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Macrolide antibiotics such as erythromycin have been reported to be effective for asthma. However, the pre-
cise mechanisms of this effect remain unclear. We studied the effect of erythromycin, clarithromycin, josa-
mycin, and other antibiotics on the release by eosinophils of interleukin-8 (IL-8), a potent chemokine for
inflammatory cells, including eosinophils themselves. Human eosinophils were isolated from atopic patients,
and the effects of the drugs on IL-8 release were evaluated. Only 14-member macrolides (erythromycin and
clarithromycin) showed a concentration-dependent suppressive effect on IL-8 release (control, 100%; erythro-
mycin at 1 pg/ml, 67.82% = 3.45% [P < 0.01]; clarithromycin at 5 pg/ml, 56.81% = 9.61% [P < 0.01]). The
effect was found at therapeutic concentrations and appeared to occur at the posttranscriprtional level. In
contrast, a 16-member macrolide (josamycin) had no significant effect. We suggest that 14-member macrolides
inhibit IL-8 release by eosinophils and may thereby prevent the autocrine cycle necessary for the recruitment

of these cells into the airways.

Erythromycin, a macrolide antibiotic, has been reported to
be effective for the treatment of asthma, especially severe,
intractable, or steroid-dependent asthma (8, 9). Erythromycin
reduces the severity of bronchial hyperresponsiveness in asth-
matic patients (15). Recently, low-dose, long-term erythromy-
cin therapy resulted in a decrease in neutrophil chemotactic
activity and interleukin-8 (IL-8), as well as neutrophil numbers,
in bronchoalveolar lavage fluids from patients with chronic
inflammatory airway diseases (20). Therefore, it is likely that
erythromycin attenuates airway inflammatory responses via its
inhibitory effect on cytokine release.

Eosinophils have been considered to be one of the most
important effector cells in the pathogenesis of asthma. Recent
studies have shown that eosinophils generate IL-8 (3), and it
has recently been proved to be a chemotactic factor and trans-
migration mediator for eosinophils (6). Therefore, IL-8-medi-
ated eosinophil accumulation in the airways may be an impor-
tant process in the pathogenesis of bronchial asthma.

Here, we evaluated the effects of macrolides such as eryth-
romycin, clarithromycin, and josamycin on IL-8 production by
human eosinophils.

MATERIALS AND METHODS

Reagents. Calcium ionophore A23187 and EDTA were purchased from Sigma
Chemical Co. (St. Louis, Mo.). Percoll solution was obtained from Pharmacia
Fine Chemicals (Uppsala, Sweden). Hanks’ balanced salt solution without cal-
cium and magnesium, phosphate-buffered saline (PBS), heat-inactivated fetal
calf serum, and RPMI 1640 medium were purchased from GIBCO (Grand
Island, N.Y.). Dextran 70 was obtained from Green Cross (Osaka, Japan).
Magnetic cell sorting and anti-CD16-bound micromagnetic beads were pur-
chased from Miltenyi Biotec Inc. (Sunnyvale, Calif.). Nonidet P-40 was pur-
chased from IWAI Chemicals Co. (Tokyo, Japan). Enzyme-linked immunosor-
bent assay (ELISA) kits for IL-8 detection (Compact ELISA kit) were obtained
from the Central Laboratory of the Netherlands Red Cross Blood Transfusion
Service (Amsterdam, The Netherlands).

Macrolide antibiotics (kind gifts from S. Ohmura, Kitasato Institute, Tokyo,
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Japan) and tetracycline (Takeda Chemicals Industries, Tokyo, Japan) were dis-
solved in ethanol as stock solutions. Cefazolin (Fujisawa, Tokyo, Japan) was
dissolved in distilled water as stock solutions. They were diluted further in media
for experiments. Preliminary experiments demonstrated that the concentration
of ethanol used in this study did not show any significant cytotoxicity to eosin-
ophils as assessed by the trypan blue dye exclusion technique (data not shown).

Purification of blood eosinophils. Eosinophils were isolated from peripheral
blood of consenting patients who had allergic disease such as bronchial asthma
and atopic dermatitis as reported previously (11). These patients (n = 27; 11
males and 16 females; average age, 60.30 = 2.0 years) received neither systemic
nor inhaled corticosteroid treatment. One hundred millimolar EDTA-anticoag-
ulated blood was obtained from the patients and sedimented with Dextran 70 for
90 min at room temperature. The granulocyte-rich plasma was collected and
centrifuged at 400 X g for 10 min at 20°C. After the washing procedure, the cells
were suspended in 3 ml of Percoll solution at a density of 1.088 g/ml. The Percoll
osmolality was adjusted from 290 to 316 mosmol/kg by addition of Hanks’
balanced salt solution. The preparation was centrifuged at 400 X g for 30 min. at
4°C. After centrifugation, the pellet was collected and washed. Residual eryth-
rocytes were removed by hypotonic lysis. After washing, the pellet of highly
purified granulocytes was then incubated with anti-CD16-bound micromagnetic
beads for 30 min at 4°C. Magnetic labeled neutrophils were then depleted by
passage through a magnetically activated cell sorter column (Miltenyi) (11). The
eosinophil-rich suspension was then separated. Eosinophils were counted with a
standard hemocytometer after staining with Randorph’s stain (Muto Pure Chem-
icals, Tokyo, Japan). Differential cell counts were made from cytocentrifuged
slides stained with May-Giemsa stain. Eosinophils were shown to be 97.4% =+
1.2% pure, with a few contaminating neutrophils (mean, 1.2%) or mononuclear
cells (mean, 0.8%). Eosinophil viability, assessed by the trypan blue dye exclusion
technique, was 95% =+ 3.2%.

Culture of eosinophils. Purified eosinophils (2.5 X 10°/ml) were cultured in
48-well flat-bottom plates with RPMI 1640 medium supplemented with 10%
fetal calf serum. To determine the effects of macrolides on IL-8 release from
human blood eosinophils, duplicate aliquots (2.5 X 10°/ml, 0.5 ml) were incu-
bated with erythromycin, clarithromycin, and josamycin at different concentra-
tions in a humidified atmosphere at 37°C with 5% CO,. The culture supernatants
were harvested by centrifugation after different time periods and subjected to a
cytokine assay. Preliminary experiments demonstrated that the ethanol dilution
of controls had no significant effect on IL-8 release (data not shown), and
therefore, the data were recorded as percentages and the values obtained with
medium alone were defined as 100%. We examined the effects of cefazolin (1 to
25 pg/ml) and tetracycline (1 to 25 pg/ml) on IL-8 release by eosinophils in a
similar manner. In some experiments, pellets were washed once with PBS and
cell lysates were obtained by addition of 0.5 ml of 0.5% Nonidet P-40 (5.0 X
10°/ml). Samples were stored at —70°C until assay.

Measurement of IL-8 by ELISA. The amounts of IL-8 in the supernatants and
cell lysates were measured by ELISA kits. The principle of these kits is the
quantitative sandwich enzyme immunoassay technique, in which a monoclonal
antibody (MAD) is bound to polystyrene microtiter wells. Briefly, IL-8 in the
sample was captured by the antibody on the microtiter plate. Subsequently, a
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biotinylated antibody to the cytokine was added, followed by horseradish perox-
idase-conjugated streptavidin. After the reaction was terminated by the addition
of a stop solution, A,ys was measured in a microtiter plate reader. The lower
detection limit was 5 pg/ml. The inter- and intra-assay variations were less than
5%. The assay was specific for IL-8 and did not show cross-reactivity with other
cytokines, including IL-1e, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10,
IL-11, macrophage colony-stimulating factor, granulocyte colony-stimulating fac-
tor, granulocyte-macrophage colony-stimulating factor, leukemia inhibitory fac-
tor, RANTES (regulated upon activation in normal T cells, expressed and se-
creted), stem cell factor, mast cell factor, transforming growth factor 81, tumor
necrosis factor alpha; tumor necrosis factor beta, and gamma interferon. Each
sample was assayed in duplicate as recommended by the manufacturer (11).

Detection of IL-8 mRNA in human eosinophils. To determine the effect of
erythromycin on IL-8 mRNA expression, a semiquantitative assay utilizing re-
verse transcription (RT)-PCR) that was previously reported (4) was performed.
After removal of the supernatant, total RNA was isolated from eosinophils by
the guanidinium thiocyanate-phenol-chloroform extraction method as described
by Chomezynski and Sacchi (5). Briefly, 5.0 X 10° eosinophils were lysed in
solution D (4 M guanidinium thiocyanate, 25 mM sodium citrate, [pH 7]; 0.5%
sarcosyl, 0.1 M 2-mercaptoethanol) and RNA was extracted from the solution by
chloroform extraction. After that, the isopropanol-precipitated RNA was washed
twice with 70% ethanol, dried, and solubilized in diethylpyrocarbonate-treated
water. Extracted RNA was reverse transcribed to cDNA by using a Takara RNA-
PCR kit (Takara Shuzo, Tokyo, Japan) in accordance with the manufacturer’s
recommendations for PCR amplification as previously described (11). Briefly,
total eosinophil RNA, random hexadeoxynucleotides (as a primer), and avian
myeloblastosis virus reverse transcriptase were used for cONA synthesis. Human
IL-8-specific primer pairs used for PCR amplification were 5'-ATGACTTCCA
AGCTGGCCGTGCT-3' (5" primer) and 5'-TCTCAGCCCTCTTCAAAAACT
TCTC-3' (3' primer). Primers for beta actin were 5'-ATCTGGCACCACACC
TTCTACAATGAGCTGCG-3' (5’ primer) and 5'-CGTCATACTCCTGCTTG
CTGATCCACATCTGC-3' (3’ primer) (Clontech, Palo Alto, Calif.). PCR was
performed in a Progene thermal cycler (Techne, Cambridge, Mass.) at 94°C for
2 min, followed by 25 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1.5 min.
The amplified-DNA sizes were 289 bp for IL-8 and 1,126 bp for beta actin. The
PCR cycle was determined by preliminary experiments showing a linear rela-
tionship between PCR cycles and the intensity of signals on ethidium bromide-
stained agarose gels. For semiquantitative evaluation of IL-8 and beta actin, 25
and 25 cycles were chosen, respectively. The PCR product was run on a 1.0% aga-
rose gel. The density of each product was evaluated by standard densitometry.

Detection of IL-8 protein assessed by immunocytochemistry. Incubated eosin-
ophils were washed twice with PBS, and cytocentrifuged samples were prepared.
Slides were air dried for 1 min, treated with a 0.1% Triton X-100 solution
(50 mM Tris-HCI, 0.15 M NaCl, 0.1% Triton X-100 [pH 7.6]) for 30 min, and
then fixed in methanol for 10 min. The samples were stained by an immunohis-
tochemical technique using an anti-IL-8 MAb (10) (a generous gift from K.
Matsushima, Tokyo University, Tokyo, Japan). Signals were visualized by using
a commercially available Dako labeled streptavidin-biotin kit (Dako Japan Co.,
Ltd., Tokyo, Japan). Briefly, cytospins were pretreated with 3% hydrogen per-
oxide to inhibit endogenous peroxidase. Nonspecific staining was blocked by a
5-min incubation with blocking reagent including bovine serum albumin. The
specimens were then incubated with the anti-IL-8 MAb for 120 min and then
subjected to sequential 10-min incubations with a biotinylated goat anti-mouse
immunoglobulin antibody at room temperature. The samples were extensively
washed and reacted with a streptavidin-biotin-peroxidase complex, followed by
visualization with aminoethylcarbazole, and the preparations were counter-
stained with a hematoxylin solution. The number of positive cells per 200 cells
was determined in three randomized high-power fields by two independent
examiners without knowledge of the experimental groups.

Statistical analysis. The data were analyzed for significance by single- or two-
factor analysis of variance (ANOVA). The data were expressed as the mean *=
the standard error of the mean (SEM).

RESULTS

The 14-member macrolides erythromycin and clarithromy-
cin uniquely inhibited IL-8 release from human eosinophils.
Human peripheral blood eosinophils spontaneously released
IL-8 as reported previously, and calcium ionophore (10~° M)
increased the release of IL-8 by eosinophils significantly (11).
To examine the influence of macrolides and the other antibi-
otics on IL-8 release, we cultured eosinophils of atopic patients
with various concentrations of them. There was a time-depen-
dent accumulation of IL-8, and the protein synthesis inhibitor
cycloheximide (10 pg/ml) clearly blocked this release, suggest-
ing that this process requires de novo protein synthesis (Fig. 1).
As shown in Fig. 2a, erythromycin had a concentration-depen-
dent suppressive effect on constitutive IL-8 release from the
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FIG. 1. Time course of IL-8 release by human eosinophils. Eosinophils
(2.5 X 10°/ml, 0.5 ml) were incubated with or without 10~° M calcium ionophore
in a humidified atmosphere at 37°C with 5% CO,. IL-8 release was expressed as
a percentage of the spontaneous IL-8 release in 24 h, which was defined as 100%.
There was a spontaneous release of IL-8 which was inhibited by the addition of
10-pg/ml cycloheximide. Each point represents the mean * the SEM of four
separate experiments. *, P < 0.001 compared to the spontaneous group at each
time point.

eosinophils of atopic patients. Clarithromycin (5 and 25 pg/ml)
also showed a significant suppressive effect when studied after
24 h. However, the 16-member macrolide josamycin had no
significant effect on IL-8 release (control, 100%, at 5 pg/ml,
86.0% = 5.50%; at 25 wg/ml, 61.8% = 13.8% [P > 0.05;
ANOVA and the Bonferroni test]). Cefazolin or tetracycline
had no effect on IL-8 release. Erythromycin at 5 and 25 pg/ml,
but not at 1 wg/ml (Fig. 2b), further showed a suppressive effect
on IL-8 release by eosinophils stimulated with 10~° M calcium
ionophore when added to the cells 15 min after the calcium
ionophore treatment. Clarithromycin, but not josamycin, cefa-
zolin, or tetracycline, inhibited IL-8 release from activated
eosinophils (Fig. 2b). We analyzed the effects of macrolides on
intracellular IL-8 within eosinophils. The amount of IL-8 ex-
tractable from control eosinophil lysate was 69.48 * 14.58
pg/5.0 X 10° cells/ml. Erythromycin significantly elevated in-
tracellular concentrations of IL-8 at 5 wg/ml (115.89 * 66.14
pg/5.0 X 10° cells/ml [P < 0.01]).

Determination of the effect of macrolides on IL-8 mRNA
levels in human eosinophils by the RT-PCR technique. To
further study the mechanism of the inhibitory action of eryth-
romycin on IL-8 release, we evaluated IL-8 mRNA levels by a
semiquantitative RT-PCR technique. As shown in Fig. 3a, IL-8
mRNA was detected in eosinophils after 2 h of incubation
without any stimuli. Calcium ionophore, which increased IL-8
release, did not change IL-8 mRNA expression in eosinophils.
Erythromycin showed no significant effect on IL-8§ mRNA lev-
els corrected by beta actin transcripts at 1 to 25 pg/ml with or
without calcium ionophore treatment (Fig. 3b).

Detection of IL-8 protein in eosinophils by immunocyto-
chemistry. Human peripheral blood eosinophils from patients
with atopic diseases constitutively expressed IL-8 protein in
their cytoplasm, as reported previously (26) (Fig. 4a and b).
The percentage of cells positive for IL-8 among untreated
eosinophils was 81.10% = 5.64% in three patients (Fig. 4a).
Although the percentage of cells positive for IL-8 staining did
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FIG. 2. Effects of macrolides and other antibiotics on IL-8 release by human eosinophils. Purified eosinophils (2.5 X 10°/ml, 0.5 ml) were cultured with macrolides
and other antibiotics at different concentrations (0, 1, 5, and 25 pg/ml) for 24 h without (a) or with (b) 10~° M calcium ionophore in a humidified atmosphere at 37°C
with 5% CO,. Fourteen-member macrolides, but not the 16-member macrolide josamycin (JM), cefazolin (CEZ), or tetracycline (TC), had a concentration-dependent
suppressive effect on IL-8 release by eosinophils. The data shown are means plus the SEM (n = 3). *, P < 0.01 (ANOVA). EM, erythromycin; CAM, clarithromycin.

not significantly change (93.24% = 2.27%,n = 3 P = 0.177)
after treatment with 5-pwg/ml erythromycin for 24 h (Fig. 4b), a
number of cells stained darker than those without erythromy-
cin treatment.
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FIG. 3. Effect of erythromycin (EM) on IL-8 mRNA levels in human eosin-
ophils as evaluated by RT-PCR. (a) Erythromycin had no significant effect on
IL-8 mRNA levels corrected by beta actin transcripts at 1 to 25 pg/ml with or
without calcium ionophore treatment. (b) Densitometric quantification of IL-8
mRNA levels corrected by beta actin transcripts was performed. Erythromycin
(1 to 25 wg/ml) had no significant effect on IL-8 mRNA levels in eosinophils with
and without calcium ionophore treatment. The data shown are means plus the
SEM from three representative experiments.

DISCUSSION

The present report shows that erythromycin and clarithro-
mycin, which have a 14-atomic-member macrolide ring struc-
ture, suppressed IL-8 release from eosinophils, whereas the
other antibiotics, including the 16-member macrolide josamy-
cin, showed no effect. Since the expected concentration of
erythromycin in sputum ranges from 0.5 to 5 wg/ml (19), our
present data demonstrated that erythromycin and clarithromy-
cin have the potential to suppress eosinophil functions at ther-
apeutic concentrations. Intracellular concentrations of IL-8
were elevated with erythromycin at 5 pg/ml. IL-8 mRNA lev-
els, as assessed by the RT-PCR technique, showed no changes
at noncytotoxic and therapeutic concentrations of erythromy-
cin (1 to 5 wg/ml), suggesting that the effect occurred at the
posttranscriptional stages.

IL-8, a potent chemokine involved in cell recruitment into
the airways, has been reported to be elevated in bronchoalveo-
lar lavage fluids from patients with asthma (18). Kurashima et
al. reported that there was an increased level of IL-8 in sputa
from asthmatic patients with exacerbation (13). In animal ex-
periments, IL-8 induced eosinophil infiltration of the airways
with airway hyperresponsiveness, one of the most characteris-
tic findings in asthma (14). Therefore, it is quite probable that
IL-8 plays an important role in the pathogenesis of asthma.

Several reports have suggested that macrolide antibiotics
such as erythromycin and troleandomycin favorably affect the
clinical status of patients with asthma. They had steroid-spar-
ing effects on steroid-dependent asthma of adults (8, 21) and
children (9). This activity seemed unrelated to an antimicrobial
effect, because it was effective even in cases with no infection.
Erythromycin in combination with theophylline is known to
elevate theophylline concentrations in blood through inhibi-
tion of its clearance; however, the beneficial effect of erythro-
mycin was not due to increased levels of theophylline (9).
Erythromycin alone was capable of reducing the severity of
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FIG. 4. Immunocytochemistry of IL-8 protein in eosinophils. (a) Spontane-
ous expression of IL-8 protein in the cytoplasm as detected by using a mouse
anti-IL-8 MAD. (b) Eosinophils incubated with 5-pg/ml erythromycin showed
distinct positive staining for IL-8 protein. Original magnification, X200.

bronchial hyperresponsiveness in patients with asthma (15).
Attempts have been made to clarify the mechanisms of its
effectiveness at the site of allergic inflammation in asthma. In
addition to its inhibitory effects on respiratory glycoconjugate
secretion (7) and water secretion (24), recent studies have also
shown that erythromycin and related 14-member macrolide
compounds have unique effects on cytokine production. Konno
et al. (12) showed that another 14-member macrolide, roxi-
thromycin, suppressed IL-2 and tumor necrosis factor alpha
production in human peripheral blood mononuclear cells. We
have reported that erythromycin significantly blocked the pro-
duction of IL-6 and IL-8 by the bronchial epithelium at clinical
concentrations (0.5 to 2 wg/ml) (22, 23). In contrast, to the best
of our knowledge, there have been no reports suggesting the
efficacy of josamycin for bronchial asthma or its anti-inflam-
matory action. Therefore, the inhibitory effect of erythromycin
and clarithromycin on IL-8 release by eosinophils shown in the
present report may be one of the mechanisms of decreased
airway hyperresponsiveness and resulting amelioration of dis-
ease severity.

The regulatory mechanism by which eosinophils produce
and release IL-8 has not been elucidated in detail. We evalu-
ated steady-state levels of IL-8§ mRNA with erythromycin
treatment and found no effect at therapeutic concentrations.
Intracellular IL-8 levels in eosinophils were elevated with
erythromycin. This might be paralleled by the immunohisto-
chemical study findings showing relatively dense cytoplasmic
staining after erythromycin treatment. Erythromycin might in-
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hibit IL-8 production at posttranscriptional stages or inhibit
the processes of IL-8 secretion from eosinophils. Recently, it
was shown that other cytokines, such as IL-6 and IL-4, are as-
sociated with eosinophil granules (16, 17, 25). Abdelghaffar
and coworkers (1, 2) showed that erythromycin and other mac-
rolides induced degranulation of neutrophils to release lyso-
zyme and other enzymes in vitro. Oishi and associates (19)
reported that erythromycin inhibited IL-8 release from human
activated neutrophils. Taken together, degranulation pathways
of selected granular contents still require further investigation
to identify the exact mechanisms of therapeutic agents such as
erythromycin.

In conclusions, 14-member macrolides inhibit IL-8 release
from human eosinophils. As IL-8 is one of the chemokines for
eosinophils, we suggest that 14-member macrolides inhibited
the autocrine cycle of eosinophil recruitment to allergic sites.
These results may give new insight into the mechanism of
action of these macrolide antibiotics in the treatment of airway
disorders. The effect of 14-member macrolides on other cyto-
kines or chemokines, such as eotaxin, is another important
issue for future research.
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