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Abstract

Efferocytosis, which is the homeostatic phagocytosis of apoptotic cells, prevents the release of toxic 
intracellular contents and subsequent tissue damage. Impairment of efferocytosis was reported 
in alveolar macrophages (AMs) of patients with chronic obstructive pulmonary disease (COPD), a 
common disease caused by smoking. In COPD, histone deacetylase (HDAC) activity is reduced in 
AMs. We investigated whether the reduction of HDAC activity is associated with the impairment of 
efferocytosis. Murine AMs were collected by bronchoalveolar lavage and their ability to efferocytose 
apoptotic human polymorphonuclear leukocytes was assessed. Pre-treatment of AMs with cigarette 
smoke extract (CSE) or trichostatin A (TSA), an HDAC inhibitor, suppressed efferocytosis and CSE 
reduced HDAC activity. TSA inhibited the activity of Rac, a key mediator of efferocytosis. These 
TSA-induced impairments were restored by treatment of AMs with aminophylline, a potent activator 
of HDAC. To further elucidate the underlying mechanism, we explored a role of CD9 in TSA-induced 
impairment of efferocytosis. CD9 is a transmembrane protein of the tetraspanin family that facilitates 
the uptake of several pathogens and other material. TSA profoundly down-regulated the expression 
of CD9 on AMs. The expression of CD9 was partly down-regulated by the Rac inhibitor. Pretreatment 
with an anti-CD9 mAb or CD9 small interfering RNA inhibited efferocytosis, which was attributable 
to the reduced binding of AMs to apoptotic cells. These results suggest that smoking impairs 
efferocytosis via inhibition of HDAC/Rac/CD9 pathways. Aminophylline/theophylline is effective in 
restoring the impairment of efferocytosis and might have benefit for the treatment of patients with 
COPD.
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Introduction

Apoptosis, a form of programmed cell death, is a mechanism 
for cell deletion to maintain normal tissue homeostasis as well 
as for pathophysiologic processes throughout the body (1). 
Apoptotic cells are removed by both professional phago-
cytes (macrophages, other members of the mononuclear 
phagocyte system and dendritic cells) and non-professional 
phagocytes (most tissue cells, including epithelium, endothe-
lium, smooth muscle cells, stromal cells and fibroblasts) (2, 
3). Phagocytosis of apoptotic cells and necrotic cells, namely 
efferocytosis, is the physiologic removal of dead cells before 

membrane permeability sets in, thus preventing the release 
of potentially toxic intracellular contents (3). The regulation 
of efferocytosis is tightly controlled by Rho-family GTPases; 
thus, RhoA inhibits and Rac promotes the process (4, 5). 
Efferocytosis may be particularly important in the removal of 
apoptotic neutrophils because of their large numbers during 
inflammation, their short lifespan and their large stores of pro-
teases, inflammatory mediators and oxidants.

Chronic obstructive pulmonary disease (COPD), one 
of the most common chronic diseases associated with 
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cigarette smoking, is characterized by neutrophil-dominant 
inflammation. Clinicians continue to be challenged by 
evidence that its prevalence has considerably increased. To 
establish a relevant therapy, the elucidation of pathogenic 
mechanisms is warranted. The oxidants in the smoke 
damage a variety of cell membranes and provoke cellular 
dysfunction, resulting in non-physiological cell death. If the 
removal of dead cells is delayed, an array of intracellular 
danger-associated molecular patterns leaks, causing pro-
inflammatory responses. Indeed, it has been reported that 
the efferocytosis of alveolar macrophages (AMs) is impaired 
in patients with COPD (6). It is reasonable to speculate that 
impairment of efferocytosis may contribute to the development 
of COPD.

Importantly, the inflammation in COPD is unresponsive to 
corticosteroids. Even high doses of inhaled and oral glucocor-
ticoids have no effect on the inflammatory cells and cytokine 
profiles and fail to reverse the protease–anti-protease imbal-
ance (7). The anti-inflammatory property of corticosteroids 
partly depends on epigenetic regulation via recruitment of 
histone deacetylase (HDAC). Thus, HDAC regulates the bal-
ance of acetylation/deacetylation in the chromatin structure 
and subsequently attenuates pro-inflammatory gene expres-
sion. In COPD, HDAC activity is reduced in AMs (8). The inhi-
bition of HDAC activity enhances the production of CXCL8/
IL-8 and matrix metalloproteinases (8, 9), leading to sustained 
inflammation and connective tissue destruction. However, the 
role of HDAC in efferocytosis has not been clarified.

In the current study, we aimed to investigate possible roles 
of HDAC in efferocytosis by murine AMs. The study dem-
onstrated that the inhibition of HDAC activity impaired effe-
rocytosis through the inhibition of Rac activity, which was 
prominently restored by treatment with an HDAC activator, 
aminophylline. To further investigate the underlying mecha-
nisms, we focused on CD9, a transmembrane protein from 
the tetraspanin family, that facilitates the uptake of several 
pathogens (10–12), monocyte fusion (13) and is associated 
with endocytosis of exosomes by dendritic cell (14). The 
results of our investigation revealed that the status of HDAC 
activity and downstream CD9 expression might be linked to 
efferocytosis.

Methods

Animals
Eight- to 10-week-old C57BL/6N mice were purchased from 
Japan SLC, Inc. (Shizuoka, Japan). All experimental proce-
dures were approved by the animal research ethics commit-
tee of Kyushu University.

Reagents

Mouse anti-human CD45 mAb (HI30) and rat anti-mouse 
CD9 mAb (KMC8) were purchased from BD Biosciences 
(San Diego, CA, USA). PE-conjugated rat anti-mouse CD9 
mAb (KMC8) was purchased from eBioscience (San Diego, 
CA, USA). FITC-conjugated rat anti-mouse F4/80 mAb was 
purchased from AbD Serotec (Kidlington, Oxford, UK). 
Trichostatin A  (TSA) was purchased from Wako (Osaka, 
Japan). Aminophylline was purchased from Abbott Japan 

(Tokyo, Japan). The PI3Kδ inhibitor (IC87114) was pur-
chased from BioVision (Mountain View, CA, USA). The Rac 
inhibitor (NSC23766) and the Rho kinase inhibitor (Y27632) 
were purchased from Calbiochem (San Diego, CA, USA). 
pHrodo™ succinimidyl ester (SE) was purchased from Life 
Technologies (Carlsbad, CA, USA).

Cigarette smoke extract
Cigarette smoke extract (CSE) was prepared as described 
previously (15). Commercial cigarettes (Marlboro brand) 
were smoked and the mainstream smoke was drawn by 
application of a vacuum to the vessel containing PBS. Each 
cigarette was smoked for 5 min. Three cigarettes were used 
to generate 30 ml of CSE solution. The CSE was diluted with 
X-vivo medium (Lonza, Walkersville, MD, USA). Final concen-
trations of these solutions were expressed as percent values, 
which were calculated with the following equation: (ml of CSE 
solution / total ml) × 100. The “total ml” in this equation is the 
sum of ml of CSE solution and ml of X-vivo. Solutions ranging 
from 1 to 5% were used in the present studies; these values 
approximately corresponded to exposures associated with 
smoking slightly fewer than 0.25 packs per day to slightly 
fewer than 1 pack per day of cigarettes (15).

Cell isolation
Human PMNs were isolated from peripheral blood of healthy 
volunteers using gradient centrifugation as previously 
described (16). Briefly, blood was obtained by puncture of 
a peripheral vein and was drawn into vacuum tubes contain-
ing EDTA-2Na. Anticoagulated whole blood was layered over 
Mono-Poly resolving medium (DS Pharma Biomedical, Osaka, 
Japan) in a polystyrene tube. The tube was centrifuged at 
400  × g for 30 min. Approval for experiments with human 
samples was provided by the Human Ethics Committees of 
the Kyushu University. Mouse AMs were obtained by bron-
choalveolar lavage. Mice were killed with a lethal dose of 
pentobarbital, and their lungs were gently lavaged with PBS 
via a tracheal cannula.

Induction of apoptosis
Human PMNs were exposed to ultraviolet irradiation at 
302 nm for 10 min and cultured in RPMI 1640 for 2.5 h at 37°C. 
This method yielded the highest rate of apoptosis (>80%), 
assessed by flow cytometric analysis using Annexin V bind-
ing in combination with propidium iodine staining as previ-
ously reported (17, 18).

Opsonization of human PMNs
Human PMNs isolated from peripheral blood were re-sus-
pended in DMEM at 5 × 106 cells/ml. Mouse anti-human CD45 
mAb was added at 1μg/106 cells and incubated for 30 min at 
4°C while rotating.

Cell labeling with pHrodo-SE
Apoptotic human PMNs or opsonized human PMNs were 
suspended in PBS at 106 cells/ml. One microliter of 1 mg ml−1 
pHrodo-SE was added per 50 ml of cell suspension. After 
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incubation for 30 min at room temperature, cells were washed 
twice with PBS and re-suspended.

Phagocytosis assay
Two hundred thousand AMs per well were plated in six-well 
plates in X-vivo medium. After 24 h or 48 h of culture, non-
adherent cells were gently washed, and pHrodo-labeled 
apoptotic human PMNs or opsonized human PMNs were 
added at a 5:1 ratio (apoptotic cells: AM) and incubated at 
37°C for 2 h in X-vivo medium. AMs were gently washed to 
remove uningested apoptotic cells. AMs were detached from 
the plate by a cell lifter. Thus, collected cells were transferred 
to a FACS tube and analyzed by a flow cytometer. FITC-
labeled anti-mouse F4/80 mAb-stained macrophages and 
pHrodo-labeled apoptotic cells alone served to determine 
cut-offs for phagocytosis. For CSE studies and HDAC 
inhibitor studies, AMs were pre-treated with CSE or TSA for 
48 h before administration of pHrodo-labeled cells. In several 
experiments, AMs were pre-treated with anti-CD9 mAb for 
24 h before pHrodo-labeled cell administration. For Rho family 
GTPase studies, AMs were pre-treated with a Rac inhibitor 
or a Rho kinase inhibitor for 24 h before pHrodo-labeled cell 
administration.

HDAC activity assay
HDAC activity of AMs was assessed by the HDAC fluorimetric 
cellular activity assay kit following the manufacturer’s proto-
col (BIOMOL Research Laboratories, Plymouth Meeting, PA, 
USA). AMs were seeded at 5 × 104 to 1 × 105 cells/well in a 
96-well plate in 100 μl X-vivo medium and incubated at 37°C 
for 24 h. After 24 h incubation, the medium was replaced, 
and a fluorogenic, cell-permeable substrate was added. 
Incubation was continued at 37°C for 2 h. Next, a developer 
was added to the plate and incubated at 37°C for 15 min. 
Fluorescence then was read on a microplate reader.

RhoA and Rac activity assay
Half a million AMs per well were plated in 24-well plates in 
X-vivo medium. After 24 h of culture, active RhoA or Rac was 
evaluated by ELISA and colorimetric approaches (G-LISA 
assays; Cytoskeleton, Denver, CO, USA). Cells were washed 
with ice-cold PBS and rocked at 4°C with an ice-cold lysis 
buffer. The lysates were cleared by centrifugation (10 600 × 
g, 2 min, 4°C) and incubated in a RhoA or Rac-GTP affinity 
plate for 30 min at 4°C on a shaker (200–400 r.p.m.). After 
30 min of incubation, the wells were washed and incubated 
with a primary antibody for 45 min at room temperature on 
a shaker (200–400 r.p.m.). After 45 min of incubation, the 
wells were washed and incubated with secondary HRP-
labeled antibody for 45 min at room temperature on a shaker 
(200–400 r.p.m.). Then the wells were washed, the signal was 
developed with HRP detection reagents, and the absorbance 
was measured at 490 nm.

Analysis of surface expression on AMs
Two hundred thousand AMs per well were plated in 6-well 
plates in X-vivo medium. After 48 h of culture, cells were 
washed using a flow buffer (PBS with 4% BSA, 0.2% azide, 

0.2% EDTA). AMs were detached from the plate by a cell 
lifter. Thus, collected cells were transferred to a FACS tube. To 
block non-specific binding via Fc receptors, rat anti-mouse 
CD16/CD32 mAb (BD Biosciences, San Diego, CA, USA) 
was added at 0.5 μg/106 cells for 20 min. Cells were further 
incubated with fluorescence-conjugated mAbs for 30 min 
in the dark. The cells were washed, re-suspended in flow 
buffer and processed for flow cytometric analysis by using 
the FACS caliber flow cytometer and Cell Quest software (BD 
Biosciences, San Jose, CA, USA).

Small interfering RNA (siRNA) transfection
AMs cultured in a 6-well plate were transfected with CD9 
siRNA (SMF27B-0251) using GeneSilencer® (Genlantis, San 
Diego, CA, USA) according to the manufacturer’s instructions. 
1000 ng siRNA was diluted per well. Two transfection solutions 
(solution A, containing the siRNA and solution B, containing 
the transfection reagent) were prepared. Solution A  was 
incubated for 5 min at room temperature and mixed with 
solution B. The mixture of solution A and B was incubated for 
another 5 min at room temperature and added to the plated 
cells. AMs transfected with CD9 siRNA were cultured for 48 h 
and analyzed. The gene-silencing effect was assessed by 
flow cytometry.

Binding reaction of AMs and apoptotic cells
AMs cultured on multi-well glass slides with or without anti-
CD9 mAb (20  μg ml−1) were coincubated with apoptotic 
PMNs at a 5:1 ratio (apoptotic cells: AM). After 1 h of incuba-
tion at 16–20°C, AMs were gently washed to remove unbound 
apoptotic cells, fixed and stained for myeloperoxidase (MPO) 
using the DAB staining kit (Muto Pure Chemicals, Tokyo, 
Japan). The binding index was calculated by dividing the 
number of bound apoptotic cells by the total number of mac-
rophages counted, multiplied by 100 (17).

Statistical analysis
Statistical analysis and P value calculations were conducted 
using the JMP statistical program (SAS Institute). For mul-
tiple comparisons, data were analyzed by ANOVA. When 
ANOVA indicated significance, the Dunnett’s and Tukey-
Kramer parametric tests were used for single and multiple 
comparisons. Non-parametric data were analyzed using the 
Wilcoxon signed-rank test. P values of <0.05 were consid-
ered significant.

Results

Efferocytosis is regulated by HDAC
Freshly isolated AMs were used to examine the effect of CSE 
on efferocytosis. Apoptosis of human PMNs was effectively 
induced by UV irradiation (Fig. 1A). After pre-treatment with 
CSE, AMs were incubated with apoptotic human PMNs for 2 h. 
Typical efferocytosis was shown under microscopic evaluation 
(Fig. 1B). In a preliminary study, we assessed efferocytosis by 
a phagocytic index. The phagocytic index was calculated by 
dividing the number of ingested apoptotic cells by the total 
number of macrophages counted, multiplied by 100 (2, 19, 
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20). The phagocytic index was lower in CSE-treated AMs 
than untreated AMs. However, the detection of efferocytosis 
by an optical microscope was very low (8–12% of total AMs). 

Next, we assessed efferocytosis by flow cytometric analy-
sis. We used pHrodo™ dyes as an indicator for phagocyto-
sis. pH-sensitive pHrodo™ dyes are almost non-fluorescent 
at neutral pH and fluoresce brightly in acidic environments. 
Thus, labeled cells that are non-phagocytized or attached 
to macrophages are dim. Once these cells are engulfed, the 
signal becomes brighter because of the acidic environment 
in the phagosomes. Approximately 20–30% of untreated AMs 
phagocytosed apoptotic cells (Fig.  1C). The percentage of 
phagocytic AMs was similar when the amount of apoptotic 
cells and/or incubation time were increased. Efferocytosis 
was significantly inhibited by CSE pre-treatment in a dose-
dependent manner (Fig. 1D). Concentrations >5% CSE were 
toxic to the AMs. HDAC activity was significantly inhibited by 
CSE pre-treatment at concentrations >2.5% (Fig. 1E). When 
AMs were pre-treated with TSA, an HDAC inhibitor, and then 
incubated with apoptotic PMNs, efferocytosis was inhibited by 
TSA in a dose-dependent manner (Fig. 1F). In cell cultures, 
TSA at 30 nM did not affect cell viability while TSA at 100 nM 
TSA decreased cell viability. In a previous study, reduced 
HDAC activity by cigarette smoke was reported to be medi-
ated through PI3Kδ activation (21). Therefore, we examined 
the effect of IC87114, a PI3Kδ-specific inhibitor, on efferocy-
tosis and HDAC activity. The CSE-induced inhibition of effero-
cytosis and of HDAC activity was prevented by the incubation 
of AMs with CSE in the presence of IC87114 (Fig. 1G). These 
results suggest that HDAC positively regulates efferocytosis 
and that cigarette smoke-induced PI3Kδ activation impairs 
efferocytosis through the inhibition of HDAC activity.

HDAC regulates efferocytosis via Rac activation
Efferocytosis is tightly controlled by Rho-family small GTPases. 
Thus, Rac induces efferocytosis wheas RhoA inhibits efferocyto-
sis via Rho kinase activation (4, 5). Consistently, efferocytosis was 
significantly inhibited by the treatment of AMs with NSC23776, 
a Rac inhibitor, whereas it was significantly enhanced by treat-
ment with Y27632, a Rho kinase inhibitor (Fig. 2A, 2B).

Aminophylline enhances HDAC activity, Rac activity and 
efferocytosis
CSE and/or TSA significantly inhibited efferocytosis, HDAC 
activity and Rac activity, but not RhoA activity (Fig. 3). Previous 
studies have shown that theophylline is a potent HDAC acti-
vator (8, 22). Pre-treatment of AMs with aminophylline, a more 
soluble derivative of theophylline, significantly enhanced effe-
rocytosis, HDAC activity and Rac activity, but not RhoA activ-
ity (Fig. 3). Notably, these enhancements were evident even 
in the presence of CSE and/or TSA. These results suggest 
that the potency of aminophylline as an HDAC activator may 
overcome the concurrent burden of HDAC inhibition induced 
by pharmacological compounds and cigarette smoking.

HDAC regulates effrocytosis partly via induction of CD9-
mediated tethering
CD9 expression on AMs was down-regulated by CSE, TSA 
and the Rac inhibitor (Fig. 4A, 4C). Given that CSE inhibited 
the expression of recognition molecules on AMs (6, 23), we 
examined the expression of CD14, CD31 and CD91 on AMs in 
the presence of TSA. TSA inhibited the expression of CD91 on 

Fig. 1. Efferocytosis is regulated by HDAC.(A) Apoptosis of human 
PMNs was assessed by flow cytometric analysis using Annexin 
V binding with propidium iodine staining. One representative of 
five independent experiments is shown. (B) AMs were incubated 
with apoptotic PMNs for 2 h. AMs were gently washed to remove 
uningested apoptotic cells, fixed and stained for MPO. Nuclei were 
stained with hematoxylin. The arrow shows an apoptotic cell engulfed 
by an AM. Original magnification ×1000. (C) Phagocytosis of apop-
totic cells was assessed by flow cytometric analysis. AMs were incu-
bated with pHrodo-labeled apoptotic PMNs for 2 h. FACS dot plots 
show phagocytosis of pHrodo-labeled apoptotic cells (upper right 
quadrant). AMs labeled with FITC-anti-F4/80 mAb alone and apop-
totic PMNs labeled with pHrodo alone served to determine cut-offs 
for phagocytosis. (D) AMs were treated with 1 to 5% CSE solution for 
48 h and incubated with apoptotic PMNs for 2 h at a 5:1 ratio (apop-
totic cells: AM). Efferocytosis was assessed by flow cytometry. Data 
represent the mean ± SEM (n  =  3–6 per group). (E) HDAC activ-
ity of AMs treated with 1 to 5% CSE solution for 24 h was analyzed 
by a fluorimetric assay. HDAC activity is shown as a percentage 
of untreated AMs ± SEM (n = 3 per group). (F) AMs were treated 
with 3 nM to 30 nM TSA for 48 h and incubated with apoptotic PMNs. 
Efferocytosis was assessed by flow cytometry. Data represent the 
mean ± SEM (n  =  7 per group). (G) AMs were treated with 2.5% 
CSE or 2.5% CSE plus a PI3 kinase δ inhibitor (PI3KδI) (10 μM) for 
48 h and incubated with apoptotic PMNs. Efferocytosis was assessed 
by flow cytometry. Asterisk, significantly different from untreated 
AMs (P < 0.05). Hash, significantly different from CSE-treated AMs 
(P < 0.05). Data represent the mean ± SEM (n = 4 per group).
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AMs. The expression of CD14 and CD31 was not affected by 
TSA (Fig. 4B). TSA-induced inhibition of CD9 expression was 
not restored by pre-treatment with aminophylline (Fig. 4D). To 
elucidate the role of CD9 in efferocytosis, AMs were cultured 
for 24 h in the presence or absence of anti-CD9 mAb and 
then incubated with apoptotic human PMNs (Fig.  4E). 
Efferocytosis, but not HDAC activity, was significantly 
inhibited by anti-CD9 mAb treatment. AMs transfected with 
CD9 siRNA also showed impaired effrocytosis. We further 
examined in which phase CD9 affected efferocytosis. 
Efferocytosis is composed of two steps, tethering and 
subsequent phagocytosis. To investigate the tethering 
step independently of phagocytosis, interactions between 
AMs and apoptotic cells were conducted at 16–20°C, 
which permitted binding, but not phagocytic, events to 
occur (Fig.  4F) (17). Tethering events were evaluated by 
the binding index. Tethering of apoptotic cells to AMs was 
significantly reduced by anti-CD9 mAb treatment compared 
with untreated AMs (Fig.  4G). In contrast, phagocytosis of 
IgG-opsonized cells was equivalent for both untreated AMs 
and anti-CD9 mAb-treated AMs (Fig. 4H). In previous studies, 
the inhibition of apoptotic cell recognition molecules did not 
affect phagocytic events (17, 24). These results suggest that 
HDAC regulates efferocytosis at least partly via the induction 
of the CD9-mediated tethering of apoptotic cells and that Rac 
is partly responsible for the regulation of CD9 expression. 
Finally, we examined the effect of double or triple use of 
inhibitors (Fig. 4I). Using two or three inhibitors had greater 
effects than using a single inhibitor. Single administration of 
each drug (TSA, Rac inhibitor, or anti-CD9 mAb) showed a 
similar magnitude of suppression of efferocytosis. However, 

TSA in combination with a Rac inhibitor or anti-CD9 mAb 
showed stronger suppression than a Rac inhibitor in 
combination with anti-CD9 mAb. Triple administration did not 
lead to further suppression. These results suggest that the 

Fig. 2. HDAC regulates efferocytosis via Rac activation. (A, B) AMs 
were treated with NSC23766, a Rac inhibitor (A) or Y27632, a Rho 
kinase inhibitor (B) for 24 h and incubated with apoptotic PMNs for 
2 h. Efferocytosis was assessed by flow cytometry. Asterisk, signifi-
cantly different from untreated AMs (P < 0.05). Data represent the 
mean ± SEM (n = 4 per group).
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Fig. 3. Aminophylline enhances HDAC activity, Rac activity and effe-
rocytosis. (A) AMs were treated with 2.5% CSE and/or aminophylline 
(10 μM) and/or TSA (30 nM) for 48 h and co-cultured with apoptotic 
PMNs for 2 h. Efferocytosis was assessed by flow cytometry. Data 
represent the mean ± SEM (n = 4 per group). Asterisk, significantly 
different from untreated AMs (P < 0.05). Hash, significantly different 
from aminophylline-untreated AMs (P < 0.05). (B) HDAC activity of 
AMs treated with CSE, TSA, and/or aminophylline for 24 h was ana-
lyzed by fluorimetric assay. (n = 4–6 per group). Asterisk, significantly 
different from untreated AMs (P  <  0.05). Hash, significantly differ-
ent from aminophylline-untreated AMs (P < 0.05). (C, D) AMs were 
incubated with CSE, TSA, and/or aminophylline. After 24 h incuba-
tion, Rac activity (C) and RhoA activity (D) were assessed by col-
orimetric assay. Asterisk, significantly different from untreated AMs 
(P < 0.05). Hash, significantly different from aminophylline-untreated 
AMs (P < 0.05). Data represent the mean ± SEM (n = 4 experiments).
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HDAC/Rac/CD9 pathway may be substantially divergent but 
partly involve convergent sub-pathways.

Discussion

The present study demonstrated that treatment of AMs with 
TSA, an HDAC inhibitor, impairs efferocytosis. The Rho fam-
ily of small GTPases has been implicated in many cellular 
functions (25). Rac is required for membrane ruffling and 
efferocytosis whereas RhoA activation negatively regulates 
efferocytosis through its downstream effector Rho kinase (3). 
In the present study, a Rac inhibitor impaired efferocytosis 
whereas a Rho kinase inhibitor enhanced efferocytosis. TSA 
decreased activities of Rac but not RhoA. Previous studies 
revealed that the positive regulator Rac and the negative reg-
ulator Rho act in balance to enhance or inhibit the uptake of 
apoptotic cells (2, 26). Our findings suggest that TSA impairs 
efferocytosis by altering the balance of Rac and RhoA activity 
toward negative regulator dominance.

Treatment of AMs with an inhibitor of PI3Kδ prevented the 
CSE-induced impairment of efferocytosis, suggesting the 
contribution of oxidative stress and subsequent activation 
of PI3Kδ on the impairment of efferocytosis. Aminophylline 
reportedly activates HDACs through the inhibition of PI3Kδ 
(27). In the present study, aminophylline prominently 
enhanced HDAC activity and efferocytosis even in the pres-
ence of TSA and/or CSE.

We explored the mechanisms underlying how HDAC acti-
vation induces efferocytosis in AMs. CD9 is associated with 
phagocytosis of several pathogens and other material (10–12, 
14). However, the involvement of CD9 in efferocytosis has not 
been studied. CD9 expression on AMs was down-regulated 
by HDAC inhibition in the present study. The down-regulation 
was partly dependent on reduced Rac activity. Importantly, 
efferocytosis but not HDAC activity was reduced by anti-
CD9 mAb. These results indicate that Rac/CD9 plays a role 
in HDAC-mediated efferocytosis in AMs. The HDAC inhibitor 
decreases CD9 expression on a mouse macrophage cell line 
(9) and peritoneal macrophages (28). In addition, CD9/CD81 
double-knockout mice show airspace enlargement, a COPD-
like phenotype (9). Lines of previous investigations therefore 
support our findings.

Several recognition molecules on AMs interact with apop-
totic cells (3). Previous studies reported that CSE inhibits the 
expression of recognition molecules, including CD36, inte-
grin αvβ3, CD31, CD44 and CD91, on AMs (6, 23). In the 
present study, TSA inhibited the expression of CD91, but not 
CD14 and CD31 on AMs. Interaction between phagocytes 

Fig. 4. HDAC regulates efferocytosis partly via the induction of CD9-
mediated tethering. All histograms show one representative of three 
to four independent experiments. Asterisk, significantly different from 
untreated AMs (P < 0.05). The data shown in columns represent the 
mean ± SEM (n = 4–6 per group). (A) AMs were treated with TSA 
(30 nM) or 2.5%CSE for 48 h and evaluated for CD9 expression. (B) 
AMs were treated with TSA for 48 h and evaluated for CD14, CD31 
and CD91 expression. (C) AMs were treated with a Rac inhibitor 
(100 μM) for 48 h and evaluated for CD9 expression. (D) AMs were 
treated with TSA plus aminophylline for 48 h and evaluated for CD9 
expression. (E) AMs were cultured for 24 h in the absence or presence 
of anti-CD9 mAb and incubated with apoptotic PMNs for 2 h and then 
efferocytosis was assessed. Effect of anti-CD9 mAb on HDAC activ-
ity was analyzed by fluorimetric assay. AMs transfected with CD9 
siRNA were cultured for 48 h and incubated with apoptotic PMNs for 
2 h and then efferocytosis was assessed. (F) AMs were incubated 
with apoptotic PMNs for 1 h at 37°C (left) or 16–20°C (right). AMs 
were stained for MPO. Arrows show the binding reaction of AMs and 
apoptotic cells. The arrowhead shows phagocytosis of apoptotic 
cells. Original magnification ×1000. (G) AMs were cultured for 24 h in 
the absence or presence of anti-CD9 mAb and incubated with apop-
totic PMNs at 16–20°C for 2 h. The binding of AMs and apoptotic

cells was assessed by the binding index. (H) AMs were cultured for 
24 h in the absence or presence of anti-CD9 mAb and incubated 
with pHrodo-labeled opsonized PMNs at 37°C for 2 h. Phagocytosis 
was assessed by flow cytometry. (I) AMs were treated with TSA, a 
Rac inhibitor and/or anti-CD9 mAb. Pre-treated AMs were incubated 
with apoptotic PMNs for 2 h, and then efferocytosis was assessed. 
Data represent the mean ± SEM (n = 4–6 per group). Asterisk, signifi-
cantly different from untreated AMs (P < 0.05). Double asterisks, sig-
nificantly different from AMs treated with TSA a Rac inhibitor, or with 
anti-CD9 mAb (P < 0.05). Hash, significantly different from anti-CD9 
mAb-treated AMs (P < 0.05). Triple astersiks, significantly different 
from AMs treated with a Rac inhibitor and anti-CD9 mAb (P < 0.05).
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and apoptotic cells takes the following steps (3). First, teth-
ering receptors (e.g. CD14 and/or CD31) hold the apoptotic 
cells in close approximation to the apoptotic cells. Second, 
tickling receptors (eg. CD91 or phosphatidylserine receptor) 
then engage eat-me signals on the apoptotic cell surface, 
followed by signal transduction, resulting in membrane ruf-
fling. Third, the apoptotic cells are ingested into a charac-
teristic fluid-filled efferosome, where they are digested. In 
the present study, tethering but not phagocytosis was mark-
edly reduced by anti-CD9 mAb, which implies that CD9 
might be a presumptive tethering receptor in the process of 
efferocytosis.

In the present study, aminophylline restored efferocytosis, 
HDAC activity and Rac activity in the presence of TSA or 
CSE although TSA-induced inhibition of CD9 expression was 
not restored by aminophylline. The beneficial effect of ami-
nophylline on HDAC/Rac-mediated down-regulation of CD9 
might be nullified by currently unknown effect of aminophyl-
line on the expression of CD9. Aminophylline may restore the 
impaired efferocytosis through its effect on CD9-independent 
pathways. Indeed, experimental results shown in Fig. 4I sug-
gest that the HDAC/Rac/CD9 pathway is not tandem but 
involves parallel sub-pathways.

In summary, cigarette smoke impairs AM efferocytosis 
through the inhibition of HDAC/Rac/CD9 pathways. The inhi-
bition is triggered by the activation of PI3Kδ and is markedly 
restored by treatment with aminophylline. The protective 
effect of aminophylline/theophylline may provide a novel 
therapeutic strategy to restore efferocytosis in patients with 
COPD.

Funding

Grant-in-Aid for Scientific Research from the Ministry of 
Education, Science, and Culture of Japan and the National 
Institute of Biomedical Innovation, Japan.

Acknowledgements

We thank Ms Makiko Kogo and Misae Awane (Kyushu University) for 
technical assistance.

References

 1 Whelan, R. S., Kaplinskiy, V. and Kitsis, R. N. 2010. Cell death in 
the pathogenesis of heart disease: mechanisms and significance. 
Annu. Rev. Physiol. 72:19.

 2 McPhillips, K., Janssen, W. J., Ghosh, M. et al. 2007. TNF-alpha 
inhibits macrophage clearance of apoptotic cells via cytosolic 
phospholipase A2 and oxidant-dependent mechanisms. J. 
Immunol. 178:8117.

 3 Vandivier, R. W., Henson, P. M. and Douglas, I. S. 2006. Burying 
the dead: the impact of failed apoptotic cell removal (efferocyto-
sis) on chronic inflammatory lung disease. Chest 129:1673.

 4 Nakaya, M., Tanaka, M., Okabe, Y., Hanayama, R. and Nagata, 
S. 2006. Opposite effects of rho family GTPases on engulf-
ment of apoptotic cells by macrophages. J. Biol. Chem. 
281:8836.

 5 Tosello-Trampont, A. C., Nakada-Tsukui, K. and Ravichandran, K. 
S. 2003. Engulfment of apoptotic cells is negatively regulated by 
Rho-mediated signaling. J. Biol. Chem. 278:49911.

 6 Hodge, S., Hodge, G., Ahern, J., Jersmann, H., Holmes, M. and 
Reynolds, P. N. 2007. Smoking alters alveolar macrophage 
recognition and phagocytic ability: implications in chronic 

obstructive pulmonary disease. Am. J. Respir. Cell Mol. Biol. 
37:748.

 7 Barnes, P. J. 2003. New concepts in chronic obstructive pulmo-
nary disease. Annu. Rev. Med. 54:113.

 8 Cosio, B. G., Tsaprouni, L., Ito, K., Jazrawi, E., Adcock, I. M. and 
Barnes, P. J. 2004. Theophylline restores histone deacetylase 
activity and steroid responses in COPD macrophages. J. Exp. 
Med. 200:689.

 9 Takeda, Y., He, P., Tachibana, I. et al. 2008. Double deficiency 
of tetraspanins CD9 and CD81 alters cell motility and protease 
production of macrophages and causes chronic obstructive 
pulmonary disease-like phenotype in mice. J. Biol. Chem. 
283:26089.

 10 Löffler, S., Lottspeich, F., Lanza, F., Azorsa, D. O., ter Meulen, V. 
and Schneider-Schaulies, J. 1997. CD9, a tetraspan transmem-
brane protein, renders cells susceptible to canine distemper 
virus. J. Virol. 71:42.

 11 Nakamura, K., Mitamura, T., Takahashi, T., Kobayashi, T. and 
Mekada, E. 2000. Importance of the major extracellular domain of 
CD9 and the epidermal growth factor (EGF)-like domain of hep-
arin-binding EGF-like growth factor for up-regulation of binding 
and activity. J. Biol. Chem. 275:18284.

 12 Deneka, M., Pelchen-Matthews, A., Byland, R., Ruiz-Mateos, E. 
and Marsh, M. 2007. In macrophages, HIV-1 assembles into an 
intracellular plasma membrane domain containing the tetraspa-
nins CD81, CD9, and CD53. J. Cell Biol. 177:329.

 13 Hemler, M. E. 2005. Tetraspanin functions and associated micro-
domains. Nat. Rev. Mol. Cell Biol. 6:801.

 14 Morelli, A. E., Larregina, A. T., Shufesky, W. J. et  al. 2004. 
Endocytosis, intracellular sorting, and processing of exosomes 
by dendritic cells. Blood 104:3257.

 15 Su, Y., Han, W., Giraldo, C., De Li, Y. and Block, E. R. 1998. 
Effect of cigarette smoke extract on nitric oxide synthase in pul-
monary artery endothelial cells. Am. J.  Respir. Cell Mol. Biol. 
19:819.

 16 Kalmar, J. R., Arnold, R. R., Warbington, M. L. and Gardner, M. 
K. 1988. Superior leukocyte separation with a discontinuous one-
step Ficoll-Hypaque gradient for the isolation of human neutro-
phils. J. Immunol. Methods 110:275.

 17 Devitt, A., Parker, K. G., Ogden, C. A. et  al. 2004. Persistence 
of apoptotic cells without autoimmune disease or inflammation in 
CD14-/- mice. J. Cell Biol. 167:1161.

 18 Machida, K., Inoue, H., Matsumoto, K. et al. 2005. Activation 
of PI3K-Akt pathway mediates antiapoptotic effects of beta-
adrenergic agonist in airway eosinophils. Am. J. Physiol. Lung 
Cell. Mol. Physiol. 288:L860.

 19 Newman, S. L., Henson, J. E. and Henson, P. M. 1982. 
Phagocytosis of senescent neutrophils by human monocyte-
derived macrophages and rabbit inflammatory macrophages. J. 
Exp. Med. 156:430.

 20 Fadok, V. A., Warner, M. L., Bratton, D. L. and Henson, P. M. 
1998. CD36 is required for phagocytosis of apoptotic cells 
by human macrophages that use either a phosphatidylserine 
receptor or the vitronectin receptor (alpha v beta 3). J. Immunol. 
161:6250.

 21 Marwick, J. A., Caramori, G., Stevenson, C. S. et  al. 2009. 
Inhibition of PI3Kdelta restores glucocorticoid function in smok-
ing-induced airway inflammation in mice. Am. J. Respir. Crit. Care 
Med. 179:542.

 22 Ito, K., Lim, S., Caramori, G. et al. 2002. A molecular mechanism 
of action of theophylline: Induction of histone deacetylase activity 
to decrease inflammatory gene expression. Proc. Natl. Acad. Sci. 
U. S. A. 99:8921.

 23 Hodge, S., Hodge, G., Jersmann, H. et  al. 2008. Azithromycin 
improves macrophage phagocytic function and expression of 
mannose receptor in chronic obstructive pulmonary disease. Am. 
J. Respir. Crit. Care Med. 178:139.

 24 Lillis, A. P., Greenlee, M. C., Mikhailenko, I. et al. 2008. Murine low-
density lipoprotein receptor-related protein 1 (LRP) is required for 
phagocytosis of targets bearing LRP ligands but is not required 
for C1q-triggered enhancement of phagocytosis. J. Immunol. 
181:364.

Regulation of efferocytosis by inhibition of histone deacetylase 649

 at (D
) K

yushu U
 R

igakubu on N
ovem

ber 25, 2013
http://intim

m
.oxfordjournals.org/

D
ow

nloaded from
 

http://intimm.oxfordjournals.org/
http://intimm.oxfordjournals.org/


 25 Mulloy, J. C., Cancelas, J. A., Filippi, M. D., Kalfa, T. A., Guo, F. 
and Zheng, Y. 2010. Rho GTPases in hematopoiesis and hemopa-
thies. Blood 115:936.

 26 Morimoto, K., Janssen, W. J., Fessler, M. B. et al. 2006. Lovastatin 
enhances clearance of apoptotic cells (efferocytosis) with implications 
for chronic obstructive pulmonary disease. J. Immunol. 176:7657.

 27 Barnes, P. J. 2009. Role of HDAC2 in the pathophysiology of 
COPD. Annu. Rev. Physiol. 71:451.

 28 Wang, X. Q., Alfaro, M. L., Evans, G. F. and Zuckerman, S. H. 
2002. Histone deacetylase inhibition results in decreased mac-
rophage CD9 expression. Biochem. Biophys. Res. Commun. 
294:660.

650 Regulation of efferocytosis by inhibition of histone deacetylase

 at (D
) K

yushu U
 R

igakubu on N
ovem

ber 25, 2013
http://intim

m
.oxfordjournals.org/

D
ow

nloaded from
 

http://intimm.oxfordjournals.org/
http://intimm.oxfordjournals.org/

