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Abstract Phagocytosis of dying cells is a complex and
dynamic process coordinated by the interaction of many
surface molecules, adaptors, and chemotactic molecules,
and it is controlled at multiple levels. This well regulated
clearance process is of utmost importance for the devel-
opment and homeostasis of organisms because defective or
inefficient phagocytosis may contribute to human pathol-
ogies. In this review we discuss recent advances in the
knowledge of the molecular interactions involved in
recognition and clearance of apoptotic cells and how
derangement of these processes can contribute to the
pathogenesis of chronic airway diseases such as chronic
obstructive pulmonary disease, cystic fibrosis and asthma.
We will briefly consider how different types of macro-
phages are implicated in chronic airway diseases. Finally,
we will address possible therapeutic strategies, such as the
use of macrolide antibiotics and statins, for modulating
apoptotic cell clearance.
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Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is a
chronic inflammation of the airways accompanied by oxi-
dative stress and imbalance between proteolytic and anti-
proteolytic enzymatic activity, which leads to progressive
destruction of lung parenchyma. Smoking tobacco is a
major risk factor for development of COPD. The chronic
inflammation in the lungs of COPD patients is supported
by the continuous influx of macrophages, neutrophils and
lymphocytes and by the production of tumor necrosis
factor-oo (TNF-o), IL-1p, IL-6, IL-17, IL-32, IL-18 and
thymic stromal lymphopoietin (TSLP), which amplify
inflammation [1]. Numerous studies identified apoptosis as
a prominent feature of COPD-related changes in the lungs
[2—4]. Expression of the apoptosis-associated proteins Bax
and Bad has been observed in alveolar epithelial cells in
the lungs of patients with emphysema, but not in healthy
individuals [5]. Homogenates of emphysematous lung
contain cleaved forms of caspase-3 and poly(ADP-ribose)
polymerase (PARP), which are not observed in healthy
individuals [5]. Moreover, apoptosis was shown to be
increased in all stages of the disease. Terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL)
assay of induced sputum shows that patients with more
severe symptoms of COPD and in whom forced expiratory
volume (FEV1) is <50% tend to have significantly higher
apoptosis rates than patients with FEV1 >50% and controls
[6]. Rates of apoptosis of endothelial, alveolar epithelial,
interstitial and inflammatory cells (neutrophils and lym-
phocytes) in situ in the lungs were higher in advanced
stages of COPD than in healthy controls and asymptomatic
smokers [2, 7-10]. TUNEL-positive cells were more fre-
quently detected in the alveolar lumens with the most
enlarged walls [11]. Moreover, the rate of apoptosis was
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Fig. 1 A possible role of deficient clearance of apoptotic cells in
pathogenesis of emphysema in COPD. In healthy lungs, alveolar
macrophages (M) efficiently engulf apoptotic cells (A). Several
mechanisms of altered uptake of apoptotic cells in COPD patients
have been proposed. Smoking is a major etiological factor for
development of COPD, and downstream effects of cigarette smoke on
phagocytosis of apoptotic cells are summarized. In addition,

higher in COPD patients even after ceasing smoking. In
this regard, TUNEL-positive cells were observed
throughout the parenchyma of alveolar and mesenchymal
cells in lung sections of COPD patients who had ceased
smoking for more than 6 months [5].

Increased spontaneous apoptosis of alveolar epithelial
cells is accompanied by a higher rate of cell proliferation
(analyzed by proliferating cell nuclear antigen) in the lung
of COPD patients, whereas in the lungs of patients with
terminal stage COPD, no increase in cell proliferation was
observed anymore albeit an increased apoptotic index [5,
11, 12]. These observations indicate that an accelerated
apoptosis rate in COPD is not always associated with
increased proliferation in the lungs.

The increased rate of apoptosis observed in human
samples from COPD patients was confirmed in mice
exposed to cigarette smoke (CS) for 6 months: they
developed emphysema and had more TUNEL-positive
endothelial and epithelial cells than mice who were not
exposed to CS [13]. Although an increase in the number of
apoptotic cells in the lungs might be explained by deficient
phagocytosis, an increased rate of apoptosis, or by a
combination of both, it is difficult to draw a conclusion
based only on these ex vivo studies.
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decreased levels of VEGF and TGF-f could contribute to the
progression of emphysema [102, 103]. COPD chronic obstructive
pulmonary disease, ROS reactive oxygen species, VEGF vascular
endothelial growth factor, HGF hepatocyte growth factor, TGF-f§
tumor growth factor , PGE2 prostaglandin E2, TNF tumor necrosis
factor, /15-HETE 15-hydroxyeicosatetraenoic acid

Hodge and co-workers have elegantly shown in vitro
that apoptotic cell clearance by alveolar macrophages
(AMs) is impaired in COPD patients [14]. The authors
established a phagocytosis assay using AMs from bron-
choalveolar lavage (BAL) of COPD patients and healthy
controls. When BAL cells were cocultured with apoptotic
16HBE airway epithelial cells, phagocytosis by AMs from
COPD subjects was found to be significantly reduced as
compared with controls (11.6 & 4.1% vs 25.6 &= 9.2%)
[14].

Several mechanisms have been proposed for the defec-
tive interaction between phagocytes and dying cells in
COPD (Fig. 1). One of them is CS, which was shown to be
directly toxic to the epithelial and endothelial cells and to
cause DNA damage and induce apoptosis. CS could also
alter the tissue repair mechanisms, including proliferation
and production and remodeling of extracellular matrix
[15-17]. The role of CS in regulation of phagocytosis is
supported by the fact that the ability of AM to engulf
apoptotic bronchial epithelial cells was significantly
decreased in current smokers with COPD and in healthy
smokers compared with control subjects who never smoked
[18]. The COPD patients showed a 40% reduction in
phagocytosis of apoptotic cells compared to healthy
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controls. Moreover, significant improvement of phagocy-
tosis was observed in COPD patients who had ceased
smoking compared with those who continued to smoke.
This observation suggests that a smoking-related effect on
AM may be partially reversed upon cessation of smoking.
However, phagocytosis in COPD patients does not return
to normal levels even in those who stop smoking for a long
time [18]. This supports the notion that other mechanisms,
such as oxidative stress, and protease and anti-protease
imbalance, contribute to induction of apoptosis upon
smoking cessation [2, 19, 20]. Importantly, CS suppresses
the activation status and functional activity of macro-
phages. In vitro, CS extract was shown to decrease
expression of CD44, CD71, CD31 and CD91 by AMs [18].
Interestingly, only COPD patients who still smoke have
reduced expression of CD31, CD91, CD44, and CD71 on
AMs, whereas COPD patients who ceased smoking for at
least 1 year display no changes in the expression of these
markers [18]. Blocking CD91 and CD31 reduced the
phagocytic capacity of AMs about 20% [18]. This implies
that reduced expression of the markers has only a partial
negative effect on phagocytosis of apoptotic cells and
suggests that other mechanisms are involved. In mice,
acute, subacute and chronic regimens of smoking resulted
in impaired phagocytosis of apoptotic cells by AMs [21].

By using pharmacologic and genetic approaches in vivo
and ex vivo in mice, it has been shown that CS can impair
phagocytosis of apoptotic cells by an oxidant-dependent
mechanism. CS exposure alters uptake of apoptotic thy-
mocytes instilled into trachea of mice exposed to smoke
[21]. Consequently, intraperitoneal administration of
superoxide dismutase mimetic and the peroxynitrite scav-
enger, manganese(Ill) 5,10,15,20-tetrakis(4-benzoic acid)
porphyrin (MnTBAP) before and after smoke exposure
prevented the phagocytosis defects observed in mice
exposed to CS [21]. These authors also showed that CS did
not impair phagocytosis in mice overexpressing extracel-
lular superoxide dismutase. They demonstrated that CS
inhibits phagocytosis of apoptotic cells through oxidant-
dependent activation of the RhoA-Rho kinase pathway
[21]. This defect was shown to be specific for apoptotic cell
clearance because CS did not inhibit Fcy receptor-depen-
dent phagocytosis of IgG-coated viable cells [21].

Several studies have shown that the levels of TNF« are
increased in the BAL of COPD patients [22-24]. Interest-
ingly, McPhillips and colleagues reported that TNFo sup-
presses clearance of apoptotic cells by murine J774
macrophages in vitro by oxidant-dependent mechanisms.
The authors investigated the link between TNF, reactive
oxygen species (ROS) and Rho signaling in the suppression
of phagocytosis of apoptotic cells [25]. They hypothesized
that TNFa activates TNFR, which in turn activates phos-
pholipase A2, leading to cleavage and release of

arachidonic acid. Oxidants produced in this reaction induce
conversion of Rho to its active form, which causes mor-
phologic changes and prevents efficient phagocytosis of
apoptotic cells [25]. This hypothesis was confirmed in
another study, in which mice deficient in both receptors for
TNFa, i.e. TNFR1 and TNFR2, demonstrated normal
clearance of apoptotic cells in vivo after CS exposure [21].
The effect of TNFa on phagocytosis was also shown
in vivo in mice: AM uptake of apoptotic murine thymo-
cytes instilled intracheally was down-regulated by prior
intratracheal instillation of TNFa. This deficient clearance
exacerbated lung inflammation, led to recruitment of
inflammatory cells, and increased production of IL-6,
monocyte chemoattractant protein-1 (MCP-1), and che-
mokine (C—X-C motif) ligand 1 (CXCL1) [26]. These data
suggest that increased TNFo in COPD patients and in
mouse models of COPD could contribute to decreased
phagocytosis of apoptotic cells in the airways (Fig. 1).
Another possible mechanism for CS downregulation of
phagocytosis is modification of extracellular matrix pro-
teins, such as collagen IV [20, 27]. The interaction of
apoptotic and nectoric cells with phagocytes is a complex
process that involves multiple membrane associated pro-
teins in macrophages and in dead cells, bridging molecules,
and intracellular signaling pathways [28, 29]. Surprisingly,
in a study by Kazeros et al. [30], analysis of 14 apoptotic
cell removal receptors on AMs from smoking COPD
patients (stages I and II according to GOLD) showed
upregulation of the expression level only of the gene
encoding Mer receptor tyrosine kinase (MERTK). These
data demonstrate that despite the major defect of phago-
cytosis in AMs of COPD patients, either expression of
recognition receptors is not altered or otherwise these
recognition molecules have a redundant function.
Surfactant proteins A and D (SP-A and SP-D) are pat-
tern recognition molecules of the collectin family of C-type
lectins, which can promote apoptotic cell clearance by
innate immune cells [31, 32]. SP-A and SP-D bind to cell
surface receptors, including Toll-like receptors (TLRs) [33,
34], signal inhibitory regulatory protein o (SIRPa), and the
calreticulin/CD91 complex [35]. Surfactant proteins are
now recognized as critical components in the host defense
in lungs. Pulmonary surfactant-associated proteins are
SP-A, SP-B, SP-C and SP-D [36]. Hodge et al. [37] dem-
onstrated that SP-D levels in BAL of COPD patients are
significantly lower than in controls. However, in the lungs
and in the induced sputum of patients with COPD, the
levels of SP-A were shown to be increased and no differ-
ence was found for SP-B, SP-C, SP-D levels in these lung
compartments [38, 39]. In addition, smoke was reported to
decrease SP-A and SP-D levels in human BAL [40]. The
effect of collectins on phagocytosis of apoptotic cells has
been tested in different experimental settings. Evidence
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from both in vivo and in vitro experiments supports the
notion that collectins have a dual role in regulation of
apoptotic cell clearance. It has been demonstrated that
SP-A and SP-D increase phagocytosis of apoptotic cells by
AMs in an opsonization-dependent manner or via interac-
tion with the CD91/calreticulin complex [35, 41]. When
macrophages were preincubated with SP-A or SP-D, the
clearance of apoptotic cells was inhibited through tonic
interaction with SIRPa [42, 43]. Phagocytic activity of
AMs from SP-D deficient mice towards apoptotic cells in
vitro was reduced [35, 43]. Moreover, mice deficient in
SP-D develop emphysema and also exhibit reduced
phagocytosis of apoptotic cells instilled intratracheally
[35]. In contrast, SP-A deficiency did not alter clearance of
exogenously applied apoptotic cells [35]. This points to the
fact that SP-A and SP-D have a dual role in regulation of
apoptotic cell clearance.

Earlier studies by Schagat et al. [41] showed that other
collectins, such as mannose-binding lectin (MBL) and
complement protein 1q (Clq), failed to affect uptake of
apoptotic neutrophils by AMs in vitro. In addition, it was
proven that C1q does not modulate apoptotic cells clearance
in vivo [35]. However, Hodge et al. [44] showed that the
reduced MBL levels in BAL of COPD patients significantly
correlated with deficient phagocytosis of apoptotic cells. In
smoke-exposed mice, phagocytosis of apoptotic cells was
significantly improved when MBL was supplemented by
using a nebulizer [44]. In addition, MBL-deficient mice also
showed defective clearance of apoptotic thymocytes injec-
ted in the peritoneum in vivo [45]. These data suggest that
MBL could be a new target for improving phagocytosis of
apoptotic cells in the airways of COPD patients.

In recent years it has become evident that autoimmunity
has a role in the pathogenesis of COPD. Indeed, T cell and
B cell activation and auto-antibodies production were
increased in COPD patients and in mouse models after
long-term exposure to CS [46-50]. As discussed above,
CS, which is the main risk factor for COPD, could lead to
defective clearance of apoptotic cells in the airways (see
review in this issue by L. Dini: “Phagocytosis of dying
cells: influence of smoking and static magnetic fields”).
Apoptotic cells that are not cleared at the appropriate time
could be a potential source of autoantigens that can amplify
the inflammation and trigger the autoimmune component in
COPD [51, 52]. Further investigations are required to
ascertain a causative link between defective clearance of
apoptotic cells and development of autoimmunity in
COPD.

Macrophage phenotypes in COPD

The existence of different macrophage activation pheno-
types suggests that they have different functional roles in
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control of infections and in development of immunopath-
ological disease symptoms. Mantovani et al. [53] proposed
classifying macrophage activation phenotypes as M1 and
M2 based on receptor expression, effector functions, and
cytokine and chemokine production. M1 macrophages are
the classically activated macrophages that show increased
production of pro-inflammatory cytokines (TNFa, IL-1,
IL-6, IL-12), inducible nitric oxide synthase (iNOS), and
ROS, as well as enhanced antigen presentation [54]. Most
chemokines produced during M1 activation of macro-
phages could amplify resistance to intracellular pathogens
and includes production of CXCL9, CXCL10 and CCLS5.
Thus, these classically activated M1 macrophages are
potent effector (killer) cells that destroy microorganisms
and tumor cells and produce plentiful amounts of pro-
inflammatory cytokines. By contrast, M2 macrophages
result from an alternative form of activation and are
characterized by increased expression of mannose receptor
(MR), dectin 1 and arginase, and by generation of ornithine
and polyamines [54-56]. In addition, M2 macrophages, in
contrast to M1, produce chemokines such as CCL24,
CCL17, CCL22 and others, which lead to attraction of cells
involved in remodeling, tissue repair, allergy and promo-
tion of angiogenesis. Therefore, M2 macrophages are often
called pro-resolution macrophages. Alternatively activated
macrophages (M2) are found during the resolution phase of
acute inflammatory reactions in chronic inflammatory dis-
eases, such as rheumatoid arthritis and psoriasis [57].
Considerable data have been collected on the polarization
of human macrophages derived from peripheral blood
mononuclear cells and on murine macrophages in vitro, but
fewer data are available on the differentiation of macro-
phages in human diseases such as COPD. Affymetrix
microarray analysis of polarization-related genes in AMs
collected by BAL from COPD patients demonstrated that
only few M2-related genes (MMP2, MMP7, adenosine A3
receptor) were up-regulated compared to non-smoking
controls [58]. Expression of M2-related genes on the
macrophages was not significantly different between
COPD patients and smokers. In contrast, the authors
observed that smoking alone down-regulated the expres-
sion of Ml-related genes. Consequently, genes encoding
type I chemokines (CXCL9, CXCL10, CXCL11, CCLS),
IL-32, CD69 and IL-18 were suppressed in smokers
compared to healthy non-smokers, but there was no sig-
nificant difference between healthy smokers and COPD
patients who smoked [58]. This observation suggests that
development of the disease correlates with the down-reg-
ulation of M1-related genes rather than with the up-regu-
lation of M2-related genes. In agreement, Reynolds’s group
has also shown that the MR (an M2 marker) is downreg-
ulated on AMs of COPD patients, which suggests a mixed
macrophage phenotype, and this needs further investigation
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[59]. In line, the data on mice exposed to CS for 8 weeks
does not support the notion of M1 polarization of macro-
phages. Consequently, in macrophages from smoke-
exposed mice the levels of TNFa, IL-6 and RANTES were
reduced by stimulation in vitro with poly I:C, LPS and CpG
[60]. It has also been shown that smoke deregulates acti-
vation of the transcription factors NF-kB and AP-1 and
thereby inhibits the initiation of innate immune responses
and cytokine production [60, 61].

To summarize, the data from humans and mice dem-
onstrates that cigarette smoking induces reprogramming
of the AMs polarization towards a mixed phenotype
(M1-deactivated and partially M2-polarized) macrophages
in vivo. With the development of COPD there is a further
progression of suppression of M1 polarization program and
only few of M2 related genes are up-regulated. The direct
immune suppressive effect of smoke on AMs and various
changes in cytokine and cellular microenvironment was
demonstrated [62-65] and could explain the CS induced
deactivation of macrophages.

Cystic fibrosis

Cystic fibrosis (CF) is a complex, heritable disease caused
by mutation of the gene encoding conductance regulator
Cl™ channel (CFTR). Pulmonary manifestations are
chronic and recurrent infection, airway inflammation,
bronchiectasis and progressive lung obstruction lung early
in life [66]. Examination of sputa demonstrated that CF
patients have more apoptotic cells than patients with
chronic bronchitis [67]. This observation suggests that
defective clearance of apoptotic cells may contribute to
ongoing airway inflammation. In fact, increased numbers
of apoptotic cells in CF patients were detected not only in
the lungs but also in epithelial surfaces of the duodenum,
which indicates defective clearance of apoptotic cells in
various CF epithelia [68]. Chronic microbial colonization
and repeated acute exacerbations of pulmonary infection
caused mostly by a unique spectrum of opportunistic bac-
teria such as Pseudomonas aeruginosa, Burkholderia
cepacia, Staphylococcus aureus, and Haemophilus influ-
enzae contribute to the disease-related damage in the lungs
[66]. CFTR deficiency could provide an environment
conducive to bacterial replication. It has been shown that
AMs from CFTR™~ mice are defective in the killing of
internalized bacteria and that lysosomes from CFTR-null
macrophages fail to acidify [69]. Moreover, it was recently
shown by Vandivier’s group that CFTR™’~ epithelial cell
lines are less able to clear apoptotic Jurkat cells in vitro
[70]. Importantly, the authors observed that ineffective
clearance of apoptotic cells by CFTR™™ cells has a pro-
inflammatory consequences due to increased production of

IL-8 by these cells [70]. The mechanism of this CFTR-
dependent effect is related to a substantial increase in the
expression of RhoA, a known negative regulator of
phagocytosis. The involvement of the Rho kinase pathway
was proven by observations that active RhoA was
increased in epithelial cells of CF patients and CFTR™/~
mice [70, 71] and that inhibitors of RhoA could normalize
phagocytosis of apoptotic cells [70]. But, surprisingly, the
CFTR™~ AMs do not have clearance defects, indicating
that CFTR does not regulate clearance of apoptotic cells by
AMs in the same way that it does for epithelial cells [70].
However, to our knowledge no studies of phagocytosis of
apoptotic cells have been performed on human AMs from
patients with CF. As mentioned above, patients with CF
often suffer from chronic colonization with P. aeruginosa,
which is the principal cause of mortality in CF lung disease
[72]. Bianchi et al. have shown that a toxic metabolite of
P. aeruginosa (pyocyanin) inhibits phagocytosis of apop-
totic neutrophils and apoptotic Jurkat cells by HMDM in
vitro. Moreover, they showed that in mice infected with
pyocyanin-producing P. aeruginosa, clearance of apoptotic
cells by BAL macrophages was reduced due to generation
of ROS and their effects on Rho GTPase signaling. Pyo-
cyanin treatment of HMDMs activated Rho activity 2 h
and inhibited Rac-1 activity 24 h after the treatment [73].
This observation suggests that bacterial metabolites, which
have not been considered in this context, have to be taken
into account when analyzing the complex phenomenon of
phagocytosis deficiency in CF.

Damage associated molecular patterns, which are
released from dying cells, were shown to affect phagocyte
activation and/or differentiation, whereas their role in the
process of phagocyte recruitment is just being elucidated
[74,75]. It has been reported that high-mobility group box 1
(HMGB1) is increased in the BAL of CF patients and in the
mouse model of CF [76]. Moreover, HMGB1 could block
phagocytosis of apoptotic cells in a PS-dependent manner
[77]. These results indicate that HMGB1 content in BAL
from CF patients could contribute to the decreased phago-
cytosis of apoptotic cells in this pathology [77]. As many
inflammatory and autoimmune diseases have been linked
with deregulated appearance of these damage associated
factors, future studies on CF should try to fully understand
how the substances released from apoptotic cells affect their
phagocytosis and the contribution of these substances to the
pathology of CF. However, it is important to emphasize that
knowledge on the precise molecular mechanisms involved
in the deficient phagocytosis of apoptotic cells in CF
patients is very limited, which means that many interesting
and challenging findings are expected.

Data on the macrophage activation state of AMs isolated
from patients with CF is rather scarce. It has been shown
that monocytes from CF patients, when challenged with
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LPS, exhibit a tolerant IL-12"""IL-23"""IL-10"" pheno-
type with low antigen presentation capacity, which is
indicative of an M2 polarization state [78]. In opposite, in
the nasal tissue of CF patients we observed accumulation
of CD14™ cells, without immunohistochemical evidence of
an increase in CD68, CD2061 or CD163™ cells [79-81],
thus M1 macrophages. Further studies are needed to eval-
uate the phenotype of AMs in CF patients and to under-
stand how it contributes to the pathogenesis of the disease.

Asthma

Asthma is a complex syndrome with a variable degree of
airflow obstruction, bronchial hyperresponsiveness, and
airway inflammation [82, 83]. Tissue damage and increased
apoptotic rates with typical TUNEL and caspase-3 posi-
tively stained epithelial cells and smooth muscle cells were
observed in the proximal conducting airways and in the
central bronchus of patients with severe disease, while in
patients with intermittent stage of the disease apoptosis
rates were comparable to controls [84]. Furthermore, it has
been demonstrated that the increase in apoptotic eosinophils
in induced sputum and their phagocytosis by AMs is cor-
related with reduction in asthma symptoms and resolution
of asthma exacerbation [85-87]. Huynh et al. [88] observed
that human AMs from normal individuals and patients with
mild to moderate asthma had similar numbers of phagocytic
bodies, suggesting that clearance of apoptotic cells was not
disturbed. In contrast, AMs from patients with severe
asthma had fewer phagocytic bodies than patients with mild
to moderate asthma which indicates that phagocytosis
might have been reduced. The authors strengthened these ex
vivo observations by performing an in vitro phagocytosis
assay (using apoptotic Jurkat cells) of AMs obtained from
asthmatic patients. They confirmed that in vitro phagocy-
tosis of apoptotic Jurkat cells by AMs from severely asth-
matic patients was defective both in unstimulated and
LPS-stimulated conditions. However, AMs from patients
with mild to moderate asthma symptoms exhibited no defects
in phagocytosis [88]. It has also been shown that in severe
asthmatics the normal process of release of anti-fibrotic
and/or anti-inflammatory mediators is distorted. The AMs
from patients with severe asthma failed to produce prosta-
glandin E2 and 15-HETE (15-hydroxyeicosatetraenoic acid)
[88], which indeed could contribute to the chronic inflam-
mation and airway remodeling in lungs of patients with
asthma. Of interest, the phagocytosis defect in patients with
severe asthma was not limited to engulfment of apoptotic
cells but extended to removal of infectious agents [89].

In AMs from patients with mild asthma, no difference
was observed in the expression of surface markers such as
CD11b, CD64, CD16, CD14 and HLA-DR [90], while in a
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group of patients with more severe disease (eosinophilia in
sputum >5%) CD64 and CD11b were up-regulated [90].
Although all these studies suggest that decreased
removal of apoptotic cells in asthmatic patients might
contribute to the development of disease, more work is
required to prove this hypothesis by providing a more
extensive analysis of molecular mechanisms of the
phagocytosis of apoptotic cells that can lead to the dereg-
ulated removal of apoptotic cells in asthma patients, and
their contribution to airway inflammation; such results
should be analyzed in mouse models and human asthma.

Possible strategies for improvement of apoptotic
cell clearance

One strategy for dealing with the problem of deficient
clearance of apoptotic cells in COPD and CF is to thera-
peutically enhance the phagocytic capacity of macrophages
[59, 85]. Examples of drugs that might promote phagocytic
clearance of apoptotic cells are the macrolide antibiotics
and statins. It has been shown that azithromycin increases
the ability of AMs from COPD patients to phagocytose
apoptotic bronchial epithelial cells in vitro [91]. Impor-
tantly, no effect on the expression of the recognition
molecules was observed, including CD31, CD36, CD91,
avf3 integrin and CD44. The authors reported that
increased phagocytosis could be partially inhibited by
phosphatidylserine, suggesting that the pro-phagocytic
effect of azithromycin is PS-mediated [91]. However, in
another study it was shown that azithromycin increases MR
expression by 50%. Down-regulation of this receptor has
been implicated in the defective phagocytic capacity of
AMs [92]. Consequently, administration of azithromycin to
COPD patients for 12 weeks significantly improved AM
phagocytosis [37]. Low doses of azithromycin were
reported to have not only a beneficial anti-inflammatory
effect in COPD, CF and panbronchiolitis [93, 94], but also
to improve phagocytosis when given for 12 weeks, possi-
bly by increasing the surface expression of MR [37].
Another class of drugs that could be used to modulate the
process of phagocytosis of apoptotic cells is statins. These
were discovered as drugs that reduce cholesterol levels by
inhibiting the 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA), but they were also shown to have an anti-
inflammatory action by virtue of their ability to block pre-
nylation of signaling molecules, i.e. Rho GTPases [95-97].
It has been shown that lovastatin increases phagocytosis of
apoptotic cells by AMs from COPD patients in an HMG-
CoA reductase-dependent manner [97]. Interestingly,
lovastatin did not affect the expression of recognition
molecules such as CD36, CD44, CD14, CD91, avf3, avf5
integrins and FcyRIla on macrophages [97]. Administration
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of simvastatin to mice sensitized them to ovalbumin and
reduced features of allergic airway inflammation, such as
eosinophilia in BAL and IL-5 production [98], but no data
are available in this study about phagocytosis. Although
there is a good indication for the use of statins in asthmatic
patients, only one randomized, double-blind clinical study
has been performed; that study tested the effect of simva-
statin on the clinical outcome of disease [99]. However,
based on the results, no major improvements were found
after simvastatin administration to asthmatic patients, with
exception of reduction of exhaled nitric oxide. It is impor-
tant to note that in the current study only patients with mild
features of asthma were included and new studies are nee-
ded to test different statins on patients with severe asthma
[85, 99]. More data have to be collected to understand the
mechanisms of phagocytosis deficiency in asthmatic
patients. In COPD patients, statins reduce neutrophil num-
bers and T cell differentiation and activation, and increase
apoptosis of eosinophils [85]. A study by Morimoto et al.
[97] has demonstrated that lovastatin is a potent inducer of
apoptotic cell removal in COPD patients. Notably, there is
evidence that simvastatin impairs phagocytosis and the
oxidative burst in response to opsonized bacteria and at the
same time enhances the production of pro-inflammatory
mediators [100], which should be assessed to prevent
potential side-effects in patients undergoing long-term sta-
tin treatment. Only carefully designed and controlled clin-
ical trials can determine whether statins can significantly
improve the clinical course of COPD and exert their anti-
inflammatory effects in these settings. Future studies are
needed to determine whether these drugs could provide the
basis for a novel therapeutic strategy, based on modulation
of phagocytosis, to prevent the progression of advanced
stages of the disease. Glucocorticoids could also improve
phagocytosis of apoptotic cells, but their adverse effects
render this approach impractical [101]. The study by Hodge
et al. [44], provided the evidence that the modulation of the
mannose pathway by MBL could be considered as supple-
mentary therapy of COPD.

Conclusions

Precise knowledge of the signals, receptors and intracel-
lular signaling pathways leading to decreased clearance of
apoptotic cells in COPD, CF and asthma is limited. It is
likely that multiple molecules are involved, and here we
sought to briefly overview these potential actors. Many
more interesting and challenging findings concerning the
molecular basis of deficient clearance of dead cells in these
diseases are expected to emerge, with consequent resolu-
tion of the controversial question of whether disturbed
clearance of apoptotic cells in asthma is important for it

development and progression. Furthermore, this knowledge
will stimulate the development of new treatment strategies
for manipulating phagocytic clearance of apoptotic cells
for the treatment of chronic pulmonary disorders.
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