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Abstract: Asthma is an increasingly common respiratory condition characterized by reversible airway obstruction, bronchial hyper-
responsiveness and airway inflammation with a clear unmet need for more effective therapy. Eosinophilic asthma is a phenotype of the 
condition that features increased blood or sputum eosinophils whose numbers correlate with disease severity. Several lines of evidence 
are now emerging, which implicate increased persistence of eosinophils in the lungs of patients with asthma as a consequence of inhi-
bition of and defects in the apoptotic process, together with impaired apoptotic cell removal mechanisms. This article will update our 
knowledge of the mechanisms controlling eosinophil apoptosis and clearance, together with evidence implicating defects in apoptosis 
and pro-inflammatory cell removal in asthma. Recent developments in novel therapies for asthma that target eosinophil apoptotic and/or 
clearance pathways will also be discussed.
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Introduction
Asthma is now one of the most common chronic 
diseases in developed countries and is character-
ized by reversible airway obstruction, airway hyper-
responsiveness (AHR) and airway inflammation. 
Asthma pathology results in fundamental struc-
tural changes to the airway including goblet cell 
hyperplasia, airway smooth muscle hypertrophy 
and subepithelial fibrosis.1 Inhaled glucocorticoids 
(GC) remain the gold standard of therapy for asthma 
because of their potent anti-inflammatory properties 
that primarily reduce AHR, disease exacerbations 
and hospitalizations, while improving lung func-
tion and quality of life.2 However, GC have well-
documented side effects and they are symptomatic 
medications that require lifetime therapy for the 
majority of patients with asthma, whose symptoms 
usually return upon GC withdrawal.3 Moreover, con-
cerns remain over patient compliance to therapy, 
while variations in the clinical response of asthmat-
ics to inhaled GC therapy are common. A significant 
subgroup of asthmatic patients respond poorly or not 
at all to high-dose inhaled or systemic GC treatment.4 
These considerations highlight the need for the devel-
opment of more effective and safe anti-inflammatory 
therapy for asthma.

Eosinophil involvement in inflammatory condi-
tions affecting the skin, gastrointestinal tract and upper 
and lower airways is well documented.5 Eosinophilic 
asthma is a phenotype of the condition characterized 
by increased blood or sputum eosinophils whose num-
bers correlate with disease severity.6 Infiltrating tissue 
eosinophils release their potent pro-inflammatory 
arsenal, including granule-derived basic proteins, 
lipid mediators, cytokines and chemokines. These 
contribute to airway inflammation and lung tissue 
remodeling that includes epithelial cell damage and 
loss, airway thickening, fibrosis and angiogenesis.7 
More recent evidence suggests that in addition to 
their role as degranulating effector cells, eosinophils 
have the capacity to act as antigen-presenting, cells 
resulting in T cell proliferation and activation, thereby 
propagating inflammatory responses.8,9

This article will update our knowledge of the mech-
anisms controlling eosinophil apoptosis together with 
the evidence implicating defects in apoptosis and pro-
inflammatory cell removal in asthma. Recent devel-
opments in novel therapies for asthma that target 

eosinophil apoptotic and/or clearance pathways will 
also be discussed.

Role of Eosinophil Apoptosis in Asthma
Asthma represents one of the most prevalent diseases 
affecting humans, for which eosinophils have an 
established role in disease pathogenesis. In healthy 
individuals, eosinophils are present in the circula-
tion in low numbers and are rarely found in the lung, 
being mostly confined to the tissues surrounding the 
gut. Eosinophil accumulation in the asthmatic lung 
is complex, involving their maturation in and release 
from the bone marrow, adhesion to and transmigration 
through the post-capillary endothelium, and then their 
chemotaxis to and activation/degranulation at inflam-
matory foci.10 The processes controlling eosinophil 
accumulation are of obvious importance and repre-
sent potential therapeutic targets for antagonism of 
their accumulation in asthma.11 However, apoptosis 
and the disposal of apoptotic cells by phagocytic 
removal (efferocytosis) is a vital aspect of inflamma-
tion resolution in all multi-cellular organisms. Thus, a 
balance in the tissue microenvironment between pro- 
and anti-apoptotic signals is likely to greatly influence 
the load of lung eosinophils in the asthmatic lung. 
Eosinophils have a limited life-span. In the circula-
tion for 8–18 hours and in the tissues for 3–4 days, 
as like neutrophils they are terminally-differentiated 
cells programmed to undergo apoptosis in the 
absence of viability-enhancing stimuli. Eosinophil 
persistence in the airways is enhanced by the pres-
ence of several asthma-relevant cytokines that pro-
long eosinophil survival by inhibition of apoptosis. 
The roles of IL-3, IL-5, IL-9, IL-13, IL-15 and GM-
CSF in this regard are well established,12–15 and there 
is ample evidence that all of these elements are pres-
ent in the asthmatic lung in significant quantities.16 
Thymic stromal protein (TSLP), IL-25 and IL-33 
represent a triad of cytokines released by airway 
epithelial cells in response to various environmental 
stimuli or by cellular damage. They act in concert to 
drive Th2 polarization through overlapping mecha-
nisms causing remodeling and pathological changes 
in the airway walls, suggesting pivotal roles in the 
pathophysiology of asthma. All 3 have been shown 
to have a number of effects on eosinophil function, 
including enhancement of their viability through the 
inhibition of apoptosis.17–19 Eosinophil interactions 
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with proteins of the extracellular matrix are likely 
to contribute to their persistence within the tissues. 
For example, integrin-mediated eosinophil adhesion 
to fibronectin20,21 results in the autocrine production 
of viability-enhancing cytokines GM-SCF, IL-3 and 
IL-5. These interactions between multiple cytok-
ines and extracellular matrix components antagonize 
eosinophil programmed cell death, thereby prolong-
ing their longevity for weeks.

Nitric oxide (NO) released from human tissues 
is associated with pro-inflammatory effects with 
potentially important implications in asthma, where 
levels in exhaled air correlate with clinical symp-
toms of asthma, sputum eosinophilia and markers 
of eosinophil activation.22,23 In addition to potential 
pro-inflammatory effects, there is evidence that NO 
induces in vitro human eosinophil apoptosis both in 
the absence and presence of IL-5 or GM-CSF via 
c-Jun-N-terminal kinase (JNK)24 or caspase 6 and 3 
activation.25 More recently, NO-induced eosinophil 
apoptosis has been shown to be mediated via reac-
tive oxygen species, JNK and late mitochondrial 
permeability transition.26 NO release in the asth-
matic lung may act as a counter regulatory mecha-
nism to limit eosinophilia in inflamed lungs, indeed 
the degree of apoptosis in sputum eosinophils was 
found to positively correlate with exhaled NO in 
children.27

The desire to understand how the process of 
apoptosis can be harnessed in the quest for novel 
asthma therapy has led to much interest in furthering 
our understanding of the triggers and intracellu-
lar mechanisms controlling apoptosis induction in 
human eosinophils.28,29 For example, several studies 
have demonstrated that ligation of membrane recep-
tors including Fas (CD95)30,31 CD69,32 siglec-8,33,34 
CD3035 and CD4536 induce eosinophil apoptosis in 
vitro. Interestingly, eosinophil expression of the latter 
receptor is elevated in patients with asthma compared 
with non-asthmatic controls.37 Mice sensitised with 
ovalbumin (OVA) develop lung inflamation includ-
ing airway eosinophilia following an OVA inhala-
tion challenge. This process represents a widely used 
animal model of asthma. The administration of anti-
Siglec-5 accelerates eosinophil apoptosis in an OVA 
murine asthma model, leading to resolution of allergic 
pulmonary inflammation.38 Indeed, siglec-8 expres-
sion appears restricted to human eosinophils, mast 

cells and basophils, thereby generating great interest 
in targeting this molecule as a potential treatment for 
eosinophil and mast-cell-driven diseases.39

Inhaled GC are a first-line therapy for asthma 
due to their potent anti-inflammatory properties 
that primarily result in reduced numbers of airway 
inflammatory cells and their associated mediators. 
In addition, GC induce apoptosis in peripheral blood 
eosinophils,40 as well as in tissue eosinophils resi-
dent in nasal polyp tissue sections,41 suggesting that 
eosinophil apoptosis induction by GC might be rel-
evant to their anti-inflammatory effects in asthma. 
The intracellular signaling mechanisms by which 
GC induce apoptosis in human eosinophils include 
the involvement of caspases and release of mito-
chondrial cytochrome C.42 Studies with eosino-
phils derived from both healthy and asymptomatic 
allergic individuals have demonstrated involve-
ment of caspase-3 and -8 in glucocorticoid-induced 
apoptosis.43 In contrast, another study reported that 
the GC dexamethasone induced eosinophil apoptosis 
that was not associated with specific caspase-3 and -8 
activity in eosinophils, compared with spontaneous 
apoptosis in these cells.44 Our own findings demon-
strate that different caspase pathways are involved 
in controlling receptor-ligation mediated apoptosis-
induction in human eosinophils.45 While caspases 
are key regulators of apoptosis in diverse human 
cells, oxidant-induced mitochondrial injury associ-
ated with translocation of the pro-apoptotic protein 
Bax to the mitochondria has been shown to be piv-
otal in eosinophil apoptosis. This effect was medi-
ated by GC-induced prolonged activation of c-Jun 
NH2-terminal kinase that was, in turn, inhibited by 
GM-CSF.46 Other factors important in the control 
of apoptosis and caspase activation in many cellu-
lar systems include the Bcl-2 family of proteins.47 
There are several reports demonstrating constitutive 
expression of Bcl-2,48,49 or Bax and Bcl-x50 by human 
eosinophils, whereas a decrease in Bcl-xL messen-
ger RNA and protein levels was found to be asso-
ciated with eosinophil apoptosis.51 The intracellular 
pathways by which viability-enhancing cytokines act 
in eosinophils include triggering of PI3K/Akt/ERK 
signaling, preventing Bax activation through a Pin1-
dependent process. NFkB-mediated transcriptional 
upregulation of anti-apoptotic Bcl-2 family mem-
bers, as well as inhibitors of apoptosis such as Mcl-1 
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and c-IAP, are also likely to contribute to eosinophil 
survival.28

Phagocytic Recognition
Though much is spoken of the importance of apopto-
sis induction in homeostasis, its benefits arise only in 
conjunction with the efferocytosis of these apoptotic 
cells by neighboring cells. The clearance of dying cells 
represents a fundamental process serving multiple 
functions in the regulation of normal tissue turnover 
and homeostasis. Failure or inhibition of these clear-
ance mechanisms permits the apoptotic cells to enter 
into secondary necrosis, which results in injurious 
perpetuation of the inflammatory response.52 Indeed, 
defects in apoptosis and/or subsequent efferocytosis 
of pro-inflammatory cells are increasingly recog-
nized in conditions as diverse as autoimmunity53 and 
chronic inflammatory diseases of the lung.54 Evidence 
for the rationale of targeting apoptosis/efferocytosis 
in respiratory disease is provided by studies that dem-
onstrated defects in recognition of apoptotic cells by 
alveolar macrophages from patients with COPD55 or 
chronic asthma.56 Our own clinical study57 and those 
of others58,59 provide further “real-world” evidence 
that apoptosis induction in eosinophils and their 
subsequent efferocytosis is a rational avenue for the 
development of novel therapies for asthma.

Various studies in macrophages60,61 have elucidated 
the means utilized in the recognition and engulfment 
of apoptotic cells. These include an uncharacterized 
lectin-dependent interaction;62 a charge-sensitive 
process involving the CD36/vitronectin receptor 
complex interacting with unknown moieties on apop-
totic neutrophils’ surfaces via a thrombospondin 
bridge;63,64 a stereo specific recognition of phosphati-
dylserine (PS) that is exposed on the surface of the 
apoptotic cell after loss of membrane asymmetry,65,66 
redistribution of PS on the phagocyte,67 macrophage 
scavenger receptors,68,69 CD14,70,71 CD68,72 ABC1 
transporter,73 Dock180, beta-1-integrins,74 CD4475 
and opsinization by MFG-E8, C1q, Mannonse bind-
ing lectin (MBL) and E6 (reviewed in Elliott and 
Ravichandran).76 It is been known for many years that 
a number of non-professional phagocytes, including 
dendritic cells, lung fibroblasts, and smooth muscle 
cells, also have the capacity to recognize and ingest 
apoptotic cells.77 Although the bronchial epithelium is 
generally considered to be the target for cell damage 

and loss by eosinophil-derived mediators, we char-
acterized the capacity for normal and small airway 
human bronchial epithelial cells to specifically rec-
ognize and phagocytose apoptotic, but not freshly 
isolated eosinophils.78 Recognition and phagocytosis 
of apoptotic eosinophils was a specific event under 
the control of integrin, lectin and phosphatidylserine 
membrane receptors. Importantly, we also demon-
strated that the GC dexamethasone increased both the 
percentage of airway epithelial cells (AEC) engulfing 
apoptotic eosinophils and, in particular, the number 
of apoptotic eosinophils ingested by each epithelial 
cell.79 These findings add a new dimension to the 
anti-inflammatory effects of GC. We also demon-
strated that actin rearrangement is involved in the 
efferocytosis of apoptotic eosinophils by AEC, and 
that the phagocytic capacity of cytokine-stimulated 
small and large AEC was approximately half that of 
human monocyte-derived macrophages. Intriguingly, 
the AEC did not phagocytose apoptotic neutrophils,80 
and in screening epithelial cell lines derived from 
alveolar (A549), mammary (ZR-75-1) and colon 
(HT-29) tissues, this selective efferocytosis of apop-
totic eosinophils was consistent. Indeed, this prefer-
ential uptake of eosinophils was similarly observed 
in our monocyte-derived-macrophages, which exhib-
ited consistently higher phagocytic uptake of apop-
totic eosinophils compared with uptake of apoptotic 
neutrophils. Given the extent of the lung epithelium 
and that LPS-dependent phagocytosis of apoptotic 
cells by alveolar macrophages is greatly impaired in 
patients with chronic asthma,54 bronchial epithelial 
cells may prove to be vital in the clearance of apop-
totic eosinophils.

Targeting Apoptosis in Asthma
Taken together, these observations indicate potential 
avenues for the development of novel therapeutic 
approaches to target eosinophil-induced inflammation 
in asthma, particularly in those patients who exhibit 
GC resistance. IL-12  induces apoptosis in human 
eosinophils, likely explaining its ability to decrease 
tissue eosinophilia in murine models of allergic 
inflammation.81 Furthermore, the level of IL-12 mRNA 
expression in the airways of asthmatic subjects is sig-
nificantly lower than that in non-asthmatic controls, 
and levels significantly increased following treatment 
with GC.82 IL-12 would, therefore, appear to be a 
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good candidate for the treatment of asthma. However, 
while a clinical study demonstrated that treatment of 
asthmatic patients with rhIL-12 reduced sputum and 
blood eosinophil numbers, no significant effect was 
observed on either AHR or the late-asthmatic response 
to an inhaled antigen challenge.83 The bronchodilator 
theophylline is widely used in asthma therapy and 
has also been shown to trigger apoptosis in human 
eosinophils, an effect that may contribute to its anti-
inflammatory properties.84 Thus, there is interest in the 
development of more specific phosphodiesterase type 
4 (PDE4) inhibitors with enhanced bronchodilator and 
anti-inflammatory effects. However, side effects such 
as nausea and vomiting have been problematic for 
some agents in this class.85

Statins reduce cholesterol levels by inhibiting 
the first enzyme in the cholesterol pathway, namely 
3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase, and have established effectiveness 
in the treatment of atherosclerotic disease. They also 
exhibit anti-inflammatory properties, most likely by 
inhibiting the prenylation of signaling molecules. 
In other words, they are no longer anchored to the 
cell membrane, with subsequent down-regulation 
of gene expression, thereby reducing cytokine or 
chemokine levels and adhesion molecule expression.86 
Furthermore, the mevalonate metabolic pathway is 
reversibly inhibited by statins and is known to be 
integral to cell membrane lipid raft formation, which 
is an essential process for immune system autocrine 
signaling, MHC expression, and inflammatory cell 
interactions, including antigen presentation.87 Statins 
also induce apoptosis in a variety of cell types in vitro, 
including rheumatoid synovial cells, smooth muscle 
cells and cardiac monocytes thereby contributing to 
their pleiotropic benefits. Statin-induced apoptosis 
appears to be executed via alteration in isoprenoid syn-
thesis with resultant tyrosine phosphorylation, causing 
a rise in cytosolic calcium that in turn activates cal-
pain. The latter decreases the Bcl-2/Bax ratio, leading 
to mitochondrial cytochrome c release and activation 
of caspase-9, followed by activation of caspase-3.88 
In vitro, clinically-relevant concnetrations of fluvas-
tatin and lovastatin inhibited eosinophil adhesion to 
ICAM-1 under physiological shear stress conditions.89 
These immunomodulatory effects may be of potential 
benefit in asthma; in particular, their potential effect 
upon eosinophil function and survival are of interest 

suggesting that statins may prove effective anti-
inflammatory treatments for asthma.90 Administration 
of simvastatin to sensitised mice immediately before 
OVA challenge attenuated the inflammatory airway 
response together with a concomitant reduction in 
pro-inflammatory cytokine levels, eosinophil num-
bers and bronchoalveolar lavage IL-5 levels.91 These 
observations, coupled with the finding that statins 
directly inhibit T-lymphocyte differentiation and 
function,92 led the authors to suggest that modifica-
tion of the T-helper subset had resulted in reduction 
in airway eosinophilia. However, another interpreta-
tion is that a direct action of simvastatin on airway 
eosinophil apoptisis and efferocytosis by alveolar 
macrophages could have contributed to the reduc-
tion in airway eosinophilia. Furthermore, simvasta-
tin also inhibited allergic asthmatic symptoms and 
numbers of macrophages, neutrophils, and eosino-
phils in bronchoalveolar lavage fluid in a mouse 
model of asthma.93 Although these studies in murine 
asthma models suggest that statins may be of benefit 
to patients with asthma, this can only be confirmed by 
well-conducted randomized-clinical trials.94 To date, 
several clinical studies have examined the utility of 
statins in asthma patients, but their results are not con-
sistent. Indeed, a recent systematic literature review 
of the subject reported that while statins may reduce 
airway inflammation in asthmatics, this does not 
translate into significant positive effects on symptoms 
including improvements in lung function.95 Further 
clinical trials may establish statins as effective co-
therapies in asthma and establish whether they might 
benefit patients with more chronic severe disease that 
may be resistant to treatment with corticosteroids, or 
in more targeted patient populations, such as obese 
asthmatics.96

Bronchoconstriction in asthma is commonly 
relieved with β2-agonists such as salbutamol, fenoterol, 
formoterol or salmeterol. However, their over-use is 
associated with detrimental effects,97 some of which 
may be related to the observation that clinically rele-
vant concentrations of salbutamol reduced eosinophil 
apoptosis via the cannonical β(2)-receptor-adenylyl 
cyclase-cAMP-protein kinase A pathway.98

We have known for many years that IL-5 plays a 
crucial role in the development and release of eosino-
phils from the bone marrow, their enhanced adhesion 
to endothelial cells lining the post-capillary venules, 
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and their activation, secretion and prolonged sur-
vival through apoptosis inhibition in the tissues.99,100 
IL-5 was therefore identified as a promising target 
to prevent or blunt eosinophil-mediated inflamma-
tion in patients with asthma and other eosinophil-
related conditions, leading to the development of 
humanized anti-IL-5  mAb such as mepolizumab 
and reslizumab or benralizumab, a mAb against 
human IL-5Ra.101 Early clinical trials with the anti-
IL-5 biologic mepolizumab in patients with mild 
to severe asthma reported significant reductions in 
blood and sputum eosinophil numbers, but clinical 
outcomes such as improvements in lung function 
were disappointing, most likely because subjects 
were recruited on the basis of clinical and physio-
logical characteristics that did not specify the pres-
ence of eosinophilic airway inflammation.101 More 
recently a number of studies have demonstrated that 
mepolizumab treatment of patients who manifested 
eosinophilic asthma not only reduced eosinophil 
numbers in the blood and sputum, but also resulted 
in a significant reduction in asthma exacerba-
tions.102–104 Benralizumab is a novel, humanized 
afucosylated IgG1k mAb, indicated in the potential 
treatment of asthma and COPD. It binds to a distinct 
epitope within the extracellular domain of recom-
binant human IL-5Ra. At the time of publication, 
benralizumab was undergoing phase II clinical tri-
als in both the specified indications (ClinicalTrials.
gov identifiers: NCT01238861 and NCT01227278). 
Other anti-IL-5 mAb act by neutralizing the effects 
of IL-5. Benralizumab, however, targets the effec-
tor cells, mainly eosinophils and basophils, many of 
whose functions are driven by IL-5. Afucosylation 
is associated with enhanced antibody-dependent 
cell cytotoxicity, and benralizumab was found to 
induce apoptosis in eosinophils and basophils. Tis-
sue eosinophils resident in bronchial biopsies of 
patients with mild atopic asthma exhibited intense 
immune positivity for benralizumab in contrast to 
resident mast cells, which were negative.105 These 
findings indicate that benralizumab binds human 
lung tissue-resident eosinophils expressing IL-
5Ra, and could delete these cells through apopto-
sis-induction, thereby acting as a potential asthma 
therapeutic.106 Indeed, a phase-1 study in subjects 
with mild asthma demonstrated that intravenous 
benralizumab (0.3–3.0  mg/kg) rapidly induced 

near-total depletion of peripheral blood eosinophils 
while exhibiting an adequate safety profile and 
dose-proportional pharmacokinetics.107

Conclusion
Our knowledge concerning the mechanisms con-
trolling eosinophil apoptosis and their subsequent 
phagocytic disposal is now considerable. GC and 
some novel therapies with potential utility in asthma 
such as statins or benralizumab appear to have an 
eosinophil apoptosis-inducing dimension to their 
effects. However, the development of effective and 
safe therapies for asthma patients aimed solely at 
apoptosis induction and/or clearance of tissue eosino-
phils is currently a theoretical rather than practical 
possibility. Other mechanisms, such as transepithe-
lial elimination of eosinophils, may also provide 
novel targets for the safe removal of this important 
pro-inflammatory cell.108

Author Contributions
GMW wrote, revised and approved the final version 
of the manuscript. The author received no assistance 
in the preparation of this manuscript.

Funding
The author discloses no funding sources.

Competing Interests
The author has not served as a consultant or had 
any other financial or conflicting interest in asso-
ciation with any of the therapies discussed in this 
article. The author discloses no potential conflicts of 
interest.

Disclosures and Ethics
As a requirement of publication the author has 
provided signed confirmation of compliance with 
ethical and legal obligations including but not lim-
ited to compliance with ICMJE authorship and 
competing interests guidelines, that the article is 
neither under consideration for publication nor 
published elsewhere, of their compliance with 
legal and ethical guidelines concerning human and 
animal research participants (if applicable), and 
that permission has been obtained for reproduc-
tion of any copyrighted material. This article was 
subject to blind, independent, expert peer review. 

http://www.la-press.com


Eosinophil apoptosis and clearance in asthma

Journal of Cell Death  2013:6	 23

The reviewers reported no competing interests. 
Provenance: the authors were invited to submit 
this paper.

References
	 1.	 Barnes PJ. Pathophysiology of allergic inflammation. Immunol Rev. 2011; 

242(1):31–50.
	 2.	 Barnes PJ, Adcock IM, Ito K. Histone acetylation and deacetylation: impor-

tance in inflammatory lung diseases. Eur Respir J. 2005;25:552–63.
	 3.	 Holtzman MJ. Drug development for asthma. Am J Resp Cell Mol Biol. 

2003;29:163–71.
	 4.	 Berger WE. New approaches to managing asthma: A US perspective. 

Therap Clin Risk Management. 2008;4:363–79.
	 5.	 Blanchard C, Rothenberg ME. Biology of the eosinophil. Adv Immunol. 

2009;101:81–121.
	 6.	 Bousquet J, Chanez P, Lacoste JY, et  al. Eosinophilic inflammation in 

asthma. N Engl J Med. 1990;323:1033–9.
	 7.	 Nissim Ben Efraim AH, Levi-Schaffer F. Tissue remodeling and angiogen-

esis in asthma: the role of the eosinophil. Ther Adv Respir Dis. 2008;2: 
163–71.

	 8.	 Rosenberg HF, Dyer KD, Foster PS. Eosinophils: changing perspectives in 
health and disease. Nat Rev Immunol. 2013;13:9–22.

	 9.	 Walsh ER, August A. Eosinophils and allergic airway disease: there is more 
to the story. Trends Immunol. 2010;31:39–44.

	10.	 Wardlaw AJ. Molecular basis for selective eosinophil trafficking in asthma: 
A mulitstep paradigm. J Allergy Clin Immunol. 1999;104:917–26.

	11.	 Walsh GM. Antagonism of eosinophil accumulation in asthma. Recent Pat 
Inflamm Allergy Drug Discov. 2010;4:210–3.

	12.	 Walsh GM. Eosinophil apoptosis: mechanisms and clinical relevance in 
asthmatic and allergic inflammation. Brit J Haematol. 2000;111:61–7.

	13.	 Gounni AS, Gregory B, Nutku E, et al. Interleukin-9 enhances interleukin-5 
receptor expression, differentiation, and survival of human eosinophils. 
Blood. 2000;96:2163–71.

	14.	 Luttmann W, Knoechel B, Foerster M, Matthys H, Virchow JC Jr, Kroegel C. 
Activation of human eosinophils by IL-13. Induction of CD69 surface anti-
gen, its relationship to messenger RNA expression, and promotion of cel-
lular viability. J Immunol. 1996;157:1678–83.

	15.	 Hoontrakoon R, Chu HW, Gardai SJ, et al. Interleukin-15 inhibits sponta-
neous apoptosis in human eosinophils via autocrine production of granu-
locyte macrophage-colony stimulating factor and nuclear factor-kappaB 
activation. Am J Resp Cell Mol Biol. 2002;26:404–12.

	16.	 Leung DYM. Molecular basis of allergic disease. Mol Genetics Metab. 
1998;63:177.

	17.	 Cheung PF, Wong CK, Ip WK, Lam CW. IL-25 regulates the expression of 
adhesion molecules on eosinophils: mechanism of eosinophilia in allergic 
inflammation. Allergy. 2006;61:878–85.

	18.	 Suzukawa M, Koketsu R, Iikura M, et  al. Interleukin-33 enhances adhe-
sion, CD11b expression and survival in human eosinophils. Lab Invest. 
2008;88:1245–53.

	19.	 Wong C, Hu S, Cheung P, Lam C. Thymic stromal lymphopoietin induces 
chemotactic and pro-survival effects in eosinophils: implications in allergic 
inflammation. Am J Respir Cell Mol Biol. 2010;43:305–15.

	20.	 Anwar ARE, Moqbel R, Walsh GM, Kay AB, Wardlaw AJ. Adhesion 
to fibronectin prolongs eosinophil survival. J Exp Med. 1993;177: 
839–43.

	21.	 Walsh GM, Symon FA, Wardlaw AJ. Human eosinophils preferentially 
survive on tissue fibronectin compared with plasma fibronectin. Clin Exp 
Allergy. 1995;25:1128–36.

	22.	 Lehtimäki L, Kankaanranta H, Saarelainen S, et al. Extended exhaled NO 
measurement differentiates between alveolar and bronchial inflammation. 
Am J Respir Crit Care Med. 2001;163:1557–61.

	23.	 Payne DN, Adcock IM, Wilson NM, Oates T, Scallan M, Bush A. Relationship 
between exhaled nitric oxide and mucosal eosinophilic inflammation in 
children with difficult asthma, after treatment with oral prednisolone. Am J 
Respir Crit Care Med. 2001;164:1376–81.

	24.	 Zhang X, Moilanen E, Lahti A, et  al. Regulation of eosinophil apoptosis 
by nitric oxide: Role of c-jun-N-terminal kinase and signal transducer and 
activator of transcription 5. J Allergy Clin Immun. 2003;112:93–101.

	25.	 Ilmarinen-Salo P, Moilanen E, Kankaanranta H. Nitric oxide induces apop-
tosis in GM-CSF-treated eosinophils via caspase-6-dependent lamin and 
DNA fragmentation. Pulm Pharmacol Ther. 2010;23:365–71.

	26.	 Ilmarinen-Salo P, Moilanen E, Kinnula VL, Kankaanranta H. Nitric 
oxide-induced eosinophil apoptosis is dependent on mitochondrial perme-
ability transition (mPT), JNK and oxidative stress: apoptosis is preceded 
but not mediated by early mPT-dependent JNK activation. Respir Res.  
2012;13:73.

	27.	 Pontin J, Blaylock MG, Walsh GM, Turner SW. Sputum eosinophil apop-
totic rate is positively correlated to exhaled nitric oxide in children. Pediatr 
Pulmonol. 2008;43:1130–4.

	28.	 Bickham UR, Malter JS. Apoptotic and Survival Signalling in Eosinophils. 
In: Eosinophils in Health and Disease. Lee JJ, Rosenberg H. 2012; 
372–83.

	29.	 Walsh GM, Al-Rabia M, Blaylock MG, Sexton DW, Duncan CJ, Lawrie A. 
Control of eosinophil toxicity in the lung. Curr Drug Targets Inflamm Allergy. 
2005;4:481–6.

	30.	 Matsumoto K, Schleimer RP, Saito H, Iikura Y, Bochner BS. Induction of 
apoptosis in human eosinophils by anti-Fas antibody treatment in vitro. 
Blood. 1995;86:1437–43.

	31.	 Druilhe A, Cai Z, Haile S, Chouaib S, Pretolani M. Fas-mediated apoptosis 
in cultured human eosinophils. Blood. 1996;87:2822–30.

	32.	 Walsh GM, Williamson ML, Symon FA, Wilars GB, Wardlaw AJ. Ligation 
of CD69  induces apoptosis and cell death in human eosinophils cultured 
with GM-CSF. Blood. 1996;87:2815–21.

	33.	 Nutku E, Aizawa H, Hudson SA, Bochner BS. Ligation of Siglec-8:  
a selective mechanism for induction of human eosinophil apoptosis. Blood. 
2003;101:5014–20.

	34.	 Na HJ, Hudson SA, Bochner BS. IL-33 enhances Siglec-8 mediated apop-
tosis of human eosinophils. Cytokine. 2012;57:169–74.

	35.	 Matsumoto K, Terakawa M, Fukuda S, Saito H. Analysis of signal trans-
duction pathways involved in anti-CD30 mAb-induced human eosinophil 
apoptosis. Int Arch Allergy Immunol Suppl. 2010;152:2–8.

	36.	 Blaylock MG, Sexton DW, Walsh GM. Ligation of CD45 and the isoforms 
CD45RA and CD45RB accelerates the rate of constitutive apoptosis in 
human eosinophils. J Allergy Clin Immunol. 1999;104:1244–50.

	37.	 Blaylock MG, Lipworth BJ, Dempsey OJ, et al. Eosinophils from patients 
with asthma express higher levels of the pan-leucocyte receptor CD45 and 
the isoform CD45RO. Clin Exp Allergy. 2003;33:936–41.

	38.	 Song DJ, Cho JY, Lee SY, et al. Anti-Siglec-F antibody reduces allergen-
induced eosinophilic inflammation and airway remodeling. J Immunol. 
2009;183:5333–41.

	39.	 Kiwamoto T, Kawasaki N, Paulson JC, Bochner BS. Siglec-8 as a drugable 
target to treat eosinophil and mast cell-associated conditions. Pharmacol 
Ther. 2012;135:327–36.

	40.	 Meagher LC, Cousin JM, Seckl JR, Haslett C. Opposing effects of glucocor-
ticoids on the rate of apoptosis in neutrophilic and eosinophilic granulocytes. 
J Immunol. 1996;156:4422–8.

	41.	 Saunders MW, Wheatley AH, George SJ, Lai T, Birchall MA. Do corti-
costeroids induce apoptosis in nasal polyp inflammatory cells? In vivo and 
in vitro studies. Laryngoscope. 1999;109:785–90.

	42.	 Druihle A, Letuve S, Petolani M. Glucocorticoid-induced apoptosis in 
human eosinophils: mechanisms of action. Apoptosis. 2003;8:481–95.

	43.	 Zangirilli J, Robertson N, Shetty A, et  al. Effect of IL-5, glucocorticoid, 
and Fas ligation on Bcl-2 homologue expression and caspase activa-
tion in circulating human eosinophils. Clin Exp Immunol. 2000;120: 
12–21.

	44.	 Zhang JP, Wong CK, Lam WK. Role of caspases in dexamethasone-
induced apoptosis and activation of c-Jun NH2-terminal kinase and p38 
mitogen-activated protein kinase in human eosinophils. Clin Exp Immunol. 
2000;122:20–7.

	45.	 Al-Rabia MW, Blaylock MG, Sexton DW, Walsh GM. Membrane 
receptor-mediated apoptosis and caspase activation in the differentiated 
EoL-1 eosinophilic cell line. J Leukoc Biol. 2004;75:1045–55.

http://www.la-press.com


Walsh

24	 Journal of Cell Death  2013:6

	46.	 Gardai SJ, Hoontrakoon R, Goddard CD, et  al. Oxidant-mediated mito-
chondrial injury in eosinophil apoptosis: enhancement by glucocorticoids 
and inhibition by granulocyte-macrophage colony-stimulating factor.  
J Immunol. 2003;170:556–66.

	47.	 Yang E, Korsemeyer SJ. Molecular thanatopsis: a discourse on the Bcl-2 
family and cell death. Blood. 1996;88:386–410.

	48.	 Ochiai K, Kagami M, Matsumura R, Thmioka H. IL-5 but not interferon-
gamma inhibits eosinophil apoptosis by upregulation of Bcl-2 expression. 
Clin Exp Immunol. 1997;107:198–204.

	49.	 Druilhe A, Arock M, Le Goff L, Pretolani M. Human eosinophils express 
Bcl-2 family proteins: modulation of Mcl-1 expression by IFN-gamma. Am 
J Respir Cell Mol Biol. 1998;18;315–22.

	50.	 Dewson G, Walsh GM, Wardlaw AJ. Expression of Bcl-2 and its homo-
logues in human eosinophils. Modulation by interleukin-5. Am J Resp Cell 
Mol Biol. 1999;20:720–8.

	51.	 Dibbert B, Daigle I, Braun D, et al. Role for BcI-XL in delayed eosinophil 
apoptosis mediated by granulocyte-macrophage colony-stimulating factor 
and interleukin-5. Blood. 1998;92:778–83.

	52.	 Savill J, Fadok V. Corpse clearance defines the meaning of cell death. 
Nature. 2000;407:784–8.

	53.	 Gaipl US, Sheriff A, Franz S, et al. Inefficient clearance of dying cells and 
autoreactivity. Curr Top Microbiol Immunol. 2006;305:161–76.

	54.	 Vandivier RW, Henson PM, Douglas IS. Buying the dead: the impact of 
failed apoptotic cell removal (efferocytosis) on chronic inflammatory lung 
disease. Chest. 2006;129:1673–82.

	55.	 Hodge S, Hodge G, Scicchitano R, Reynolds PN, Holmes M. Alveolar 
macrophages from subjects with chronic obstructive pulmonary disease are 
deficient in their ability to phagocytose apoptotic airway epithelial cells. 
Immunol Cell Biol. 2003;81:289–96.

	56.	 Huynh ML, Malcolm KC, Kotaru C, et al. Defective apoptotic cell phago-
cytosis attenuates prostaglandin e2 and 15-hydroxyeicosatetraenoic acid in 
severe asthma alveolar macrophages. Am J Respir Crit Care Med. 2005; 
172:972–9.

	57.	 Duncan CJA, Lawrie A, Blaylock MG, Douglas JG, Walsh GM. Reduced 
eosinophil apoptosis in induced sputum correlates with asthma severity. Eur 
Resp J. 2003;22:484–90.

	58.	 Vignola AM, Chanez P, Chiappara G, et  al. Evaluation of apoptosis of 
eosinophils, macrophages and T lymphocytes in mucosal biopsy specimens 
of patients with asthma and chronic bronchitis. J Allergy Clin Immunol. 
1999;103:563–73.

	59.	 Woolley KL, Gibson PG, Carty K, Wilson AJ, Twaddell SH, Woolley J. 
Eosinophil apoptosis and the resolution of airway inflammation in asthma. 
Am J Respir Crit Care Med. 1996;154:237–43.

	60.	 Stuart LM, Ezekowitz RA. Phagocytosis: elegant complexity. Immunity. 
2005;22:539–50.

	61.	 Fadeel B, Xue D, Kagan V. Programmed cell clearance: molecular 
regulation of the elimination of apoptotic cell corpses and its role in 
the resolution of inflammation. Biochem Biophys Res Commun. 2010; 
396(1):7–10.

	62.	 Duval E, Wyllie AH, Morris RG. Macrophage recognition of cells undergo-
ing programmed cell death (apoptosis). Immunology. 1985;56:351–8.

	63.	 Savill JS, Hogg, Ren Y, Haslett C. Thrombospondin cooperates with CD36 
and the vitronectin receptor in macrophage recognition of neutrophils 
undergoing apoptosis. J Clin Invest. 1992;90:1513–22.

	64.	 Savill JS, Dransfield I, Hogg N, Haslett C. Vitronectin receptor-
mediated phagocytosis of cells undergoing apoptosis. Nature. 1990;343: 
170–3.

	65.	 Fadok VA, Savill JS, Haslett C, et al. Different populations of macrophages 
use either the vitronectin receptor or the phosphatidylserine receptor to rec-
ognize and remove apoptotic cells. J Immunol. 1992;149:4029–35.

	66.	 Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM. 
Exposure of phosphatidyl-serine on the surface of apoptotic lymphocytes 
triggers specific recognition and removal by macrophages. J Immunol. 
1992;148:2207–16.

	67.	 Marguet D, Luciani MF, Moynault A, Williamson P, Chimini G. Engulfment 
of apoptotic cells involves the redistribution of membrane phosphatidylser-
ine on phagocyte and prey. Nature Cell Biology. 1999;1:454–6.

	68.	 Platt N, Suzuli H, Kurihara Y, Kodoma T, Gordon S. Role for the class A 
scavenger receptor in the phagocytosis of apoptotic thymocytes in vitro. 
Proc Natl Acad Sci U S A. 1996;93:12456–60.

	69.	 Samrano GR, Steinberg D. Recognition of oxidatively damaged and apop-
totic cells by an oxidised low density lipoprotein receptor on mouse perito-
neal macrophages: Role of membrane phosphatidylserine. Proc Natl Acad 
Sci U S A. 1995;92:1396–400.

	70.	 Flora PK, Gregory CD. Recognition of apoptotic cells by human mac-
rophages: Inhibition by a monocyte/macrophage-specific monoclonal 
antibody. Eur J Immunol. 1994;24:2625–32.

	71.	 Devitt A, Moffat OD, Raykundalia C, Capra JD, Simmons DL, Gregory CD. 
Human CD14  mediates recognition and phagocytosis of apoptotic cells. 
Nature. 1998;392:505–9.

	72.	 Ramprasad MP, Fischer W, Witztum JL, Sambrano GR, Quehenberger O, 
Steinberger D. The 94- to 97-kDa mouse macrophage membrane protein 
that recognises oxidised low density lipoprotein and phosphatidylserine 
rich liposomes is identical to macrosialin, the mouse homologue of human 
CD68. Proc Natl Acad Sci U S A. 1995;92:9580–4.

	73.	 Luciani MF, Chimini G. The ATP binding cassette transporter ABC1 is 
required for engulfment of corpses generated by apoptotic cell death. 
EMBO J. 1996;15:226–35.

	74.	 Schwartz BR, Karsan A, Bombeli and Harlan JM. A novel beta 1 integrin-
dependent mechanism of leukocyte adherence to apoptotic cells. J Immunol. 
1999;162:4842–8.

	75.	 Hart SP, Dougherty GJ, Haslett C, Dransfield I. CD44 regulates phagocyto-
sis of apoptotic neutrophil granulocytes, but not apoptotic lymphocytes, by 
human macrophages. J Immunol. 1997;159:919–25.

	76.	 Elliott MR, Ravichandran KS. Clearance of apoptotic cells: implications in 
health and disease. J Cell Biol. 2010;189:1059–70.

	77.	 Platt N, da Silva RP, Gordon S. Recognising death: the phagocytosis of 
apoptotic cells. Trends Cell Biol. 1998;8:365–72.

	78.	 Walsh GM, Sexton DW, Blaylock MG, Convery CM. Resting and cytokine-
stimulated human small airway epithelial cells recognize and engulf apop-
totic eosinophils. Blood. 1999;94:2827–35.

	79.	 Sexton DW, Blaylock MG, Walsh GM. Human alveolar epithelial cells 
engulf apoptotic eosinophils by means of integrin- and phosphatidylserine 
receptor-dependent mechanisms: a process upregulated by dexamethasone. 
J Allergy Clin Immunol. 2001;108(6):962–9.

	80.	 Sexton DW, Al-Rabia M, Blaylock MG, Walsh GM. Phagocytosis of apop-
totic eosinophils but not neutrophils by bronchial epithelial cells. Clin Exp 
Allergy. 2004;34:1514–24.

	81.	 Nutku E, Zhuang Q, Soussi-Gounni A, Aris F, Mazer BD, Hamid Q. 
Functional expression of IL-12 receptor by human eosinophils: IL-12 pro-
motes eosinophil apoptosis. J Immunol. 2001;167:1039–46.

	82.	 Naseer T, Minshall EM, Leung DY, et al. Expression of IL-12 and 
IL-13 mRNA in asthma and their modulation in response to steroid therapy. 
Am J Respir Crit Care Med. 1997;155:845–51.

	83.	 Bryan SA, O’Conner BJ, Matti S, et al. Effects of recombinant human inter-
leukin-12 on eosinophils, airway hyper-responsiveness, and the late asth-
matic response. Lancet. 2000;356:2149–53.

	84.	 Ohta K, Sawamoto S, Nakajima M, Kubota S, Tanaka Y, Miyasaki T. The 
prolonged survival of human eosinophils with IL-5 and its inhibition by 
theophylline via apoptosis. Clin Exp Allergy. 1996;26:10–15.

	85.	 Barnett MS. Phosphodiesterase 4 (PDE4) inhibitors in asthma and chronic 
obstructive pulmonary disease. Prog Drug Res. 1999;53:193–229.

	86.	 Laufs U, Liao JK. Isoprenoid metabolism and the pleiotropic effects of 
statins. Curr Atheroscler Rep. 2003;5:372–8.

	87.	 Dykstra ML, Cherukuri A, Pierce SK. Floating the raft hypothesis for 
immune receptors: access and receptor signaling and trafficking. Traffic. 
2001;2:160–6.

	88.	 Dirks AJ, Jones KM. Statin-induced apoptosis and skeletal myopathy. 
Am J Physiol Cell Physiol. 2006;291:C1208–12.

	89.	 Robinson AJ, Kashanin D, O’Dowd F, Fitzgerald K, Williams V, Walsh GM. 
Fluvastatin and lovastatin inhibit granulocyte macrophage-colony stim-
ulating factor-stimulated human eosinophil adhesion to inter-cellular 
adhesion molecule-1 under flow conditions. Clin Exp Allergy. 2009;39: 
1866–74.

http://www.la-press.com


Eosinophil apoptosis and clearance in asthma

Journal of Cell Death  2013:6	 25

	90.	 Walsh GM. Defective apoptotic cell clearance in asthma and COPD –  
A new drug target for statins. Trends in Pharmacological Sciences. 2008; 
29(1):6–11.

	91.	 McKay A, Leung BP, McInnes IB, Thomson NC, Liew FY. A novel anti-
inflammatory role of simvastatin in a murine model of allergic asthma.  
J Immunol. 2004;172:2903–8.

	92.	 Lawman S, Mauri C, Jury EC, Cook HT, Ehrenstein MR. Atorvastatin 
inhibits autoreactive B cell activation and delays lupus development in  
New Zealand black/white F1 mice. J Immunol. 2004;173:7641–6.

	93.	 Kim DY, Ryu S, Lim JE, Lee YS, Ro JY. Anti-inflammatory mecha-
nism of simvastatin in mouse allergic asthma model. Eur J Pharmacol. 
2007;557:76–86.

	94.	 Walsh GM. Statins as Emerging treatments for asthma and COPD. Expert 
Rev Resp Med. 2008;2:329–35.

	95.	 Yuan C, Zhou L, Cheng J, et  al. Statins as potential therapeutic drug for 
asthma? Respir Res. 2012;13:108.

	96.	 Zeki AA, Kenyon1 NJ, Goldkorn T. Statin drugs, metabolic pathways, and 
asthma: A therapeutic opportunity needing further research. Drug Metabo-
lism Letters. 2011;5:40–4.

	97.	 Nelson HS. Is there a problem with inhaled long-acting β-adrenergic 
agonists? J Allergy Clin Immunol. 2006;117:3–16.

	98.	 Kankaanranta H, Parkkonen J, Ilmarinen-Salo P, Giembycz MA, 
Moilanen E. Salbutamol delays human eosinophil apoptosis via a cAMP-
dependent mechanism. Pulm Pharmacol Ther. 2011;24(4):394–400.

	99.	 Walsh GM. Advances in the immunobiology of eosinophils and their role in 
disease. Crit Rev Clin Lab Sci. 1999;36:453–96.

	100.	 O’Byrne PM. The demise of anti IL-5 for asthma, or not. Am J Respir Crit 
Care Med. 2007;176:1059–60.

	101.	 Walsh GM. Novel cytokine-directed therapies for asthma. Discov Med. 
2011;11:283–91.

	102.	 Haldar P, Brightling CE, Hargadon B, et al. Mepolizumab and exacerba-
tions of refractory eosinophilic asthma. N Engl J Med. 2009;360:973–84.

	103.	 Nair P, Pizzichini MM, Kjarsgaard M, et  al. Mepolizumab for pred-
nisone-dependent asthma with sputum eosinophilia. N Engl J Med. 
2009;360:985–93.

	104.	 Pavord ID, Korn S, Howarth P, et al. Mepolizumab for severe eosinophilic 
asthma (DREAM): a multicentre, double-blind, placebo-controlled trial. 
Lancet. 2012;380:651–9.

	105.	 Kolbeck R, Kozhich A, Koike M, et al. MEDI-563, a humanized anti-IL-5 
receptor alpha mAb with enhanced antibody-dependent cell-mediated 
cytotoxicity function. J Allergy Clin Immunol. 2010;125:1344–53.

	106.	 Ghazi A, Trikha A, Calhoun WJ. Benralizumab—a humanized mAb to 
IL-5Rα with enhanced antibody-dependent cell-mediated cytotoxicity—a 
novel approach for the treatment of asthma. Expert Opin Biol Ther. 
2012;12:113–8.

	107.	 Busse WW, Katial R, Gossage D, et al. Safety profile, pharmacokinetics, 
and biologic activity of MEDI-563, an anti-IL-5 receptor antibody, in a 
phase I study of subjects with mild asthma. J Allergy Clin Immunol. 2010; 
125:1237–44.

	108.	 Persson C, Uller L. Resolution of leucocyte-mediated mucosal diseases. 
A novel in vivo paradigm for drug development. Br J Pharmacol. 2012; 
165:2100–9.

http://www.la-press.com

