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Ozone is known to produce an acute influx of neutrophils, and
alveolar epithelial cells can secrete chemokines and modulate in-
flammatory processes. However, direct exposure of alveolar epithe-
lial cells and macrophages to ozone (O3) produces little chemokine
response.To determine if cell–cell interactions mightbe responsible,
we investigated the effect of alveolar macrophage–conditioned
media after ozone exposure (MO3CM) on alveolar epithelial cell
chemokine production. Serum-free media were conditioned by ex-
posing a rat alveolar macrophage cell line NR8383 to ozone for
1 hour. Ozone stimulated secretion of IL-1a, IL-1b, and IL-18 from
NR8383 cells, but there was no secretion of chemokines or TNF-a.
Freshly isolated type II cells were cultured, so as to express the
biological markers of type I cells, and these cells are referred to as
type I–like cells. Type I–like cells were exposed to diluted MO3CM for
24 hours, and this conditioned medium stimulated secretion of
cytokine-induced neutrophil chemattractant-1 (CXCL1) and mono-
cyte chemoattractant protein-1 (CCL2). Secretion of these chemo-
kines was inhibited by the IL-1 receptor antagonist. Although both
recombinant IL-1a and IL-1b stimulated alveolar epithelial cells to
secrete chemokines, recombinant IL-1a was 100-fold more potent
than IL-1b. Furthermore, neutralizing anti-rat IL-1a antibodies
inhibited the secretion of chemokines by alveolar epithelial cells,
whereas neutralizing anti-rat IL-1b antibodies had no effect. These
observations indicate that secretion of IL-1a from macrophages
stimulates alveolar epithelial cells to secrete chemokines that can
elicit an inflammatory response.
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Ozone is a prominent air pollutant in temperate urban settings
and has been reported to have significant adverse human health
effects. The effect of ozone on the pulmonary system has been
studied extensively in both human and animal models (1–3).
In vivo, exposure to ozone induces acute injury and an influx of
neutrophils. Ozone has been reported to stimulate resident lung
cells to secrete a variety of chemoattractants in vivo (4–6).
However, ozone is highly reactive and penetrates biologic fluids
poorly. Pryor estimated the diffusion distance for ozone in lung
lining fluid to be only 0.1 mm (7). Hence, surface cells such as
alveolar epithelial cells, alveolar macrophages, and epithelial
cells of the conducting airway are among the few cell types that
come in direct contact with inhaled ozone. These cells should be
involved in eliciting the acute inflammatory response.

In our previous studies in vitro, we found that exposure to
ozone induces toxicity in alveolar epithelial cells but without

a substantial increase in chemokine production (8–10). Isolated
human alveolar macrophages and THP-1 cells derived from
monocytic leukemic cells also fail to secrete chemokines in
response to ozone (11, 12). However, others have shown a mod-
est secretion of chemokines and cytokines by epithelial cells in
response to ozone in A549 cells, BEAS-2B cells, and human
nasal epithelial cells (12–15). Hence, there appears to be a dis-
crepancy between the limited chemokine production by direct
ozone exposure in vitro and the obvious neutrophil influx in vivo
(16).

The present study was designed to demonstrate if chemokine
secretion was due to a cell–cell interaction as opposed to a direct
ozone effect. Specifically, we sought to identify the soluble fac-
tors released from alveolar macrophages that stimulate chemo-
kine production from alveolar epithelial cells. One of these
factors was found to be IL-1a. To our knowledge, this is the first
study to demonstrate cross talk between alveolar macrophages
and alveolar epithelial cells to produce chemokines that are
important for recruitment of neutrophils in response to ozone.

MATERIAL AND METHODS

Cell Lines

NR8383 rat alveolar macrophages were purchased from Amer-
ican Type Culture Collection (Rockville, MD) and maintained
in Dulbecco’s Modified Minimal Essential Medium (DMEM)
plus 10% fetal bovine serum (FBS) and antibiotics.

Rat Alveolar Epithelial Cell Isolation and Culture

Alveolar type II cells were isolated from pathogen-free adult
male Sprague-Dawley rats (Harlan, Indianapolis, IN) by dis-
sociation with porcine pancreatic elastase (Roche Molecular
Biochemicals, Indianapolis, IN) and partial purification on dis-
continuous density gradients by standard methods (10, 17).
Type II cells were plated on 6-well tissue culture plastic plates.
One million freshly isolated viable type II cells were plated in
2 ml of DMEM containing 5% rat serum (RS) (Pel-Freez Bio-
logicals, Rogers, AR), 2 mM glutamine, 2.5 mg/ml amphotericin
B, 100 mg/ml streptomycin, 100 units/ml penicillin G (all from
GIBCO BRL, Life Technologies Inc., Rockville, MD), and
10 mg/ml gentamicin (Sigma-Aldrich, St. Louis, MO). After
attachment for 24 hours, the cells were rinsed twice with DMEM.
To establish a type I–like cell phenotype, the alveolar epithelial
cells were cultured in DMEM supplemented with 5% FBS for
an additional 4 days before treatment.

CLINICAL RELEVANCE

The acute inflammatory response produced by ozone is
likely due to cell–cell interactions, whereby one cell signals
another to secrete chemokines. The clinical implication is
that the inflammatory response could be blocked by in-
terrupting this paracrine signaling with drugs like IL-1
antagonists.
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Rat Alveolar Macrophage Isolation and Culture

Alveolar macrophages were isolated from pathogen-free adult
male Sprague-Dawley rats (Harlan) by lavage with 150 mM
sodium chloride, 5 mM HEPES, and 2 mM EDTA (pH 7.4).
The cells were centrifuged at 250 3 g for 10 minutes, and the
resulting pellet was resuspended in D-10 medium. To increase
the adherence and yield of rat alveolar macrophages, the cells
were plated on 60-mm culture dishes coated with 0.5 mg/ml rat
IgG. After 4 hours of incubation, the nonadherent cells were
removed by washing with 5 ml of serum-free DMEM. Fresh
DMEM medium supplemented with 5% FBS was added to each
plate and incubated for 40 hours before ozone exposure.

In Vitro Ozone Exposure

Cells were exposed to ozone in an in vitro fully humidified ex-
posure chamber that has a precisely regulated concentration of
ozone (18). Medical grade oxygen was passed through ozone
generator (Model OZ2SS-SS; Ozotech, Yreka, CA) to generate
ozone. This ozone stream was then divided using a four-way
manifold, and each of the sub-streams was regulated by one of
four mass flow controllers (Sierra Instruments, Monterey, CA),
which in turn was controlled by a Sierra Instruments flow box.
Four specifically designed 3.6-L glass chambers were used to
expose the cultured cells. One of these chambers was used as
a control chamber and received humidified and warm air/CO2

mixtures. The other three chambers received a specified con-
centration of ozone. All chambers were fitted with a rocking
platform to ensure uniform exposure of the monolayer with
a minimum of overlying fluid. Ozone concentrations from each
chamber were cyclically measured once every 2.5 minutes by an
API 400A ozone analyzer (Teledyne Instruments, San Diego,
CA). This information was recorded by a Macintosh G-3 com-
puter and sent to the Sierra Instruments flow box, which auto-
matically adjusted the flow of ozone to achieve the desired
concentration. For the exposure, 2.0 to 3.0 ml serum-free media
was added on top of 150-mm culture dishes and the cultures were
rocked to minimize the fluid over the cell layer as described
previously (10). Cultured cells were exposed to different con-
centrations of ozone or air for 1 hour.

Generation of Conditioned Media

Cells from the rat macrophage cell line NR8383 were plated in
150-mm culture dishes and cultured for 1 day in DMEM sup-
plemented with 10% FBS. After 1 day of culture, cells were
washed with serum-free DMEM and 3 ml of serum-free DMEM
was added to the culture plates before ozone exposure. Cells
were exposed to ozone for 1 hour, and the culture vessels were
rocked. Media were collected after ozone exposure and spun at
2,700 3 g for 10 minutes and kept frozen at 2208C until assayed
or used to treat rat alveolar epithelial cells.

Measurements of Cytokines and Chemokines

A multiplex assay was performed with the Luminex-100 system
and the XY Platform (Luminex Corporation, Austin, TX) Fluo-
rescently labeled microsphere beads for standards and detection
were purchased from Linco Research, Inc. under Luminex’s
patent rights, and the sheath fluid was purchased from Luminex
Corporation. Granulocyte-macrophage colony-stimulating factor
(GM-CSF), IL-1a, IL-1b, IFN-g, IL-2, IL-4, IL-5, IL-6, IL-10,
IL-12, IL-18, TNF-a, monocyte chemoattractant protein 1
(MCP-1), cytokine-induced neutrophil chemoattractant 1 (CINC-1),
and regulated on activation, normal T-cell expressed and
secreted (RANTES) were analyzed using a rat cytokine multi-
plex assay according to the manufacturer’s instructions. In brief,
25 ml of the cell supernatant was incubated with the antibody-

coated bead mix for 20 hours at 48C. The beads were washed
twice and incubated with secondary biotinylated antibody mix
for 1 hour at room temperature. Streptavidin-phycoerythrin was
added and incubated for an additional 30 minutes at room
temperature. The beads were washed three times, and then
analyzed on a Luminex 100 platform (Luminex). Cytokine con-
centrations were calculated from standard curves. Acquired
fluorescence data were analyzed to calculate cytokine concen-
trations with StatLIA immunoassay curve fitting software
(Brendan Technologies, Inc., Carlsbad, CA). Rat CINC-1 was
also measured by enzyme-linked immunosorbent assay kits de-
veloped by ELISA Tech, Inc. (Aurora, CO) according to the
manufacturer’s instructions.

Stimulation of Alveolar Epithelial Cells with IL-1a, IL-1b,

and IL-18

Type I–like cells were incubated with different concentrations
of recombinant rat IL-1a, IL-1b, and IL-18 (R&D Systems,
Minneapolis, MN) in DMEM with 5% FBS for 24 hours. Media
were collected, spun at 2,700 3 g for 10 minutes, and kept
frozen at 2208C until they were assayed.

Inhibition by IL-1 Receptor Antagonist and Neutralizing

Anti-Rat IL-1 Antibodies

Type I–like cells were cultured for 4 days in DMEM supple-
mented with 5% FBS. The cells were left untreated or pre-
treated with 10 mg/ml of IL-1 receptor antagonist (IL-1Ra)
(R&D Systems) for 1 hour, and then the cells were treated with
conditioned media for 24 hours. To perform the neutralizing
antibodies experiment, 3 mg/ml of specific neutralizing anti-
bodies to rat IL-1a, IL-1b, and isotype-matched IgG (R&D
Systems) were preincubated with condition media for 1 hour at
room temperature and subsequently added in culture for 24
hours (19). This media was then collected, spun at 2,700 3 g for
10 minutes, and kept frozen at 2208C until assayed.

Statistical Analyses

Data are represented as the mean 6 SEM. For statistical anal-
ysis, the test used depended on the experimental design. For the
effect of ozone on the two phenotypes, a paired two-tailed t test
was used. For the dose–response relationships the results were
analyzed by ANOVA and Tukey’s test. A P value of , 0.05 was
considered to indicate a significant difference between the
groups.

RESULTS

Ozone Increases IL-1a, IL-1b, IL-18, IL-2, and GM-CSF

in NR8383 Cells

The cultured NR8383 cells were exposed to air and different
concentrations of ozone for 1 hour, and immediately after ozone
exposure, the media were collected. There was no obvious mor-
phologic effect on the cells due to the ozone exposure. There
was a significant increase in IL-1a, IL-1b, IL-18, GM-CSF, and
IL-2 in supernatant of NR8383 cells exposed to 100 ppb ozone
when compared with cells exposed to air (Figures 1A–1E).
There was also a small increase in Interleukin 12a, 70-kD glyco-
protein (IL-12P70) from less than 4.9 pg/ml to about 12 pg/ml.
However, the direct ozone effect was apparent only at 100 ppb,
except for IL-2 and IL-18, which remain elevated at all ozone
concentrations. Unexpectedly, release or secretion of IL-1a and
IL-1b was less in NR8383 cells exposed to higher concentrations
of ozone, whereas there was no significant reduction of IL-18,
GM-CSF, or IL-2. Ozone did not significantly increase the
levels of CINC-1 (CXCL1), MCP-1 (CCL2), IL-6, and TNF-a in
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these experiments. Levels of IL-4, IL-5, IL-10, and IFN-g were
below the level of detection.

Conditioned Media from Ozone-Exposed NR8383 Cells

Increase Secretion of CINC-1 and MCP-1 by Alveolar

Epithelial Cells

The purpose of this experiment was to determine if macro-
phage-conditioned media would stimulate chemokine produc-
tion from alveolar epithelial cells. In previous experiments,
we found that direct ozone exposure of alveolar epithelial cells
did not produce a significant chemokine response (10). The
NR8383-conditioned media were diluted with four volumes of
fresh media and added to the alveolar type I–like cells for 24
hours. Supernatants from the epithelial cells were analyzed for
different cytokines and chemokines by the multiplex assay.
There was an increase in CINC-1 and MCP-1, but not RANTES
(Figure 2). There was also an increase in IL-1a, IL-1b, and
IL-18 in these analyses, but these increases could be attributed
to the levels of those cytokines in the NR8383-conditioned
media. The TNF-a concentration was less than 4.9 pg/ml and
did not increase with macrophage-conditioned medium. In other
experiments, we treated isolated primary rat alveolar macro-
phages with conditioned media from NR8383 cells and found no

increase in CINC-1 secretion, indicating that the epithelial cells
were much more sensitive to the factors in the conditioned
media than alveolar macrophages.

Alveolar Epithelial Cells Secrete CINC-1 in Response to

Recombinant Rat IL-1a and IL-1b but Not IL-18

Previously we reported that type I–like cells secrete MCP-1 and
MIP-2 in response to IL-1b (10). In the present study we found
that IL-1a and IL-1b stimulated the secretion of CINC-1 by
type I–like cells, whereas IL-18 did not (Figure 3). In addition,
there was a difference in potency between the two IL-1 iso-
forms. IL-1a stimulation of CINC-1 secretion by the epithelial
cells was nearly 100-fold more potent than IL-1b (Figure 3A).
The observation that there was no stimulation of CINC-1 se-
cretion by alveolar epithelial cells in response to exogenous
IL-18 indicates that the IL-18 is not the source of the stimula-
tion in the NR8383-conditioned media.

IL-1Ra Inhibits the Effect of Macrophage-Conditioned Media

on Epithelial CINC-1 Secretion

Previously we have shown that 10 mg/ml of the human IL-1R
antagonist inhibits rat IL-1 (19). Pretreatment of rat type I–like
alveolar epithelial cells with 10 mg/ml of human IL-1Ra abol-

Figure 1. Ozone increases inflam-
matorycytokine secretion inNR8383

cells. NR8383 cells were cultured

in 150-mm dishes and exposed to
air and different concentrations of

ozone for 1 hour. The media were

collected immediately after ex-

posure and the cytokines were
measured by a multiplex assay as

described in MATERIALS AND METHODS.

The results are shown as percent

(%) change over control. The
control values for these cytokines

were (A) IL-1a, 113 pg/ml; (B)

IL-1b, 26.7 pg/ml; (C) IL-18, 599
pg/ml; (D) granulocyte-macrophage

colony-stimulating factor, 7.2 pg/ml;

(E) IL-2, 6.2 pg/ml; and (F) IL-6,

12.7 pg/ml. The results are the
means of 6 SEM of three indepen-

dent experiments. The asterisk sig-

nifies an increase compared to the

air control (P , 0.05).

Figure 2. NR8383 cell conditioned media increases cytokine-induced neutrophil chemoattractant (CINC-1) and monocyte chemoattractant

protein (MCP-1) secretion from rat type I–like cells. Alveolar type II cells were cultured with fetal bovine serum on plastic plates to transdifferentiate
into type I–like cells. Conditioned media from NR8383 cells supplemented with fresh media were added to the type I–like cells on Day 5 of culture,

and the media were collected 24 hours later. Conditioned media increased the secretion of the chemokines (A) CINC-1 and (B) MCP-1, but (C)

RANTES remained unchanged. The original values are shown as pg/ml. The results are the means of 6 SEM of three independent experiments. * An

increase compared with the untreated control; # an increase compared with air-exposed conditioned media (P , 0.05).
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ished the effect of NR8383-conditioned media on CINC-1 secre-
tion by alveolar epithelial cells (Figure 4A). In the absence of
inhibitors, the ozone-generated conditioned media stimulated
the rat alveolar type I–like cells to secrete over 1,200 pg/ml of
CINC-1. The IL-1Ra also blocked the secretion of CINC-1 by
alveolar epithelial cells by conditioned media from primary rat
alveolar macrophages. In pilot experiments, we found it was
difficult to get sufficient rat macrophages to generate condi-
tioned media. In order to increase the adherence and plating
efficiency of primary alveolar rat macrophages, we coated cul-
ture plates with rat IgG. Pretreatment of the primary rat al-
veolar macrophage–conditioned media attenuated the effect of
conditioned media on CINC-1 production (Figure 4B). The
unusually high level of CINC-1 secretion from epithelial cells
incubated with the air control–conditioned media from the
primary alveolar macrophages was thought to be due to activa-
tion by macrophage binding to the IgG-coated dishes. This
stimulation was also inhibited by the IL-1 antagonist.

Neutralization of IL-1a by Antibodies Inhibits the Effect of

Macrophage-Conditioned Media on Epithelial

CINC-1 Secretion

After establishing that rat IL-1 protein from rat macrophages
stimulates the secretion of CINC-1, we next determined which
isoform of IL-1 is responsible for CINC-1 production from the
alveolar epithelium. Pretreatment of ozone-treated conditioned
media with 3 mg/ml specific rat IL-1a–neutralizing IgG abol-
ished the effect of condition media on CINC-1 production by rat
alveolar epithelial cells, but IL-1b–neutralizing IgG was similar
to control IgG (Figure 5). Both antibodies in combination also
abolished the effect of condition media. This experiment de-
monstrated that the effect of conditioned media on alveolar

epithelial cells for CINC-1 production was primarily due to IL-
1a and not IL-1b.

DISCUSSION

Because ozone induces an acute inflammatory response and
neutrophil influx in the distal lung, we examined how ozone
might produce chemoattractants with the knowledge that direct
ozone exposure to epithelial cells and macrophages produced
toxicity but not robust chemokine secretion. In this study we
observed that direct exposure of the alveolar macrophage cell
line NR8383 did not produce significant amounts of CINC-1,
TNF-a, or MCP-1. We next tested the hypothesis that chemo-
kines are produced by cross-talk between alveolar epithelial
cells and macrophages due to the release of some factor(s) from
the exposed cells that would in turn stimulate unexposed cells.

It is known that acute ozone toxicity causes a neutrophilic
influx in vivo. Numerous chemokines have been suggested to
serve as neutrophil chemoattractants during ozone-induced in-
jury (20, 21). In our experiments, macrophage-conditioned media
after ozone exposure elicited a significant secretion of CINC-1
and MCP-1 by alveolar epithelial cells. Our results indicate that
this stimulation was due to IL-1a. This conclusion is based
on the finding of an increase in IL-1a in the ozone-exposed
macrophage-conditioned media, a robust CINC-1 secretion by
alveolar epithelial cells in response to IL-1a, an inhibition of the
effect by IL-1Ra, and finally by nearly complete inhibition of
CINC-1 secretion by an antibody to IL-1a but not by an anti-
body to IL-1b. The importance of IL-1 in the response to ozone
has also been shown in vivo. Park and coworkers showed that
IL-1Ra blocked the increase in chemokines in lung homoge-
nates, neutrophil influx, and airway hyperresponsiveness (22).

Figure 3. IL-1a and IL-1b increase

CINC-1 secretion from rat alveolar
type I–like epithelial cells. Type I–

like cells were cultured as described

in Figure 2, and exogenous IL-1a,
IL-1b, and IL-18 were added on

Day 5 of culture. The media were

collected 24 hours later. The values

are shown as pg/ml. A shows the
dose response of IL-1a (squares)

and IL-1b (triangles), and B shows

the effect of different concentra-

tions of IL-18 and 10 ng/ml of IL-1b

as a positive control.

Figure 4. CINC-1 secretion by rat alve-
olarepithelial cells. Ratalveolar type I–like

epithelial cells were cultured asdescribed

in Figure 2, and left untreated or pre-

treated with IL-1 antagonist (10 mg/ml)
for 1 hour and then incubated with con-

ditionedmedia.Mediawerecollected24

hours later and CINC-1 measured by

enzyme-linked immunosorbent assay.
A shows the results with NR8383-

conditioned media and B shows the

results with primary rat alveolar
macrophage–conditioned media. The

asterisk signifies inhibition compared

with the respective control (P , 0.05).
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In that study, IL-1b increased and IL-1a was not reported. In
another in vivo study, mRNA for IL-1a was not changed in
response to ozone (23). In addition, Ishii and colleagues re-
ported that ozone increased macrophage secretion of IL-b and
TNF-a and that CINC levels were reduced in vitro by the com-
bination of anti–IL-1 and anti-TNF antibodies. The individual
antibodies were ineffective (24). Hence, our results are consis-
tent with previous reports, although most previous reports
focused on IL-1b and not IL-1a.

The present study demonstrates the role of an early cytokine
response to ozone that can stimulate chemotactic chemokine
release from epithelial cells. The ozone-conditioned media from
macrophages was collected just after ozone exposure. This early
stimulatory response suggested that biological activity of con-
ditioned media must be due to release of preformed biologically
active molecules in response to ozone exposure. In our experi-
ments, both IL-1a and IL-1b were detected in ozone-exposed
conditioned media from macrophages. Although IL-1a and IL-
1b exert similar biological activity, they are encoded by two
distinct genes, and their precursor polypeptides are quite dif-
ferent in biological activity. The IL-1a precursor is biologically
active even when membrane bound, whereas IL-1b precursor
exerts no biological activity until IL-1b has been processed to
the mature form by caspase-1 (25). While it is commonly ac-
cepted that IL-1a lacks the classical signal sequence that regu-
lates processing of secreted proteins and that most IL-1a remains
intracellular or membrane bound (26), consensus has not yet
been reached as to what regulates intracellular distribution and
release of IL-1a. It has been reported that physical injury and
apoptosis play a role in IL-1a and IL-1b secretion through
membrane disruption, and the nature of injury determine the
forms of IL-1 released (27). Niki and coworkers showed that
membrane-associated IL-1 contributes to cartilage destruction
in inflammatory joint diseases (28). We therefore infer that the
macrophage-conditioned media after ozone exposure contain

IL-1a and its membrane-bound precursor, both of which are
biologically active.

Our data demonstrate that IL-1a is more potent than IL-1b,
and that IL-1a stimulates alveolar type I–like cells to produce
CXC chemokines. We believe that stronger stimulatory re-
sponse of IL-1a on alveolar epithelial cells is due to its higher
affinity to the IL-1 receptor (IL-1R). Mosley and colleagues have
shown that, although IL-1a and IL-1b exert the same biological
activities, their precursors have differential affinities to the
common IL-1 receptor and bind differently (25). Furthermore,
Nakane and coworkers reported that IL-1a is more potent than
IL-1b in stimulation of A549 cells to increase expression of b

adrenergic receptors (29). Hence, in our system IL-1a was the
IL-1 molecule that seemed to be the isoform responsible for
stimulating the epithelial cells. However, both IL-1a and IL-1b

use the same receptor and IL-1b could be more effective in
other situations, since the level is usually greater (30).

Taken together, our results indicate that CXC chemokines
are not produced by direct ozone exposure to alveolar macro-
phages (21) and that cell-to-cell interaction between alveolar
macrophages and alveolar epithelial cells are important for the
CXC chemokines production in response to ozone exposure.
Our model indicates that ozone causes the release of IL-1a from
macrophages, which in turn stimulates alveolar epithelial cells
to secrete CINC-1, a neutrophil chemoattractant (Figure 6).
This concept is supported by recent studies on the sterile in-
flammatory response due to cell injury mediated by IL-1a and
the IL-1R–Myd88 pathway (31).
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