
INFECTION AND IMMUNITY, Oct. 1994, p. 4145-4152
0019-9567/94/$04.00+0
Copyright © 1994, American Society for Microbiology

Role of Interleukin-8 (IL-8) and an Inhibitory Effect of
Erythromycin on IL-8 Release in the Airways of

Patients with Chronic Airway Diseases
KAZUNORI OISHI,l* FUMINARI SONODA,1 SHINOBU KOBAYASHI,1 AKITAKA IWAGAKI,'t

TSUYOSHI NAGATAKE,1 KOUJI MATSUSHIMA,2 AND KEIZO MATSUMOTO1

Department of Intemal Medicine, Institute of Tropical Medicine, Nagasaki University, 1-12-4 Sakamoto-machi,
Nagasaki 852,1 and Department of Pharmacology, Cancer Research Institute,

Kanazawa University, 13-1 Takaramachi, Kanazawa 920,2 Japan

Received 4 April 1994/Returned for modification 4 May 1994/Accepted 29 June 1994

To evaluate of the role of interleqkin-8 (IL-8), a chemotactic cytokine, in the continuous neutrophil
accumulation in the airways of patients with chronic airway disease (CAD) and persistent Pseudomonas
aeruginosa infection, we investigated the cell population, IL-8 levels, I-1B levels, tumor necrosis factor (TNF)
activities, and neutrophil elastase (NE) activities of bronchoalveolar lavage (BAL) fluids in 17 CAD patients
(with P. aeruginosa infections [CAD+PA], n = 9; without any bacterial infections [CAD-PA], n = 8) and 8
normal volunteers. We found significant elevations of neutrophil numbers, IL-8/albumin ratios, and NE/
albumin ratios in BAL fluids from CAD patients, in the following rank order. CAD+PA > CADI-PA > normal
volunteers. IL-1IB/albumin ratios were elevated only in CAD+PA, while no TNF bioactivity was detected in BAL
fluids. The neutrophil numbers correlated significantly with the IL-8/albumin ratios and NE/albumin ratios in
the BAL fluids of CAD patients. When anti-human IL-8 immunoglobulin G was used for neutralizing
neutrophil chemotactic factor (NCF) activities in BAL fluids, the mean reduction rate of NCF activities in
CAD+PA patients was significantly higher than that in CAD-PA patients. We also evaluated the effects of
low-dose, long-term erythromycin therapy in BAL fluids from three CAD+PA and two CAD-PA patients.
Treatment with erythromycin caused significant reductions of neutrophil numbers, IL-8/albumin ratios, and
NE/albumin ratios in BAL fluids from these patients. To elucidate the mechanism of erythromycin therapy, we
also examined whether erythromycin suppressed IL-8 production by human alveolar macrophages and
neutrophils in vitrp. We demonstrated a moderate inhibitory effect of erythromycin on IL-8 production in
Pseudomonas-stimulated neutrophils but not in alveolar macrophages. Our data support the view that
persistent P. aeruginosa infection enhances IL-8 production and IL8-derived NCF activity, causing neutrophil
accumulation in the airways and the progressive lung injuries observed in patients with CAD. The clinical
eficacy of erythromycin therapy for CAD patients might be partly mediated through a reduced IL-8 production,
diminishing neutrophil accumulation and NE release in the airways.

The importance of Pseudomonas aeruginosa as an opportu-
nistic pathogen of the lower respiratory tract is well established
(5, 34). Given the predisposing alterations in host defense and
airway milieu of chronic airway diseases (CAD), including
diffuse panbronchiolitis (DPB) (10, 11), mucoid P. aeruginosa
may arise as a chronic infection and worsen the prognosis of
these diseases (9, 49).

Inflammation in the airways of patients with CAD is char-
acterized by dense neutrophil infiltrations (14, 16, 25, 35). By
using electron microscopy, neutrophil accumulation in sputum
samples from CAD patients with P. aeruginosa infection was
recently reported (1). Neutrophils cause progressive airway
damage by the release of oxygen metabolites and proteolytic
enzymes, including neutrophil elastase (NE) (5, 42). This
destructive enzyme also interferes with host defense (2, 6, 7).
Various neutrophil chemotactic factors (NCFs) have been
demonstrated in the respiratory tract and are thought to be
responsible for neutrophil infiltration into the airways of
patients with CAD and other pulmonary diseases (7, 12, 13, 23,
33, 46, 52). Recently, interleukin-8 (IL-8), a chemotactic and
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activating cytokine for human neutrophils, was isolated, puri-
fied, and cloned (24, 56). This cytokine is produced in vitro by
a variety of cells, including human peripheral blood monocytes,
human alveolar macrophages (AMs), fibroblasts, hepatocytes,
epithelial cells, and neutrophils, in response to lipopolysaccha-
ride (LPS) and proinflammatory cytokines such as IL-1B and
tumor necrosis factor alpha (TNF-a) (24, 29, 36, 37, 43, 47, 51).
The participation of IL-8 has been demonstrated in both local
and systemic bacterial infections in humans (8, 18). IL-8 also
participates in neutrophil-mediated airway inflammation in
CAD, including cystic fibrosis (CF) (25, 33, 35). However, the
influence of persistent P. aeruginosa infection on IL-8-related
airway inflammation in CAD has not been fully understood.
On the other hand, it has already been shown that low-dose,

long-term erythromycin therapy is effective in CAD, including
DPB (21, 28, 39, 55). It seems likely that erythromycin reduces
neutrophil accumulation (16) and elastase-like activity in bron-
choalveolar lavage (BAL) fluids of patients with DPB (14). In
this regard, treatment with erythromycin might suppress in
vivo IL-8 release in the airway of patients with CAD.

This study was designed to evaluate the role of IL-8 in the
mechanism of continuous accumulation of neutrophils, based
on the cytokine-network system, in the airways of CAD
patients, especially as associated with persistent P. aeruginosa
infection. Furthermore, we also evaluated whether the treat-
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ment with erythromycin reduced the neutrophil number, IL-8
level, and NE activity in BAL fluids of patients with CAD.

MATERIALS AND METHODS

Reagents. Recombinant human IL-lp was provided by Gen-
zyme (Boston, Mass.). Erythromycin was a kind gift from
Dainippon Pharmaceutical Co., Ltd., Osaka, Japan. Erythro-
mycin was dissolved at a concentration of 10 mg/ml in dimethyl
sulfoxide (Wako Pure Chemical Industries, Ltd., Osaka, Ja-
pan) and subsequently diluted in serum-free culture medium
for testing AMs or neutrophils. Cycloheximide was obtained
from Sigma Chemical Co., St. Louis, Mo.

Bacteria and LPS. P. aeruginosa 5276 with a mucoid pheno-
type was isolated from a patient with DPB. This organism was
grown overnight in brain heart infusion broth and harvested in
sterile normal saline, and then formalin-killed bacteria were
prepared as described previously (32). LPS from strain 5276
was extracted by the hot phenol-water method of Johnson and
Perry (15).

Subjects. Three groups of subjects were studied: nine (two
male and seven female) patients with CAD and persistent P.
aeruginosa infection (CAD+PA), eight (six male and two
female) CAD patients without any bacterial infection
(CAD-PA), and eight male normal volunteers (NV). The
CAD+PA patients had P. aeruginosa isolated repeatedly from
their sputa for 2 months (at least) to 10 years. No pathogenic
organism, including P. aeruginosa, was isolated from their
sputa, which was obtained from the CAP-PA patients before
the performance of BAL, and their BAL fluid. Two patients
had DPB, one had bronchiectasis, and six had chronic bron-
chitis. The average age of the CAD+PA patients was 57.9 ±
4.8 years, and all were nonsmokers. Among CAD-PA patients,
one had DPB, one had bronchiectasis, and six had chronic
bronchitis. Their average age was 62.0 ± 7.0 years, and only
one was a smoker. DPB was diagnosed by clinical symptoms,
physical examination, and chest radiography as well as pulmo-
nary function tests and lung biopsy, according to the diagnostic
criteria of Japanese Ministry of Health and Welfare (11).
Chronic bronchitis was diagnosed by using the clinical criteria
of persistent cough and sputum for more than 2 years and
pulmonary function test showing a decreased forced expiratory
volume in 1 s (FEV1) of less than 70% predicted (3). Bron-
chiectasis was diagnosed by symptoms and bronchographic
examinations. There were no clinical signs or radiographic
findings suggesting pneumonia or acute exacerbation of the
diseases. None of the patients had been treated with glucocor-
ticoids. The NV subjects were volunteers without symptoms or
abnormal findings by chest radiography or pulmonary function
tests. Their average age was 23.1 ± 1.2 years, and four were
smokers. Three patients with CAD+PA (two with DPB and
one with bronchiectasis) and two patients with CAD-PA (one
with DPB and one with bronchiectasis) had received low-dose
oral erythromycin therapy (600 mg/day, every 8 h) for approx-
imately 3 months after the performance of the first BAL. The
effects of this drug on the findings in BAL fluids were
evaluated after treatment in each case. No patients were
treated with antibiotics other than erythromycin. Informed
consent was obtained from all patients and volunteers.
BAL fluid samples. BAL was performed with a fiber-optic

bronchoscope (BF-lT20; Olympus Co., Tokyo, Japan) in a
subsegmental bronchus of the right lung of NV and patients
with CAD as described previously (33). Fifty milliliters of
sterile saline was introduced gently by syringe through the
bronchoscope and recovered. This procedure was repeated
three times, and BAL fluids were pooled and filtered through

three layers of cotton gauze. The cells of the BAL fluids were
counted in a hemocytometer. The supernatants of the BAL
fluids were obtained by centrifugation at 200 x g for 10 min at
4°C and stored at -80°C until used. The cell pellets were
prepared with a Cytospin 2 (Shandon Southern Products, Ltd.,
Astmoor, England) and stained with May-Giemsa stain. Dif-
ferential cell counts were determined for 200 cells.

IL-8 assay. The IL-8 levels were determined by an enzyme-
linked immunosorbent assay (ELISA), using monoclonal anti-
body WS 4 as the capturing antibody and polyclonal rabbit
anti-IL-8 antibody as the secondary antibody, both of which
were raised against human recombinant IL-8 of 72 amino acids
as described previously (19). The IL-8 content of BAL fluid or
serum was measured directly. The detection limit of this assay
was 31.3 pg of IL-8 per ml. Albumin concentrations in BAL
fluids and serum were determined by laser nephelometry to
compare the IL-8/albumin ratios in BAL fluids with those in
sera.

IL-1I and TNF assays. IL-1 levels in BAL fluids were
measured by a commercially available ELISA kit (Otsuka
Pharmaceutical Co., Tokushima, Japan). The detection limit of
IL-1, was 2 pglml. TNF bioactivities in BAL fluids were
measured as cytolysis of actinomycin D-sensitized L-929 mu-
rine fibroblasts (American Type Culture Collection, Rockville,
Md.), determined by crystal violet staining by the procedure
described by Ruff and Gifford (38). This end point corre-
sponded to 20 pg/ml when a recombinant human TNF-a
standard was used.
NE activity. NE activities in BAL fluid were determined with

the substrate methoxy-succinyl-alanyl-alanyl-prolyl-valyl p-ni-
troanilide (Sigma) as described previously (52). Purified NE
(Elastin Product Co., Inc., Pacific, Mo.) was used as a standard.
This assay for NE activity did not detect purified P. aeruginosa-
derived elastase (Nagase Biochemicals, Kyoto, Japan).
NCF activity. The NCF activities in BAL fluids from eight

CAD patients (CAD+PA, n = 4; CAD-PA, n = 4) and four
NV subjects were measured by using the membrane filter
method and a 48-well microchemotactic chamber (Neuro
Probe, Inc., Bethesda, Md.) as described previously (33).
These BAL fluids from CAD patients and NV subjects were
selected at random from each group. Neutrophils were purified
from the peripheral blood of a normal volunteer by dextran
sedimentation and Ficoll-Hypaque density gradient centrifu-
gation and suspended at a concentration of 2 x 106 cells per ml
in Hanks' balanced salt solution containing 1% human serum
albumin (Miles, Inc., Kankakee, Ill.). Both the purity and the
cell viability of neutrophils were determined to be >99%.
Twenty-five microliters of BAL fluid sample or 10-' M
N-formylmethionylleucyl phenylalanine (Sigma) was placed in
quadruplicate in the bottom wells of the chamber separated by
a membrane filter with pores 3 ,um in diameter, and the upper
wells were filled with 50 RI of neutrophil suspension. The
chemotaxis chamber assembly was incubated at 37°C in humid-
ified 95% air-5% CO2 for 1 h, and then the filter was removed,
fixed in methanol, and stained with Diff-Quick stain (Koku-
saisiyaku, Kobe, Japan). The cells that migrated through the
filter were counted under oil immersion in five fields (magni-
fication, x 1,000). In neutralization studies, 100 ,u of BAL fluid
sample was incubated with the same volume of anti-IL-8
polyclonal rabbit immunoglobulin G (IgG; 100 p,g/ml; Endo-
gen, Inc., Boston, Mass.) or control rabbit IgG (100 ,ug/ml;
Zymed Laboratories, Inc., San Francisco, Calif.) for 30 min at
4°C and then employed in the NCF assay. Anti-IL-8 polyclonal
rabbit IgG at 100 ,ug/ml completely neutralizes neutrophil
chemotaxis of recombinant IL-8 at levels up to 100 ng/ml. The
levels of IL-8 in BAL fluids were all less than 50 ng/ml. Thus,
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TABLE 1. Characteristics of BAL cells from patients with CAD and from NV'

Patient group Log (total cells/ml) % AMs % Neutrophils % Lymphocytes

CAD+PA (n = 9) 6.1 ± 0.2** 22.4 ± 20.7** 72.4 ± 9.6** 4.7 ± 9.4
CAD-PA (n = 8) 5.5 ± 0.1 53.3 ± 26.6* 37.8 ± 9.6* 6.2 ± 8.1
NV (n = 8) 5.2 ± 0.1 91.9 ± 6.2 2.4 ± 0.7 6.0 ± 5.6

a *, P < 0.05; **, P < 0.01 (compared with NV group by Kruskall-Wallis test and Tukey's multiple comparison).

anti-IL-8 polyclonal rabbit IgG at 100 ,g/ml was expected to
neutralize NCF activities of IL-8 in the BAL fluids completely.
NCF activities were expressed as the mean values of four
individual experiments.
AM and neutrophil culture. Human AMs were collected

from three healthy nonsmokers by BAL. Recovered cells were
resuspended in Eagle minimum essential medium (Nissui,
Tokyo, Japan) containing 1 mM L-glutamine, 25 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), and
1% nonessential amino acids (GIBCO, Grand Island, N.Y.).
The BAL fluid cell differential counts revealed 96.0% AMs,
1.6% neutrophils, and 2.3% lymphocytes. The lavage cells were
>95% viable by the trypan blue dye exclusion method. Freshly
isolated human AMs were plated on 96-well polystyrene plates
(Coming Laboratory Science Co., Coming, N.Y.) at a concen-
tration of 2 x 105 cells per ml. Both the purity and the cell
viability of neutrophils plated from the peripheral blood ofNV
as described above were determined to be >99%. Purified
neutrophils were resuspended in sterile RPMI 1640 (Nissui)
containing 1 mM L-glutamine and 25 mM HEPES. The cells
were plated in 96-well polystyrene plates at a concentration of
4 x 106 cells per ml. AMs or neutrophils were stimulated at
time zero with formalin-killed bacteria (107 CFU/ml), LPS (1
,ug/ml) of P. aeruginosa 5276, or IL-1,B (10 ng/ml) at 37°C in
humidified 95% air-5% CO2. Cell-free supematants of condi-
tioned media were collected at 24 h poststimulation. To
determine whether erythromycin suppresses AM- or neutro-
phil-derived IL-8 production, AMs or neutrophils were stimu-
lated with formalin-killed P. aeruginosa 5276 (107 CFUI/ml) or
IL-1p (10 ng/ml) and simultaneously incubated with erythro-
mycin at various concentrations (0.1, 1.0, 5.0, and 10 ,ug/ml),
diluted in dimethyl sulfoxide. Erythromycin (0.1 to 10 ,ug/ml)
did not alter the cell viability ofAMs or neutrophils under the
same stimulation during 24 h of incubation. The final concen-
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FIG. 1. Comparative analysis of IL-8/albumin ratios in serum and
BAL fluids (BALF) among three groups: patients with CAD+PA,
patients with CAD-PA, and NV. *, P < 0.05; **, P < 0.01 (by
Kruskall-Wallis test and Tukey's multiple comparison).

trations of dimethyl sulfoxide alone (0.001, 0.01, 0.05, and
0.1%) did not suppress AM or neutrophil-derived IL-8 pro-
duction when stimulated with formalin-killed P. aeruginosa
5276 (107 CFU/ml) or IL-1i (10 ng/ml). Cell-free supematants
of culture media were harvested at 24 h poststimulation. All
supematants of culture media were stored at -80°C until
tested with the IL-8 ELISA.

Statistical analysis. All data were expressed as the mean ±
standard deviation. Differences in total cell numbers, percent-
ages of AMs and neutrophils, IL-8/albumin ratios, IL-1B/
albumin ratios, and NE/albumin ratios among three subgroups
were determined by a Kruskall-Wallis test and Tukey's multi-
ple comparison. The NCF activity in BAL fluids and neutrophil
numbers, IL-8/albumin ratios, and NE/albumin ratios before
and after erythromycin therapy were analyzed by the paired
Student t test. IL-8 levels of culture supematants were com-
pared with a single control without erythromycin by Dunnett's
multiple comparison. Data were considered statistically signif-
icant if P values were less than 0.05.

RESULTS

Cells in BAL fluid. The total cell numbers in BAL fluids of
patients with CAD+PA were significantly higher than those of
NV subjects (P < 0.01) (Table 1). The neutrophil fraction in
BAL fluids of patients with CAD+PA or CAD-PA was higher
than that ofNV subjects (P < 0.01 for CAD+PA; P < 0.05 for
CAD-PA). Consequently, the AM fraction in BAL fluids of
patients with CAD+PA or CAD-PA was smaller than that of
NV subjects (P < 0.01 for CAD+PA; P < 0.05 for CAD-PA).
No significant difference between CAD+PA and CAD-PA
patients was seen in the total cell numbers or the fractions of
AMs and neutrophils.
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FIG. 2. Comparative analysis of NE/albumin ratios in BAL fluids
among three groups: patients with CAD+PA, patients with CAD-PA,
and NV. *, P < 0.05; **, P < 0.01 (by Kruskall-Wallis test and Tukey's
multiple comparison).
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FIG. 3. Comparative analysis of IL-1 3/albumin ratios in BAL fluids
among three groups: patients with CAD+PA, patients with CAD-PA,
and NV. **, P < 0.01 (by Kruskall-Wallis test and Tukey's multiple
comparison).

IL-8 in serum and BAL fluids. In each subgroup of
CAD+PA or CAD-PA, the IL-8/albumin ratio in BAL fluids
was significantly higher than that in the serum samples (P <
0.01 in CAD+PA; P < 0.05 in CAD-PA) (Fig. 1). These data
indicate local production of IL-8 in the airways of CAD
patients. In BAL fluids, IL-8/albumin ratios of patients with
CAD+PA (65.5 ± 132.4 ng/mg) or CAD-PA (7.6 ± 2.2
ng/mg) were significantly higher than those ofNV subjects (0.3
± 0.1 ng/mg; P < 0.01 for CAD+PA; P < 0.05 for CAD-PA).
However, no significant difference was seen in the IL-8/
albumin ratio between CAD+PA and CAD-PA patients. In
serum samples, a significant elevation of IL-8/albumin ratios
was demonstrated in patients with CAD+PA (51.2 ± 20.0
pg/mg) compared with patients with CAD-PA (2.7 ± 2.7
pg/mg) or NV subjects (5.3 ± 3.0 pg/mg; P < 0.05).
NE activity in BAL fluids. NE/albumin ratios in BAL fluids

were significantly elevated in patients with CAD+PA (124.6 ±
167.1 jig/mg) compared with CAD-PA patients (2.8 ± 1.7
,ug/mg; P < 0.05) or NV subjects (0.2 ± 0.1 jig/mg; P < 0.01)
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(Fig. 2). No significant difference was noted in the NE/albumin
ratio between patients with CAD-PA and NV subjects.

IL-1, and TNF levels in BAL fluids. As shown in Fig. 3,
IL-1/albumin ratios were much lower than IL-8/albumin
ratios or NE/albumin ratios in BAL fluids of patients with
CAD. Only IL-1 ,8/albumin ratios in BAL fluids of patients with
CAD+PA (0.63 ± 0.68 ng/mg) were significantly higher than
those of NV subjects (0.01 ± 0.01 ng/mg; P < 0.01). There was
no significant difference in the IL-l,B/albumin ratio between
patients with CAD+PA and CAD-PA (0.07 ± 0.10 ng/mg).
TNF bioactivities were not detected in BAL fluids from
patients with CAD+PA or CAD-PA or NV subjects.

Relationship between neutrophil numbers and IL-8, NE,
and IL-1j8 levels. As shown in Fig. 4A, a significant correlation
between IL-8/albumin ratios and neutrophil numbers in BAL
fluids from patients with CAD was observed (r = 0.70; P <
0.01). The ratios of NE/albumin also correlated well with
neutrophil numbers in BAL fluids of patients with CAD (r =
0.82; P < 0.001; Fig. 4B). A weaker correlation between
IL-1l/albumin ratios and neutrophil numbers in BAL fluids
from CAD patients was observed (r = 0.54; P < 0.01).
Consequently, IL-8/albumin ratios in BAL fluids from CAD
patients also correlated well with NE/albumin ratios and
IL-l,B/albumin ratios in BAL fluid (r = 0.75 and P < 0.01 for
NE/albumin; r = 0.63 and P < 0.01 for IL-lp/albumin).
NCF activity in BAL fluid. We examined NCF activities in

BAL fluids from eight patients with CAD (CAD+PA, n = 4;
CAD-PA, n = 4) and four NV subjects and also performed
neutralization experiments to determine how much IL-8 con-
tributed to NCF activities of these samples, using anti-human
IL-8 or control polyclonal IgG. As shown in Fig. 5, preincuba-
tion with anti-IL-8 IgG resulted in a significant reduction of
NCF activities in BAL fluids of both CAD+PA (control IgG,
74.4% ± 8.6%, versus anti-IL-8 IgG, 47.9% ± 11.2%; P <
0.01) and CAD-PA (control IgG, 68.2% ± 10.4%, versus
anti-IL-8 IgG, 53.6% ± 8.2%; P < 0.01) patients. The reduc-
tion of NCF activities of CAD+PA patients (P < 0.05) (Fig.
6A) was significantly higher than that of CAD-PA patients
(36.3% ± 8.1% versus 20.9% ± 6.6%; P < 0.05). These data
suggest a significant participation of IL-8 in neutrophil accu-
mulation in the airways of CAD patients, especially as associ-
ated with persistent P. aeruginosa infection.
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FIG. 4. Correlation between neutrophil numbers and IL-8/albumin ratios (A) and NE/albumin ratios (B) in BAL fluids from patients with

CAD+PA (n = 9) (closed circles) or patients with CAD-PA (n = 8) (open circles).
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FIG. 5. The NCF activities of BAL fluids from four patients with
CAD+PA, four patients with CAD-PA, and four NV. The BAL fluids
were treated with anti-IL-8 polyclonal rabbit IgG (100 ,ug/ml) or

control rabbit IgG (100 jig/ml) for 30 min at 4°C. The NCF activity is
expressed as a percentage of the positive control (10-' M N-formyl-
methionylleucyl phenylalanine). Each value is the mean of quadrupli-
cate determinations. **, P < 0.01 (by Student's t test).

Effects of erythromycin therapy in CAD patients. The
low-dose, long-term treatment with erythromycin significantly
decreased the log10 (neutrophil numbers per milliliter) (be-
fore, 6.0 ± 1.0, versus after, 4.7 ± 0.7; P < 0.05) (Fig. 6A), the
IL-8/albumin ratios (before, 12.0 ± 7.5, versus after, 2.2 ± 1.4
ng/mg; P < 0.05) (Fig. 6B), and the NE/albumin ratios (before,
41.1 ± 65.7, versus after, 0.5 ± 0.4 jig/mg; P < 0.05) (Fig. 6C)
in BAL fluids from three CAD+PA patients and two
CAD-PA patients.
AM and neutrophil-derived IL-8. LPS (1 ,ig/ml) and forma-

lin-killed bacteria (107 CFU/ml) of P. aeruginosa 5276 stimu-
lated human AM to produce IL-8 at 52.8 ± 11.2 and 95.5 ± 5.0
ng/ml, respectively, at 24 h poststimulation. IL-13 was selected
as a stimulator of both AMs and neutrophils, since IL-1,B, but
not TNF-ax, was found to be elevated in BAL fluids from
patients with CAD+PA in this study. Addition of IL-13 (10
ng/ml) induced AM-derived IL-8 production to a maximum of
40.4 ± 11.0 ng/ml, while unstimulated human AMs produced
16.0 ± 3.7 ng/ml of IL-8 at 24 h postincubation. Stimulation of
human neutrophils with strain 5276 LPS (1 ,ug/ml) induced
low-level production of IL-8 (5.2 ± 0.2 ng/ml) at 24 h
poststimulation. In contrast, stimulation of human neutrophils
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with formalin-killed strain 5276 (107 CFU/ml) induced high
levels of IL-8 production (81.1 ± 4.4 ng/ml) at the same

incubation time. IL-1lB (10 ng/ml) stimulated human neutro-
phils to produce IL-8 at maximal levels of 9.1 ± 1.7 ng/ml at 24
h poststimulation. IL-8 production in AM and neutrophil
culture was dependent on protein synthesis, because the
addition of cycloheximide at a concentration of S jig/ml
completely inhibited IL-8 release in both AM and neutrophil
cultures in the presence or absence of each stimulant (data not
shown).

Effects of erythromycin onAM and neutrophil-derived IL-8.
We examined whether erythromycin suppresses IL-8 produc-
tion induced by AMs or neutrophils stimulated with formalin-
killed P. aeruginosa 5276 or IL-11. Erythromycin suppressed
Pseudomonas-induced, neutrophil-derived IL-8 in a dose-de-
pendent manner (Fig. 7). Significant inhibitions were observed
at erythromycin concentrations of S jug/ml (percent maximum
IL-8, 81.0% ± 5.0%; P < 0.05) and 10 jig/ml (percent
maximum IL-8, 71.1% ± 5.2%; P < 0.01). However, erythro-
mycin did not suppress IL-1l3-induced neutrophil-derived IL-8
production (data not shown). Erythromycin at a range of 0.1 to
10.0 ,ug/ml showed no inhibitory effects on the IL-8 production
of AMs stimulated with formalin-killed P. aeruginosa 5276 or

IL-1 1P (data not shown).

DISCUSSION

In patients with CAD, the present study first demonstrated
that persistent P. aeruginosa infection caused a significant
increase in NE levels of BAL fluids, whereas neutrophil
recruitment and the release of IL-8 and IL-13 into the airways
of patients with CAD were not significantly increased. No TNF
bioactivity was detected in the airways of patients with CAD.
Shaw and Fick similarly reported that TNF-a levels were not
elevated in the airway fluids from CF patients with chronic P.
aeruginosa infections, while IL-1P levels were found to be high
(41). The authors suggested that TNF-a was inactivated in
vitro by serine proteases identified in the airway fluid from CF
patients with chronic P. aeruginosa infection. Taken together,
these data indicate that TNF-ai may not be essential for the
pathogenesis of CAD with persistent P. aeruginosa infection.
The large IL-8 production by human AMs stimulated with

formalin-treated bacteria or LPS of P. aeruginosa 5276, as
shown in vitro, supports the higher levels of IL-8 in the airway
of patients with CAD+PA. More importantly, our in vitro data
from human neutrophil culture in the presence of formalin-
killed bacteria or LPS of P. aeruginosa 5276 suggested that the
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FIG. 6. Comparison of neutrophil numbers (A), IL-8/albumin ratios (B), and NE/albumin ratios in BAL fluids from three patients with
CAD+PA (closed circles) or two patients with CAD-PA (open circles) before and after erythromycin therapy. *, P < 0.05 (by Student's t test).
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FIG. 7. Effects of erythromycin on neutrophil-derived IL-8 produc-
tion. Neutrophils were stimulated with formalin-killed P. aeruginosa
5276 at a concentration of 107 CFU/ml and simultaneously incubated
with erythromycin at concentrations of 0.1, 1.0, 5.0, and 10.0 jig/ml.
Cell-free supematants were harvested at 24 h poststimulation. The
results were expressed as the percentage of maximum IL-8 production
by stimulated neutrophils. Each value represents the mean ± standard
deviation of three determinations. *, P < 0.05; **, P < 0.01 (compared
with no erythromycin treatment by Dunnett's multiple comparison).

large amount of neutrophil-derived IL-8 might augment the
inflammatory response through additional recruitment of neu-
trophils. The IL-8/albumin ratios and NE activity/albumin
ratios correlated well with neutrophil numbers in BAL fluids of
patients with CAD. Therefore, local IL-8 production could
directly mediate neutrophil migration into the air space of
patients with CAD and stimulate neutrophils to release NE
(50). Recently, McElvaney et al. (25) found a similar correla-
tion between IL-8 and NE levels in BAL fluids of CF patients.
Nakamura and his colleagues have shown that NE itself
induces IL-8 gene expression and IL-8-like NCF activity in a
bronchial epithelial cell line (29). In preliminary immunohis-
tochemical studies, we found antigenic IL-8 localized to bron-
chial epithelial cells of autopsied lung tissue from two cases of
DPB (31). These data suggest that a vicious cycle of IL-8
production and neutrophil accumulation induces progressive
tissue damage in the airways of patients with CAD, which is
mediated by neutrophil-derived lysosomal enzymes and super-
oxide anions (5, 40). Furthermore, neutrophil proteases, elas-
tase, and cathepsin G were found to stimulate airway gland
serous cell secretion in airway diseases associated with neutro-
phil infiltrations (43).
We demonstrated a significant correlation between IL-13

levels and neutrophil numbers in BAL fluid in CAD patients,
as previously shown in children with bacterial infections (54).
This proinflammatory cytokine is capable of inducing IL-8
production in various types of respiratory cells, such as AM
(36, 45), bronchial and pulmonary epithelial cells (29, 44), and
pulmonary fibroblasts (37). In this article, we have shown that
the level of human AM-derived IL-8 production induced by
IL-13 was comparable to that induced by P. aeruginosa LPS.
Therefore, airway IL-1B appears to mediate neutrophil accu-
mulation through IL-8 release from IL-1i-stimulated human
AM and other respiratory cells.

Recent literature has shown that IL-8 is a major NCF in
patients with CAD, idiopathic pulmonary fibrosis, or CF (33,
35). Neutralization of IL-8 with anti-IL-8 antibody-coupled
agarose gel in BAL fluids from these patients resulted in a 20
to 30% decrease of NCF activity in patients with CAD or

idiopathic pulmonary fibrosis. In the present study, anti-IL-8
polyclonal IgG inhibited NCF activities in BAL fluids of
CAD+PA patients by 28 to 47% and of CAD-PA patients by
16 to 30%. Richman-Eisenstat et al. showed that anti-IL-8
monoclonal antibody neutralized 75 to 98% of NCF activities
in sputa from patients with CF, bronchiectasis, and chronic
bronchitis (35). However, this might be due to differences in
the methods of retrieving the mediators or in the specificities
of the anti-IL-8 antibodies used.
The literature considering the possible inhibitors of IL-8

production is increasing (26, 27, 36, 45). It has been shown that
glucocorticoids suppress IL-8 mRNA transcripts expressed
from LPS-stimulated AM (45) and peripheral blood mononu-
clear cells (27). Amiloride, a pyrazinoylguanidine compound,
suppressed steady-state levels of mRNA for IL-8 expressed in
LPS-stimulated AM (36). Recently, nebulized amiloride was
shown to reduce the decline of pulmonary function in patients
with severe CF (17). The authors suggested that the effect of
amiloride was due to an alteration of the water content of
respiratory secretions. However, an additional mechanism,
involving a suppressive effect of amirolide on AM-derived IL-8
production, may be operative. 1,25(OH)2-vitamin D3 is an-
other potential inhibitor of IL-1-induced IL-8 production in
peripheral blood mononuclear cells, keratinocytes, and fibro-
blasts, but not in endothelial cells (22). Topical application of
a 1,25(OH)2-vitamin D3 analog, calcipotriol, has been used
successfully in the treatment of patients with psoriasis, in which
the dermal level of IL-8 is high (20). These reports strongly
support the possible clinical application of IL-8 inhibitors
against IL-8-related inflammatory diseases.

Previous studies have shown the clinical usefulness of low-
dose, long-term erythromycin therapy for patients with CAD,
including DPB (21, 39, 55). Erythromycin has been suggested
to provide an anti-inflammatory rather than antimicrobial
effect (21, 30). A recent report showed that erythromycin
suppressed neutrophil numbers and elastase-like activities in
BAL fluids of DPB patients (14). Other investigators demon-
strated that erythromycin reduced NCF activities in BAL fluids
of DPB patients (16). In addition, erythromycin inhibited the
intrapulmonary influx of neutrophils in mice intratracheally
challenged with LPS. These clinical and experimental data
suggest that erythromycin suppresses the release of NCFs in
the airways. In this study, we documented significant in vivo
inhibitory effects of erythromycin therapy on neutrophil num-
bers, IL-8 levels, and NE levels in BAL fluids of five patients
with CAD+PA or CAD-PA. Therefore, we hypothesized that
erythromycin might inhibit the release of IL-8 from AMs or
neutrophils. To test our hypothesis, we determined whether
erythromycin suppressed production of IL-8 by human AMs or
neutrophils under stimulation by mucoid P. aeruginosa 5276 or
IL-1,B in vitro. We found a dose-dependent inhibitory effect of
erythromycin on IL-8 production by Pseudomonas-stimulated
neutrophils but not by IL-l,B-stimulated neutrophils or by
Pseudomonas- or IL-1a-stimulated AMs. The diluent dimethyl
sulfoxide at concentrations of 0.001 to 0.1% failed to alter IL-8
production by Pseudomonas- or IL-1a-stimulated AMs or
neutrophils, in contrast to a recent report (4). Erythromycin at
levels of 1 to 10 ,ug/ml provided approximately a 15 to 30%
reduction in IL-8 production by Pseudomonas-stimulated neu-
trophils. The range of erythromycin concentration in serum or
sputum samples from patients with DPB has been reported to
be 0.29 to 1.75 ,ug/ml and 0.17 to 1.86 ,ug/ml, respectively (28).
The clinically achievable level of erythromycin is expected to
induce up to a 20% reduction of neutrophil-derived IL-8
production. Therefore, continuous oral administration of
erythromycin might partly provide in vivo suppression of IL-8
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release in the airways of CAD patients. However, this in vitro
observation does not explain the drastic suppression of IL-8
production by erythromycin in CAD patients, especially in
CAD-PA patients. An indirect mechanism of erythromycin in
vivo to regulate IL-8 production remains to be explored.

In summary, persistent P. aeruginosa infection tended to
enhance IL-8, IL-1,, and NE activity and induced higher
IL-8-derived NCF activities and dense neutrophil infiltrations
in the airways of CAD patients. Moreover, persistent P.
aeruginosa infections may stimulate neutrophils in the airways
to release the additional IL-8. Therefore, a perpetual cycle of
IL-8 production and neutrophil accumulation plays an impor-
tant role in the pathogenesis of airways of CAD patients,
especially as associated with persistent P. aeruginosa infections.
We also demonstrated that the low-dose, long-term erythro-
mycin therapy resulted in significant reductions of the neutro-
phil numbers and IL-8 and NE levels in BAL fluids of
CAD+PA or CAD-PA patients. Reduction of two important
inflammatory mediators, IL-8 and NE, by erythromycin might
break the vicious cycle of IL-8-neutrophil accumulation in the
airways of patients with CAD.
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