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An inflammation of the airway of patients with diffuse panbronchiolitis (DPB), is characterized by dense
neutrophil infiltration. Resolution of the inflammation can be achieved by the removal of apoptotic neutrophils
by human alveolar macrophages (AM) without liberating neutrophil proteases in the airway. To understand
clinical efficacy for the treatment of DPB by 14- or 15-member macrolides, their effects on the phagocytosis of
apoptotic neutrophils by AM were examined. Treatment of AM with erythromycin (ERY) or clarithromycin at
clinically achievable levels significantly increased the levels of phagocytosis of apoptotic neutrophils. A serum
factor was not essential for the enhancement by these 14-member macrolides. Of the antibiotics tested, these
effects were specific for the 14-member macrolides and a 15-member macrolide, azithromycin, but not for the
16-member macrolides, clindamycin or �-lactam antibiotics. The enhanced phagocytosis of apoptotic neutro-
phils by ERY had no effect on the levels of interleukin-8 or tumor necrosis factor alpha production by
lipopolysaccharide-stimulated AM after phagocytosis of the apoptotic neutrophils. The increased phagocytosis
of apoptotic neutrophils by ERY was also found to be phosphatidylserine receptor-dependent for AM. These
data indicate a novel anti-inflammatory action of 14-member and 15-member macrolides, and suggest that
such antibiotics achieve clinical efficacy for patients with DPB, in part, through enhancing the nonphlogistic
phagocytosis of apoptotic neutrophils by AM.

Inflammation of the airway of patients with diffuse panbron-
chiolitis (DPB), is characterized by dense neutrophil infiltra-
tion (14). We previously reported on a perpetual cycle of
interleukin-8 (IL-8) production and neutrophil accumulation
in the airway of such patients (29). Neutrophils that accumu-
late in the airways of patients with DPB also undergo apoptosis
(H. Yoshimine, K Oishi, Y. Tsuchihashi, K. Matsushima, and
T. Nagatake, abstract from the 2000 International Conference
of the American Thoracic Society, Am. J. Respir. Crit. Care.
Med. 161:A338, 2000), although the rates of apoptosis are
delayed in the case of neutrophils that have migrated into the
airways (20, 45).

Long-term therapy, with low doses of erythromycin (ERY)
has been shown to be effective in treating patients with DPB
(14, 17, 18, 29, 38). Similar clinical effects of other 14-member
macrolides, such as clarithromycin (CLR) and roxithromycin
(RXM), or a 15-member macrolide, azithromycin (AZM), for
patients with DPB have also been reported (15, 16, 37). Several
actions of 14-member macrolide antibiotic provide support for
these clinical effects (12, 14, 29, 38–40). We, as well as other
investigators, previously reported on the inhibitory effect of
ERY on IL-8 production by bronchial epithelial cells or acti-
vated neutrophils (29, 38, 41). In addition, two other investi-
gators reported that 14-member macrolides suppress transcrip-
tion factors which regulate IL-8 gene expression in bronchial

epithelial cells (1, 3). These lines of evidence suggest that the
observed clinical effects of 14-member macrolide antibiotics
may be due to their inhibitory effect on IL-8 gene expression in
respiratory cells.

The mechanisms of apoptotic cell clearance by macrophages
in human cells are not well understood. Several ligands and
receptors have been shown to play a role in the phagocytosis of
apoptotic neutrophils in vitro. These include the �V�3/CD36/
thrombospondin recognition system, phosphatidylserine (PS)
receptor, complement receptors, scavenger receptors, CD14,
and lectins (4, 5, 7, 22, 30, 35, 36). Among these, the mecha-
nism of apoptotic neutrophil clearance has been studied only
in human monocyte-derived macrophages (HMDM) (22, 35,
36). Apoptotic neutrophils in the airway, however, are ingested
by human alveolar macrophages (AM) without releasing in-
flammatory mediators by surface recognition mechanisms,
while necrotic cells liberate neutrophil serine proteinases and
exacerbate the inflammatory response (13, 24, 27). It is gener-
ally accepted that this process is a crucial mechanism in the
resolution of inflammatory lung diseases. The mechanism of
apoptotic neutrophil clearance by AM, however, is not well
understood.

On the other hand, it has recently been reported that glu-
cocorticoids promote the phagocytosis of apoptotic neutro-
phils by HMDM (19). These investigators proposed novel ther-
apeutic approaches with respect to the use of glucocorticoids in
achieving an efficient and safe resolution of inflammation. It
would, therefore, be of interest to determine whether 14-mem-
ber or 15-member macrolide antibiotics affect the phagocytosis
of apoptotic neutrophils by human AM. We report herein on a
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novel effect of 14-member and 15-member macrolides on the
phagocytosis of neutrophils which are undergoing apoptosis by
human AM.

MATERIALS AND METHODS

Reagents. Dexamethasone 21-acetate (DEX) (Sigma Chemical Co., St. Louis.
Mo), ERY (Dainippon Pharmaceutical Co., Ltd., Osaka, Japan), CLR (Taisho
Pharmaceutical Co., Tokyo, Japan), RXM (Eisai Co., Ltd., Tokyo, Japan), ole-
andomycin (OLM) (Wako Pure Chemical Industries, Ltd., Osaka, Japan), josa-
mycin (JOS) (Yamanouchi Pharmaceutical Co., Osaka, Japan), spiramycin
(SPM) (Kyowa Hakko Kogyo Co., Ltd., Tokyo), AZM (Pfizer Pharmaceutical
Co., Tokyo, Japan), ampicillin (AMP) (Pfizer Pharmaceutical Co.), cefaclor
(CEC) (Shionogi & Co. Ltd., Osaka, Japan), and clindamycin (CLDM) (Japan
Upjohn Co., Ltd., Tokyo, Japan) were dissolved at a concentration of 10 mg/ml
in dimethyl sulfoxide (DMSO) (Wako Pure Chemical Industries) and subse-
quently diluted in RPMI 1640 (Asahi Techno Glass Co, Funabashi, Japan). A
lipopolysaccharide (LPS) preparation from Pseudomonas aeruginosa serotype 10
(Sigma Chemical) was also used.

Neutrophil culture. Neutrophils were purified from the peripheral blood of a
normal volunteer by dextran sedimentation and density gradient centrifugation,
and suspended at a concentration of 5 � 106 cells/ml in Iscove’s modified
Dulbecco’s medium (IMDM) (Life Technologies, Grand Island, N.Y.) in a
96-well flat-bottom flexible plate (Becton Dickinson, Oxnard, United Kingdom)
for 24 h at 37°C in 5% CO2 (44). After incubation, cultured neutrophils were
collected and used in the phagocytosis assay.

Neutrophil apoptosis. Neutrophils were collected from the flexible plate after
24 h of culture and were labeled with annexin V-FITC (Beckman Coulter Co.,
Marseille, France), which labels membrane PS residues, in order to measure cell
membrane changes associated with apoptosis. Analyses were performed by
means of flow cytometry (Beckman Coulter Co.) (44). Aged human neutrophils
when cultured for 24 h in IMDM after neutrophil separation were determined to
be 85% apoptotic.

Preparation of AM. AM were collected from nonsmoking, healthy volunteers
by bronchoalveolar lavage using broncofiberscopy as previously described (28).
For AM recovered from bronchoalveolar lavage fluids, the AM were washed,
suspended in RPMI 1640, seeded at 3 � 105 cells per 24-well plate or 1.2 � 105

cells per 96-well plate with 10% heat-inactivated autologous serum, and cultured
for 1 to 3 days at 37°C in an atmosphere of 5% CO2.

Phagocytosis of apoptotic neutrophils by AM. For each assay of phagocytosis,
AM were collected from different donors. Autologous apoptotic neutrophils
were added to the cultured AM in the presence of autologous fresh serum,
heat-inactivated serum or IMDM alone for 30 min at 37°C. The heat inactivation
was done at 56°C for 30 min. The monolayer was then washed vigorously with
ice-cold phosphate-buffered saline to remove bound but uningested neutrophils
and was fixed in 2% glutaraldehyde. After washing with distilled water, the cells
on the plates were stained for myeloperoxidase (MPO) at room temperature for
45 min, as a marker of the ingested neutrophils, using a DAB substrate kit
(Roche Diagnostics GmbH, Mannheim, Germany) (24). After washing the
plates, the cells on the plates were stained with Giemsa stain. The phagocytosis
of apoptotic neutrophils was examined by means of �400 phase-contrast micros-
copy by counting 200 macrophages per well. The percentage of AM that phago-
cytosed apoptotic neutrophils was determined as the percent phagocytosis in
three different wells.

Pretreatment of AM with antibiotics or DEX. In preliminary experiments,
treatment of HMDM with ERY at 0.1 to 10 �g/ml for 72 h, but not 24 h, was
required for the development of an increased capacity for the phagocytosis of
apoptotic neutrophils, while treatment of HMDM with DEX at 10�7 M for 24 h
was sufficient for the acquisition of this capacity (19). AM were, therefore,
treated with each antibiotic at 0.1 to 10 �g/ml for 72 h, DEX at 10�7 M for 24 h,
or RPMI 1640 containing 0.1% DMSO for 72 h in the presence of 10% heat-
inactivated autologous serum.

Enzyme-linked immunosorbent assay. The human IL-8 protein levels in the
cell culture supernatants were determined by an enzyme-linked immunosorbent
assay as previously described (28). The human tumor necrosis factor alpha
(TNF-�) protein levels were determined using a commercially available kit
(Biosource International, Inc. Camarillo, Calif.).

Inhibition of phagocytosis of apoptotic neutrophils by AM. AM were prein-
cubated with each inhibitor at 37°C for 30 min followed by washing, and exposure
to autologous apoptotic neutrophils. The inhibitors included PS liposomes (con-
taining 50: 50 molar ratio of PS to phosphatidylcholine, PC) or PC liposome at
0.1 mM as the control for PS liposomes (9, 43), a mouse monoclonal antibody

(MAb) 217 (immunoglobulin M [IgM] kappa chain; Cascade Bioscience, Win-
chester, Mass.) or a control IgM MAb (7) at a final concentration of 100 �g/ml
as the control for MAb 217, tetrapeptide RGDS or RGES (Sigma Chemical Co.)
at a final concentration of 2 mM as the control for RGDS (36). The MAb 217
identifies a surface receptor expressed on transforming growth factor � (TGF-�)-
and �-glucan-stimulated HMDM that recognizes PS on apoptotic cells (7).

Cytotoxic assay. AM were incubated with each antibiotic for 72 h or with DEX
for 24 h at 1.2 � 106 cells per ml in a 96-well culture plate. After incubation, the
cells were washed with IMDM twice, 20 �l of alamarBlue solution (Biosource
International, Camarillo, Calif.) was added to the wells containing 180 �l of
RPMI 1640, followed by incubation for 4 h at 37°C (8). The fluorescence (exci-
tation, 560 nm; detection, 590 nm) of each well was measured using a Fluoroskan
II instrument (Labsystems Japan, Tokyo, Japan). The results are expressed as the
percentage of viable cell.

Statistical analysis. The percent phagocytosis of apoptotic neutrophils, the
levels of cytokine production by AM or the percentage of viable cell in the
cytotoxic assay were compared by one-way analysis of variance and multiple
comparison methods by Bonferroni-Dunn’s test. The difference in the percent
phagocytosis between fresh serum and heat-inactivated serum was analyzed by
the paired Student t test. Data were considered statistically significant when P
values were less than 0.05.

RESULTS

Effects of macrolide or DEX on the cell viability of AM. No
significant effects on cell viability of AM as the result of treat-
ment with each antibiotic, including 14-member macrolides at
a concentration of 10 �g/ml for 72 h or DEX for 24 h, were
found, compared with control media containing 0.1% DMSO
(data not shown).

Phagocytosis of apoptotic neutrophils by AM. A photomi-
crograph of apoptotic neutrophils stained for MPO that have
been phagocytosed by AM is shown in Fig. 1A. Fresh human
serum in the range of 5 to 20% led to significant increases in
phagocytosis by AM cultured for 24 h in a concentration-
dependent manner (P � 0.05 for 5% serum, P � 0.01 for 10 or
20% serum, Fig. 1B). A significant reduction in phagocytosis by
heat-inactivation of 10 and 20% fresh serum was found and is
indicative of the complement-dependent phagocytosis of apo-
ptotic neutrophils (P � 0.01) (22). No difference in phagocy-
tosis was found for 10% heat-inactivated serum vis-a-vis
IMDM alone.

Effect of macrolide antibiotic or DEX on phagocytosis of
apoptotic neutrophils by AM. Treatment with DEX, a positive
control, for 24 h significantly increased phagocytosis in the
presence of 10% fresh human serum or medium alone, com-
pared with control treatment (Fig. 2). These data are consis-
tent with a previous report on the effect of DEX on the phago-
cytosis of apoptotic neutrophils by HMDM (19). Treatment of
AM with ERY or CLR at concentrations of 1 and 10 �g/ml,
but not 0.1 �g/ml, for 72 h also significantly increased phago-
cytosis in the presence of 10% fresh human serum (Fig. 2A).
Similar enhancing effects as the result of treatment of AM with
ERY or CLR occurred at 0.1 to 10 �g/ml in the presence of
IMDM alone (Fig. 2B). Serum factors were not essential for
the promoting effects on the phagocytosis of apoptotic neutro-
phils by these 14-member macrolide antibiotics, since these
effects were observed in the absence as well as presence of
fresh human serum during phagocytosis. RXM, OLM, or
AZM at 10 �g/ml similarly enhanced phagocytosis in the pres-
ence of IMDM alone (Fig. 3). In contrast, treatment with a
16-member macrolide, such as JOS or SPM, CLDM, or a
�-lactam antibiotic, involving AMP and CEC, had no effect on
the phagocytosis of AM in the presence of 10% fresh human
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serum or medium alone (Fig. 2 and 3). The promoting effects
of antibiotics on the phagocytosis were, therefore, specific for
14- and 15-member macrolide antibiotics.

Effects of ERY or DEX on IL-8 or TNF-� production by AM
with or without the phagocytosis of apoptotic neutrophils.
Treatment with DEX alone significantly suppressed IL-8 or
TNF-� production by LPS-stimulated AM irrespective of the
phagocytosis of apoptotic neutrophils, while ERY had no ef-
fects on the levels of IL-8 or TNF-� by unstimulated or LPS-
stimulated AM irrespective of the phagocytosis of apoptotic
neutrophils (Fig. 4). Furthermore, these drugs, which en-
hanced the phagotcyotosis of apoptotic neutrophils, did not

alter the levels of IL-8 or TNF-� production by unstimulated
or LPS-stimulated AM after the phagocytosis. These data sug-
gest that ERY as well as DEX promote the nonphlogistic
phagocytosis of apoptotic neutrophils by AM (19).

Receptors responsible for the phagocytosis of apoptotic neu-
trophils by AM. To determine which receptors are responsible
for the promoting effects of 14-member macrolide antibiotics
on phagocytosis, we next developed a receptor blocking assay
in the presence of medium alone during phagocytosis. PS li-
posomes significantly suppressed the phagocytosis of untreated
AM, compared with PC liposomes (Fig. 5). This suggests an
involvement of the PS receptor in the phagocytosis. More

FIG. 1. (A) Photomicrograph of human AM that contain phagocytosed apoptotic neutrophils. The arrowhead indicates the intracellular
apoptotic neutrophils which are stained for MPO within the MPO-negative AM. (B) Complement-dependent phagocytosis of apoptotic neutro-
phils by AM cultured for 24 h. Autologous apoptotic neutrophils were exposed to AM in the presence of fresh human serum (closed circles) or
heat-inactivated serum (open circles). Each data point represents the mean � standard deviation (error bars) of three determinations. Statistical
significance: *, P � 0.05(versus no serum); **, P � 0.01(versus no serum and heat-inactivated serum with the same concentration).

FIG. 2. Effects of 14-member macrolides on the phagocytosis of apoptotic neutrophils by human alveolar macrophages (AM) in the presence
of 10% fresh homologous serum (A) or medium alone (B). AM were treated with ERY or CLR at concentrations of 0.1 to 10 �g/ml, with JOS,
AMP, or CEC at a concentration of 10 �g/ml for 72 h. Treatment of AM with DEX (10�7 M) was done for 24 h. The control (CTRL) represents
the treatment of AM with medium containing 0.1% DMSO. Each value represents the mean � standard deviation (error bars) of three
determinations. *, P � 0.01 (versus CTRL).
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importantly, PS liposomes significantly suppressed the ERY-
induced enhanced phagocytosis to levels comparable to that
observed for PS liposomes by untreated AM. In the case of
DEX treatment, PS liposomes significantly inhibited phagocy-
tosis, but did not reach the levels observed for PS liposomes by
untreated AM. MAb 217 was used to block the MAb 217-
reactive PS receptor, which is expressed at high levels on the
surface of stimulated HMDM by TGF-� and �-glucan (7), and
the tetrapeptide RGDS was used to block the �v�3/CD36/

thrombospondin system (36). Neither MAb 217 nor RGDS
altered the levels of phagocytosis by untreated, ERY-treated
or DEX-treated AM.

DISCUSSION

We demonstrate here that human AM involved the PS re-
ceptor (Fig. 5), but not the �v�3/CD36/thrombospondin system
which has been reported to be the pathway used for unstimu-
lated HMDM, for the phagocytosis of apoptotic neutrophils
(10, 31, 36). AM may involve receptors other than the PS
receptor during this phagocytosis, because PS liposomes were
found to partially inhibit the phagocytosis of apoptotic neutro-
phils by AM in this study. The clearance of apoptotic neutro-
phils by macrophages could be regulated by several known
factors (23, 31, 33). It has been reported that glucocorticoids,
such as methylpredonisolone, DEX, and hydrocortisone, but
not nonglucocorticoid steroids, similarly potentiate the phago-
cytosis of apoptotic neutrophils by HMDM (19). The enhanc-
ing effect of glucocorticoids on phagocytosis also required only
several hours of treatment, and did not involve the up-regula-
tion of the �v�3/CD36/thrombospondin recognition system or
CD14.

In the present study, we found an increased capacity of
phagocytosis of apoptotic neutrophils by DEX-treated AM in
the presence or absence of fresh serum (Fig. 2). More inter-
estingly, we found a novel action on the phagocytosis of apo-
ptotic neutrophils by AM, which was specific for 14- and 15-
member macrolide antibiotics at clinically acceptable levels
(26). Long-term therapy with a low dose of a 14- or 15-member
macrolide antibiotic, therefore, may lead to a suppression of
neutrophil accumulation in the airways of patients with DPB,
in part, through a mechanism involving an increased clearance
of apoptotic neutrophils by AM without the liberation of neu-
trophil serine proteinases (13, 42).

Since PS liposomes completely suppressed the ERY-in-

FIG. 3. Effects of 14-member and 15-member macrolides on the
phagocytosis of apoptotic neutrophils by human AM in the presence of
medium alone. AM was treated with ERY, RXM, OLM, AZM, JOS,
SPM, or CLDM at concentrations of 10 �g/ml for 72 h. Treatment of
AM with DEX (10�7 M) was done for 24 h. The control (CTRL)
represents the treatment of AM with medium containing 0.1% DMSO.
Each value represents the mean � SD of three determinations. *, P �
0.01 (versus CTRL).

FIG. 4. Effects of ERY or DEX on IL-8 production (A) or TNF-� (B) by unstimulated or LPS-stimulated human AM after the phagocytosis
of apoptotic neutrophils. AM were treated with ERY at a concentration of 10 �g/ml, DEX at a concentration of 10�7 M or medium containing
0.1% DMSO (CTRL) for 72 h. AM were, then, incubated with LPS (10 ng/ml) or IMDM alone for 3 h, followed by exposure to apoptotic
neutrophils or IMDM alone for 30 min. After removing unphagocytosed neutrophils, AM were cultured for 18 h. After incubation, the IL-8 or
TNF-� levels in the cell culture supernatants were determined. Each bar denotes no phagocytosis without LPS (open bars), phagocytosis without
LPS (slash bars), no phagocytosis with LPS (solid bars), and phagocytosis with LPS (gray bars), respectively. Each value represents the mean �
standard deviation (error bars) of three determinations. Statistical significance: *, P � 0.001 (versus LPS-stimulated AM without phagocytosis in
CTRL treatment); **, P � 0.001 (versus LPS-stimulated AM with phagocytosis in CTRL treatment).
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duced increase in phagocytosis by AM, the enhanced capacity
of ERY on phagocytosis by these macrophages appears to be
PS receptor-dependent (Fig. 5). An enhanced capacity of ERY
was observed at 72 h postincubation, but not at 24 h postincu-
bation. We, therefore, speculate that a 72 h incubation may be
required for the induction of PS receptors on cultured AM. We
also demonstrated that PS receptors were, in part, involved in
the DEX-induced up-regulation of phagocytosis. These find-
ings support the hypothesis that the treatment of AM with
ERY or DEX may enhance PS receptor expression on their
cell surfaces. A similar alteration of receptor use for apoptotic
neutrophils has been reported for unstimulated vis-a-vis glu-
can-stimulated HMDM (10). Another study has also demon-
strated a difference in receptor use between peritoneal mac-
rophages and monocyte-derived macrophages (9). In addition,
MAb 217 was found to have no effect on the phagocytosis of
apoptotic neutrophils by ERY- or DEX-treated AM as well as
untreated AM. We similarly found that MAb 217 had no ef-
fects on the phagocytosis of apoptotic neutrophils by ERY- or
DEX-treated HMDM (data not shown). These data suggest a
lack of expression of the MAb 217-reactive PS receptor on
ERY- or DEX-treated, or untreated AM.

Fadok et al. demonstrated that the phagocytosis of apoptotic
neutrophils actively inhibited the production CXC chemokines
and other proinflammatory cytokines by HMDM or mouse
macrophages, and increased the production of TGF-� (6, 21).
The above investigators suggested that a feedback mechanism
by endogenous TGF-� largely contributed to this active inhi-
bition of CXC chemokines and proinflammatory cytokines. On
the other hand, two other studies have recently reported that

the phagocytosis of apoptotic neutrophils by HMDM does not
trigger the release of IL-8, TNF-�, or MCP-1 (19, 32). These
investigators proposed the nonphlogistic phagocytosis of apo-
ptotic neutrophils by HMDM. In the present study, our find-
ings are also consistent with the nonphlogistic phagocytosis of
apoptosis because no up-regulation of IL-8 or TNF-� produc-
tion by AM was found after the phagocytosis (Fig. 4). We also
found an inhibitory effect of DEX, but not ERY, on IL-8 or
TNF-� production by LPS-stimulated AM, although the inhib-
itory effects of 14-member macrolides on IL-8 production have
also been reported for 1�,25-dihydroxyvitamin D3-treated hu-
man monocytic cell line cells after LPS stimulation (11). A
difference in the inhibitory effect on IL-8 production may be
present between AM and monocyte-derived macrophages
since an inhibitory effect of ERY on IL-8 or TNF-� production
in LPS-stimulated HMDM was found (data not shown). The
inhibitory effects of DEX on IL-8 or TNF-� production by
LPS-stimulated AM are consistent with its action (Fig. 4), in
that it appears to interfere with the binding of NF-	B to its
cognate cis-element, since NF-	B has been shown to regulate
the gene transcription of IL-8 and TNF-� (2, 25). The in-
creased capacity of DEX to promote the nonphlogistic phago-
cytosis of apoptotic neutrophils by AM and to inhibit IL-8 or
TNF-� production by activated AM strongly suggests that they
possess anti-inflammatory properties. The long-term oral ad-
ministration of DEX, however, may impair pulmonary defense
via the suppression of iNOS and TNF-� which are critical for
combating bacterial infections (34).

In conclusion, we report on the novel in vitro action of 14-
and 15-member macrolides on the improved phagocytosis of
apoptotic neutrophils by AM. The mechanism of enhanced
phagocytosis by ERY was found to be PS receptor-dependent,
and was not associated with the additional production of IL-8
or TNF-� by AM. An enhanced nonphlogistic clearance of
apoptotic neutrophils by AM, induced by 14- or 15-member
macrolide, may provide partial support for the clinical efficacy
of low-dose, long-term macrolide therapy for patients with
DPB.
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