chem-
ical, Westbury, NY) gradient and centrifuged for 20
minutes at 1500 x g (150C). The epithelial-cell-con-
taining layer was removed and resuspended in RLuE
medium. Alveolar type 11 cell numbers were charac-
terized by alkaline phosphatase and/or modified Pa-
panicolaou stains. Freshly isolated type 11 cells were
seeded at 1 x 105 epithelial cells/35-mm well in
RLuE medium. After 3 days in culture, >97% of the
cells stained for alkaline phosphatase, with the re-
maining cells having the morphological appearance
of macrophages.

Initial experiments were conducted to compare
the expression of a panel of neutrophil chemotactic
cytokines in RLE-6TN cells and primary culture rat
alveolar type 11 cells in response to the agonists
TNF-a and endotoxin. These experiments were per-
formed to further support the use of RLE-6TN cells
for evaluating the potential effects of a-quartz on rat
alveolar type 11 cell chemokine expression in vivo.
Briefly, confluent cultures of the RLE-6TN cells or
3-day-old primary cultures of rat alveolar type II cells
were placed in Ham's F12 medium containing 2%
FBS overnight followed by exposure to 50 ng/ml
recombinant murine TNF-a (Genzyme, Cambridge,
MA) or 50 ng/ml lipopolysaccharide (Sigma) for 6
hours, after which RNA was extracted from the cells
as described by Chomczynski and Sacchi15 for re-
verse transcriptase polymerase chain reaction (RT-
PCR) analysis.
To characterize the effect of in vitro a-quartz ex-

posure on rat epithelial cell chemokine expression,
RLE-6TN cells were grown to confluence in RLuE
medium and then placed in Ham's F12 medium con-
taining 2% FBS overnight followed by exposure to
suspensions of mineral dust particles at doses of 2,
6, 20, and 60 ,ug of a-quartz/cm2 of the culture dish
for a period of 6 hours. The a-quartz was the same as
that described above for the in vivo exposure studies
and was heated to 200°C for 2 hours for sterilization
and then suspended in Ham's F12 medium contain-
ing 2% FBS. After 6 hours of exposure, epithelial-
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cell-conditioned medium was collected for analysis
of lactate dehydrogenase (LDH) activity as an indi-
cator of cytotoxicity, and RNA was extracted from the
epithelial cells for analysis of chemokine gene ex-
pression. In some experiments, conditioned medium
was evaluated for neutrophil chemotactic activity
and the presence of MIP-2 protein.
To determine whether the effects of a-quartz on

RLE-6TN cell chemokine expression were particle-
type-specific, these cells were exposed for 6 hours
as described above to titanium dioxide (Anatase,
Fisher Scientific, Fairlawn, NJ) having a median di-
ameter ± GSD of 0.18 ± 1.6 p.m and surface area of
8.8 m2/g; MMVF-10 glass fibers (Fiber Repository of
the Thermal Insulation Manufacturers Association,
Standford, Canada) having a median diameter ±
GSD of 0.11 ± 1.8 p.m and length, 65% < 10 p.m;
and crocidolite asbestos (gift from Dr. Morton Lipp-
mann, New York University) with a median diame-
ter ± GSD of 0.28 ± 1.8 p.m length, 23% < 10 ptm,
and surface area of 3.2 m2/g. After 6 hours of expo-
sure, epithelial-cell-conditioned medium was col-
lected for analysis of LDH activity, and RNA was
extracted from the epithelial cells for analysis of che-
mokine gene expression. All test particles were
heated to 2000C for 2 hours for sterilization and then
suspended in Ham's F12 medium containing 2%
FBS.

RT-PCR Analysis of Chemokine Expression

MIP-la, MIP-2, and CINC mRNA transcript levels
were assessed by PCR amplification of the MIP-la,
MIP-2, and CINC cDNAs as described in detail else-
where.3 Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mRNA was evaluated as an internal
control. RNA from the lungs of an untreated F344 rat
and from an F344 rat instilled with 10 p.g of lipopoly-
saccharide and sacrificed 6 hours after exposure
were analyzed concurrent with unknown RNA sam-
ples as negative and positive controls for chemokine
mRNA expression. The primers, designed from the
published sequences for MIP-la,16 MIP-2,8 CINC,17
and GAPDH,18 were as follows: MIP-la, 5'-GATG-
TATTCTTGGACCCAGGT-3' and 5'-TATGGAGCTGA-
CACCCCGAC-3'; MIP-2, 5'-GGCACATCAGGTAC-
GATCCAG-3' and 5'-ACCCTGCCAAGGGTTGACTTC-
3'; CINC, 5'-TTCTCTGTGCAGCGCTGCTG-3' and 5'-
CAGGGTCAAGGCAAGCCTCG-3'; GAPDH, 5'-CAGG-
ATGCATTGCTGACAATC-3' and 5'-GGTCGGTGTGAA
CGGATTTG-3'.

Nuclear Run-On Analysis
MIP-2 gene transcription in RLE-6TN cells was ana-
lyzed by nuclear run-on analysis as described pre-
viously.19 Briefly, confluent cultures of RLE-6TN cells
were exposed to 20 p.g/cm2 a-quartz for 1 or 4 hours,
nuclei were prepared by Nonidet P-40 lysis of
treated cells, and the nuclear extracts were frozen at
-80°C for use in nuclear run-on assays. The nuclear
run-on assay was performed by incubation of pre-
pared nuclear extracts with [32P]UTP (Amersham,
Arlington Heights, IL) to label nascent transcripts.
Transcripts from the genes of interest (ie, MIP-2,
c-myc, and GAPDH) were identified and quantitated
by hybridization of the labeled RNA to nitrocellulose
filters containing immobilized plasmid DNA, rat
MIP-2, c-myc, and GAPDH cDNA followed by visu-
alization of the hybridized RNA by autoradiography.
GAPDH and c-myc gene transcription was examined
along with MIP-2 as the former represents a consti-
tutively transcribed gene and the latter a gene whose
transcription is activated by a variety of stimuli.

Neutrophil Chemotaxis

Conditioned medium from a-quartz-exposed RLE-
6TN cells was analyzed for neutrophil chemotactic
activity as described previously.20 Briefly, neutro-
phils were isolated from peripheral blood obtained
from the abdominal aorta of F344 rats and sus-
pended in Gey's BSS (Gibco/BRL, Gaithersburg,
MD). Chemotaxis assays were conducted using a
48-well microchemotaxis assembly (Neuroprobe,
Cabin John, MD) with the lower well filled with 25 p.l
of RLE-6TN-cell-conditioned medium, Gey's BSS
(negative control), or 1% zymosan-activated rat se-
rum, the latter a positive chemotactic stimulus. The
upper wells were filled with 50 p.l of cell suspensions
containing 1 x 105 neutrophils. The upper and lower
wells were separated by polycarbonate filters (5-p.m
pores; Neuroprobe). The chemotaxis chambers
were incubated for 30 minutes at 370C, 5% C02,
after which the filters were removed, fixed in metha-
nol, and stained with Diff Quik (Sigma). Filters were
scored for the number of cells having migrated
through the filter in five x400 microscope fields. In
some experiments, epithelial-cell-conditioned media
were pretreated with either a 1/100 dilution (in phos-
phate-buffered saline; PBS) of rabbit anti-murine
MIP-2 antiserum or normal rabbit serum before eval-
uating for chemotaxic activity.
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Immunoblotting for MIP-2

RLE-6TN-cell-conditioned medium (500 ,ul) was blot-
ted onto nitrocellulose using a slot blot apparatus
(Gibco/BRL). The blot was incubated for 60 minutes
at room temperature in a solution containing 5%
nonfat milk, 50 mmol/L Tris-HCI, 0.5 mol/L NaCI, pH
7.5, followed by incubation in the same solution con-
taining a 1:250 dilution of rabbit anti-murine MIP-2
antiserum for 60 minutes. This anti-MIP-2 antiserum
has been shown previously to react specifically with
recombinant rat MIP-2.21 The blot was washed three
times in TN buffer (50 mmol/L Tris-HCI, 0.5 mol/L
NaCI, pH 7.5) and incubated with biotinylated goat
anti-rabbit antibody (Vector Laboratories, Burlin-
game, CA) diluted 1:50 with TN buffer containing
0.3% bovine serum albumin. The blot was washed
three times in TN buffer containing 0.1% Triton X-100
(Sigma) and incubated in streptavidin-horseradish
peroxidase (1:250 in PBS) for 60 minutes followed by
addition of 3,3'-diaminobenzidine (Vector), and the
color reaction was allowed to develop for 10 minutes.

Statistical Analysis
When appropriate, data were analyzed by analysis
of variance with group differences determined using
the Newman-Keuls test.22

Results

In Vivo a-Quartz Exposure and MIP-2
Chemokine Expression
Intratracheal instillation of rodents with a-quartz pro-
duces a chronic/active inflammation that progresses
to a granulomatous and fibrotic lesion resembling
accelerated or acute silicosis.23-25 We used intratra-
cheal instillation of a-quartz to characterize the rat
lung cells expressing the chemokine MIP-2 after
acute exposure to this mineral dust. In situ hybridiza-
tion analysis of rat lung tissue 2 and 24 hours after
intratracheal instillation of the saline vehicle revealed
no remarkable expression of MIP-2 mRNA (Figure
1A). In the lungs of a-quartz-exposed rats, marked
expression of MIP-2 mRNA was detected in epithelial
cells in the terminal bronchioles and alveolar ducts at
both 2 and 24 hours after a-quartz exposure (Figure
1, B, C, and E). Epithelial MIP-2 gene expression
appeared slightly less at 24 compared with 2 hours
after a-quartz exposure. Also exhibiting MIP-2 gene
expression were cells in more distal alveoli, some of
which appeared by their morphology and location to
be alveolar type 11 epithelial cells and others alveolar

macrophages. The specificity of the in situ analysis
for MIP-2 mRNA was demonstrated by the absence
of hybridization in tissue probed with cRNA in the
sense orientation (Figure 1 D).

To investigate the contribution of MIP-2 to
a-quartz-induced pulmonary inflammation, rats were
treated with an anti-MIP-2 antisera or nonimmune
sera before a-quartz treatment. Figure 2 presents the
numbers of neutrophils quantitated in BAL fluid of
rats 24 hours after intratracheal instillation of
a-quartz or saline. As reported previously,3 marked
increases in neutrophils were observed after
a-quartz but not saline exposure. Pretreatment of
rats with antibody to MIP-2 significantly attenuated
the neutrophilic inflammatory response, an effect not
observed in rats pretreated with normal rabbit se-
rum.

Chemokine Expression by Rat Alveolar
Epithelial Cells in Vitro

Experiments were conducted comparing chemokine
expression in the rat alveolar type 11 cell line, RLE-
6TN cells, and primary cultures of rat alveolar type 11
cells. mRNA for the chemokines MIP-la, MIP-2, or
CINC was not detected in unstimulated cultures of
primary rat alveolar type 11 cells or RLE-6TN cells
(Figure 3, A and B). In both primary alveolar type 11
and RLE-6TN cultures, exposure to 50 ng/ml TNF-a
or lipopolysaccharide increased steady-state levels
of mRNA for MIP-2 and CINC but not MIP-la. The
absence of detectable MIP-la expression in primary
alveolar type 11 cell cultures indicates that any mac-
rophage contamination of these cultures did not re-
markably contribute to the RT-PCR analysis for che-
mokine expression as macrophages express high
levels of MIP-la mRNA after stimulation with 50
ng/ml TNF-a. The similar patterns of MIP-la, MIP-2,
or CINC (and MCP-1, data not shown) expression in
RLE-6TN cells and primary cultures of rat alveolar
type 11 epithelial cells under resting and stimulated
conditions supports the use of the former to investi-
gate potential effects of particles on chemokine ex-
pression by rat alveolar type 11 cells.

Effect of in Vitro a-Quartz Exposure on RLE-
6TN Chemokine Expression
To investigate the possibility that induction of MIP-2
gene expression in rat lung epithelial cells after in
vivo a-quartz exposure might result from a direct
interaction between the particles and epithelial cells,
in vitro exposure studies were conducted using RLE-
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6TN cells and, in some experiments, primary cul-
tures of rat alveolar type 11 cells. Exposure of RLE-
6TN cells to 60 /xg/cm2 a-quartz resulted in
significant LDH release (Figure 4). This LDH re-
sponse was 57% of the total LDH release determined
after lysis of RLE-6TN cells with Triton X-100. Treat-
ment of RLE-6TN cells with .20 _tg/cm2 a-quartz did
not significantly increase LDH release (Figure 4) but
did increase steady-state levels of MIP-2 and CINC
mRNA (Figure 5A). Similar to observations with
TNF-a or endotoxin, a-quartz did not increase mRNA
for MIP-la. When primary cultures of rat alveolar
type 11 cells were exposed to 20 ,tg/cm2 a-quartz,
consistent with responses of RLE-6TN cells, in-

creases in MIP-2 and CINC but not MIP-la mRNA
were detected (Figure 5B). Nuclear run-on analysis
demonstrated that exposure to 20 tLg/cm2 a-quartz
increased transcription of the MIP-2 gene as well as
the proto-oncogene c-myc in RLE-6TN cells (Figure
6). Increased gene transcription was detected 1
hour after exposure and remained elevated after 4
hours of exposure. Transcription of the GAPDH gene
was constitutive and was not altered by a-quartz.
As shown in Figure 7, increased levels of immu-

noreactive MIP-2 protein and neutrophil chemotactic
activity were detected in RLE-6TN-cell-conditioned
medium after exposure to 20 or 60 tLg/cm2 a-quartz.
The neutrophil chemotactic activity in the condi-
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Figure 2. Effect ofpassive imnititiizationi of rats with aniti-MIP-2 anl-
tiserum on a-quartz-elicited neutropbilic pulmonary inflammation.
Rats u'ere pretreatecd intraperitoneally uith saline, nonnal rabbit se-

rum, or a rabbit anti-murine MIP-2 antiserum and subsequently
intratracheally instilled with salinie or a saline suispension of I ing} of'
a -quartz. Animals were sacrificed 24 hours aJter inistillation and
subljected to bronchoalveolar lavage (BA!), and the nuiimber of BAL
fluid nieutrophils u'as determined. Results represent the mean + SD;
n = 3 rats/treatment. *Statistically signiificanlt difference fronm the
respective saline control group mean; P < 0.05. tStatistically signifi-
cant differencesfrom the respective saline con7trol group mean anld the
other a-quartz-treated groups, P < 0.05.

tioned medium from a-quartz-treated cells was re-

duced approximately 50% by treatment with a rabbit
anti-murine MIP-2 antiserum but not by treatment
with normal rabbit serum (Figure 7B).

Effect of Titanium Dioxide, Crocidolite, and
MMVF- 10 on Chemokine Expression
A 6-hour exposure to titanium dioxide or MMVF-10
glass fibers at levels of 2 to 60 ,ug/cm2 had no

detectable effect on RLE-6TN MIP-2 (Figure 8), nor

did they increase LDH release (Figure 4). Crocidolite
fibers at doses of 20 and 60 Aug/cm2 increased MIP-2
(Figure 8) and CINC (data not shown) mRNA
whereas none of the exposures resulted in a signif-
icant increase in LDH (Figure 4).

A. Primary Type II Cells

Figure 4. Release ofLDH by RLE-6TN cells exposed in vitro to particles.
Cells were exposedfor 6 hours to doses of2 to 60 ,ug/cm'particles, and
levels ofLDH were determined in the culture media. Lysis of cells uith
Triton X-100 followed by analysis ofLDHJwas used to deternine total
celluilar LDH. Shown are the mean + SD of triplicate cultures. *Statis-
tically sign ificant differencefrom the untitreated control group.

Discussion
The pulmonary recruitment and activation of inflam-
matory cells is thought to play a key role in the
pathogenesis of silicosis, a chronic interstitial lung
disease resulting from exposure to various crystal-
line silica polymorphs.' Recently, we reported that
a-quartz exposure increases MIP-2, CINC, and
MIP-la gene expression in rat lungs, implicating
these chemokines as mediators of a-quartz-induced
inflammation.3'- The present studies confirm and
extend these earlier observations by identifying the
cell types expressing MIP-2 mRNA in rat lungs after
a-quartz exposure. MIP-2 mRNA expression was

most striking in the terminal bronchiole and alveolar
duct epithelium and was also apparent in the more

distal lung in alveolar type II cells and macrophages.
The localization of MIP-2 mRNA expression in the
terminal bronchiole/alveolar duct region corre-

sponds to a major site of particle deposition after
inhalation or intratracheal instillation of particles.26

B. RLE-6TN Cells

Treatment consTreatment
TNF IPS controls LPStm

none (50 nghol) (50 nghnl) + none (50 nghnl) (5o ngmnl) *+

MIP-1 (t MIP-1

MIP-2 MIP-2 -

CINC CINC

GAPDH _ GAPDH

Figure 3. Expression of chemokine mRNA by rat
lung epithelial cells after exposure to 50 Tng/ml
TNF-a or 50 nglml endotoxin. Shoun are negative
photographs of ethidium-bromide-stained gels
containing the RT-PCR products for MIP-la,
MIP-2, CINC, and GAPDH. A: Response ojprimslca,y
cultures of rat alveolar type II cells. B: Response of
the rat alveolar ttpe II epithelial ccell line RLE-6TN.
The + and - controls represent total hlng RNA
from endotoxin-instilled and naive rats, respec-
tively.
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Figure 5. E.pression oflchernokine ,nRNA by rat
lunlg epithelial cells after a 6-hour in vitro expo-
suire to a- quartz. Shown are negative photo-
graphs of ethidium-bromide-stained gels con-
tainitig the RT-PCRprodtuctsfor MIP- a, MIP-2,
CINC, anid GAPDH. A: Dose-responsive effects of
a-quartz oni RLE-6TN cells. B: Response of pri-
mary cuiltuircs of rat alveolar type II cells to
a-quartz (20 p.g/cm2) and TNF-a ( 50 ng/ml).
Th7e + anid -controls represent total lunig RNA
fromii endotoxin -instilled ancd untreated rats. re-
%pectively.

Although previous in vitro studies have suggested an

in vivo role for lung epithelial cell chemokine produc-
tion, to our knowledge this is the first in situ demon-
stration of increased chemokine gene expression in
epithelial cells after exposure to an inflammatory
agent. Having observed marked increases in lung
MIP-2 mRNA expression after a-quartz, we con-

ducted additional in vivo studies to examine the de-
gree to which MIP-2 contributes to a-quartz-induced
inflammation. The finding that pretreatment of rats
with an anti-MIP-2 antiserum but not nonimmune se-

rum reduces by approximately 60% the neutrophilic
response to intratracheally instilled a-quartz pro-

vides more direct evidence that MIP-2 is a key me-

diator of a-quartz-induced pulmonary inflammation.
In response to the pro-inflammatory cytokines

TNF-a or IL-1, mRNA for rat MIP-2 and the structur-
ally and functionally related chemokine CINC is in-
creased in a variety of cell types including macro-

phages, lung fibroblasts, and intestinal epithelial
cells.32728 In contrast, expression of rat MIP-ia, a

chemokine that is chemotactic for both macro-

phages and neutrophils, has been observed primar-
ily in leukocytes.3'6 In the present studies, we char-
acterized the effects of TNF-a and bacterial
endotoxin on the rat alveolar type 11 cell line RLE-
6TN, and primary cultures of rat alveolar type 11 cells
and found that steady-state levels of mRNA for MIP-2

Time: Ohr 1 hr 4hr

MIP-2

c-myc

GAPDH

Figure 6. Transcriptional analvsis ofMIP-2, c-myc. and GAPDHgenes
in RLE-6TN cells exposed in vitro to 20 xg/cm'2 a -quartzfor 0, 1, or 4
hours. -2P-labeled RNA transcripts uere hybridized with cDNA for
MIP-2, c-myc, and GAPDH immobilized on nitrocellulose, and the
radioactivitv was visualized by? autoradiography.

A. RLE-6TN Cells B. Primary Type II Cells

,z/,/w conbole
a quartz(pgcmA2) 0 0I/

0 2 6 20 60 controls MIP-t -.
nMWr-lgt al***_MIP-14L~~~~~~~~~~~I-2

MIP-2~ ~~~~-- - _ I"

CINC - CINC

GAPDH GAPDH

and CINC, but not MIP-la, were increased in both
cell preparations by these agonists. These findings
are consistent with the earlier observations on the
differential expression of MIP-2 and MIP-la in non-
leukocytic cells and extend previous findings that
production of the chemokines IL-8 and MCP-1 is
stimulated by TNF-a in the human lung carcinoma
cell line A549.10'l 1,29 The observation that endotoxin
is also an agonist for epithelial cell MIP-2 and CINC
expression suggests that the lung epithelium may be
a key effector of inflammation via chemokine produc-
tion in endotoxic sepsis and Gram-negative pneu-
monia, conditions characterized by massive tissue
infiltration of neutrophils.
The precise mechanisms by which a-quartz expo-

sure increases MIP-2 gene expression in rat lung
epithelial cells in vivo is uncertain. This response may
occur secondary to the release of other cytokines,
the expression of which is increased by a-quartz. In
this respect, we have reported that in vitro or in vivo
a-quartz exposure increases production of TNF-a by
rat alveolar macrophages.4 25'30 In the present
study, rat lung epithelial cells were shown to respond
to TNF-a in vitro with increased expression of MIP-2
and CINC. Collectively, these findings suggest
a-quartz-induced increases in MIP-2 in vivo may re-
sult, at least partly, via a cytokine network involving
macrophage-derived TNF-a. An additional or alter-
native pathway for a-quartz-induced epithelial cell
chemokine expression is a direct effect of the parti-
cles on epithelial release of chemokines. Consistent
with this possibility are the in situ hybridization results
that localized MIP-2 expression largely to epithelial
cells at sites of maximal particle deposition.26 Also,
the apparent absence of MIP-2 expression in fibro-
blasts and endothelial cells after a-quartz suggests
that direct particle-cell interactions may be important
as these cells would not be expected to directly
interact with a-quartz at early times after exposure
but are known to respond to TNF-a with increased
chemokine expression.4'6'7 To investigate the possi-
bility that a-quartz may act directly on epithelial cells
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A
unexposed
control

a quartz
(20 pgIcmA2)

a quartz
(60 pgIcmA2)

B

.v
a

a
06

0.

0

CL

20 60 60+ rabbit 60 t rabbit
aMIP-2 serum serum

a Quartz (gg/CmA2)

Figure 7. Release of immunoreactive and bioactive MIP-2 protein by
RLE-6TN cells after a 6-hour in vitro exposure to a-quartz. A: Immu-
noblot demonstratitng increased MIP-2 protein in conditioned media
from RLE-6TN cells exposed to 20 or 60 jig cm2 a-quartz; results are

shouwn for samples from two RLE-6TN cultures. B: Neutrophil chemo-

tactic response to medium from control (tnexposed) RLE-6TN cells,
medium from cells exposed to 20 or 60 jig/cm2 a quartz, and medium
from cells exposed to 60 pug/cm2 a-quartz that was pretreated with a

1:100 dilution ofrabbit anti-murine MIP-2 serum (aMIP-2) or normal
rabbit serum. Shown are the mean ± SD of triplicate determinations
on samples from three epithelial cultures/treatment. *Statistically sig-
nificant difference from the control group. tStatistically significant
differences from the control group and respective a-quartz-treated
grotup.

to activate chemokine expression, we conducted a

series of in vitro studies using RLE-6TN cells and
primary cultures of rat alveolar type 11 cells. The
results demonstrate that a-quartz exposure in-
creases expression of mRNA for MIP-2 and CINC by
rat alveolar epithelial cells. The a-quartz-induced in-
crease in epithelial MIP-2 mRNA levels resulted, at
least in part, from increased gene transcription and
was associated with release of immunoreactive and
bioactive MIP-2 protein. These data clearly suggest
that the induction of MIP-2 gene expression in rat
lung epithelial cells after in vivo a-quartz exposure

occurs, at least in part, as a result of a direct effect of
a-quartz on these cells.
We found that in vitro activation of epithelial cell

chemokine expression was not unique to a-quartz
but was also not a property of all particles we exam-

ined. In vitro exposure of RLE-6TN to the less inflam-

Dust Exposure (gLcmA2) ts
0 2 6 20 60

MIP-2 _
T102I

GAPDH

Crocidolite
GAPDH_

MIP-2

GAPDH

Figure 8. Expression of chemokine mRNA by rat lung epithelial cells
after a 6-hour in vitro exposure to titanium dioxide, crocidolite asbes-
tosfibers, or MMVF-10 glassfibers. Shown are negative photographs of
ethidium-bromide-stained gels containing the RT-PCR products for
MIP-2 and GAPDH. 7Te + and- controls represent total lung RNA
from endotoxin-instilled and untreated rats, respectively.

matory dusts titanium dioxide or MMVF-10 glass fi-
bers did not increase epithelial cell MIP-2 and CINC
mRNA expression. In contrast, crocidolite asbestos
fibers increased expression of these chemokines at
exposure levels similar to those effective for a-quartz.
This finding for crocidolite is consistent with those for
the human lung carcinoma cell line A549, which was
reported to respond to chrysotile and crocidolite fibers
in vitro with production of the chemokine IL-8.29 Impor-
tantly, like a-quartz, crocidolite fibers are highly inflam-
matory in vivo,31'32 whereas titanium dioxide particles
and MMVF-10 glass fibers are markedly less so.3,33
Thus, using this limited panel of materials, rat lung
epithelial cells were shown to respond differently to
particles of high and low in vivo inflammatory activity
with respect to chemokine production, suggesting that
epithelial cell chemokine release may be a factor con-
tributing to the greater in vivo inflammatory activity of
some materials (eg, a-quartz and crocidolite).

The differential effect of a-quartz, crocidolite, tita-
nium dioxide, and MMVF-10 glass fibers on MIP-2 and
CINC expression provides insights into potential mech-
anisms underlying the epithelial chemokine response.
Both a-quartz and crocidolite can give rise to reactive
oxygen species, either as a result of their surface
chemistry, particle-associated iron, and/or by stimulat-
ing the cellular generation of oxidants.3435 In this re-
spect, the promoter region for MIP-2, CINC, and the
structurally and functionally related human gro genes
contains a binding element for the oxidant stress-re-
sponsive transcription factor NFKB.36-38 The NFKB
binding site has been shown to be both necessary and
sufficient for MIP-2 and gro gene transcription in re-
sponse to several stimuli including lipopolysaccharide,
TNF-a, and/or IL-1.36-38 Thus, it is likely that a-quartz-
and crocidolite-induced transcription of MIP-2 and
CINC is dependent, at least in part, on their ability to
induce oxidative stress and stimulate nuclear translo-

*
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cation of NFKB. An oxidant-dependent, NFKB-medi-
ated pathway for MIP-2 and CINC gene expression in
epithelial cells after a-quartz and crocidolite exposure
is supported by recent studies demonstrating in-
creased nuclear translocation of NFKB in hamster or rat
lung epithelial cells exposed to these particles in
vitro39'40 as well as the ability of antioxidants to atten-
uate a-quartz-induced NFKB translocation and MIP-2
gene expression in RLE-6TN cells.40

In summary, the present studies demonstrate that
exposure to a-quartz, a form of crystalline silica,
induces expression of mRNA for the chemokine
MIP-2 in rat lungs. MIP-2 gene expression was most
striking in epithelial cells associated with the terminal
bronchioles and alveolar ducts and was also appar-
ent in macrophages and alveolar type 11 epithelial
cells in the distal lung. The demonstration that pre-
treatment of rats with anti-MIP-2 antiserum reduced
by approximately 60% the a-quartz-induced neutro-
philic inflammatory response supports a key role for
MIP-2 in a-quartz-induced inflammation. Although
multiple mechanisms may contribute to epithelial cell
MIP-2 gene expression after a-quartz exposure,
a-quartz in vitro was shown to increase steady-state
levels of mRNA for MIP-2 and the related chemokine
CINC in both the rat alveolar type 11 cell line RLE-6TN
and primary cultures of rat alveolar type 11 cells.
a-Quartz-induced increases in epithelial MIP-2
mRNA expression resulted, at least in part, from
increased gene transcription and was associated
with release of bioactive MIP-2 protein. These results
suggest that a direct effect of a-quartz may be im-
portant in activating rat epithelial cell MIP-2 gene
expression in vivo. The in vitro activation of chemo-
kine expression by epithelial cells was not unique to
a-quartz, being also observed for crocidolite asbes-
tos fibers but not for the relatively innocuous titanium
dioxide particles or MMVF-10 glass fibers. Overall,
these in vivo and in vitro observations indicate that rat
lung epithelial cells are key contributors to chemo-
kine expression in the lung after exposure to
a-quartz and potentially other noxious particles. For
some materials (ie, a-quartz and crocidolite), activa-
tion of lung epithelial cell chemokine expression may
result, at least in part, from a direct effect of particles
on the epithelium.
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