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Abstract Eosinophil apoptosis (programmed cell death) plays an important role in
several inflammatory and allergic conditions. Apoptosis triggers various
mechanisms including activation of cysteine-aspartic proteases (caspases)
and is characterized by morphological and biochemical changes. These
include cellular condensation, nuclear fragmentation, increased
mitochondrial permeability with loss of membrane potential, and exposure
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of phosphatidylserine on the cell membrane. A greater understanding of
apoptotic mechanisms, subsequent phagocytosis (efferocytosis), and
regulation of these processes is critical to understanding disease

pathogenesis and development of potential novel therapeutic agents.
Release of soluble factors and alterations to surface marker expression by
eosinophils undergoing apoptosis aid them in signaling their presence to the
immediate environment, and their subsequent recognition by phagocytic
cells such as macrophages. Uptake of apoptotic cells usually suppresses
inflammation by restricting proinflammatory responses and promoting anti-
inflammatory and tissue repair responses. This, in turn, promotes resolution
of inflammation. Defects in the apoptotic or efferocytosis mechanisms
perpetuate inflammation, resulting in chronic inflammation and enhanced
disease severity. This can be due to increased eosinophil life span or cell
necrosis characterized by loss of cell membrane integrity and release of
toxic intracellular mediators. In this chapter, we detail some of the key
assays that are used to assess eosinophil apoptosis, as well as the
intracellular signaling pathways involved and phagocytic clearance of
these cells.
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1Chapter 10

2Assays of Eosinophil Apoptosis and Phagocytic Uptake

3Naomi N. Gachanja, David A. Dorward, Adriano G. Rossi, and
4Christopher D. Lucas

5Abstract

6Eosinophil apoptosis (programmed cell death) plays an important role in several inflammatory and allergic
7conditions. Apoptosis triggers various mechanisms including activation of cysteine-aspartic proteases
8(caspases) and is characterized by morphological and biochemical changes. These include cellular conden-
9sation, nuclear fragmentation, increased mitochondrial permeability with loss of membrane potential, and
10exposure of phosphatidylserine on the cell membrane. A greater understanding AU1of apoptotic mechanisms,
11subsequent phagocytosis (efferocytosis), and regulation of these processes is critical to understanding
12disease pathogenesis and development of potential novel therapeutic agents. Release of soluble factors
13and alterations to surface marker expression by eosinophils undergoing apoptosis aid them in signaling their
14presence to the immediate environment, and their subsequent recognition by phagocytic cells such as
15macrophages. Uptake of apoptotic cells usually suppresses inflammation by restricting proinflammatory
16responses and promoting anti-inflammatory and tissue repair responses. This, in turn, promotes resolution
17of inflammation. Defects in the apoptotic or efferocytosis mechanisms perpetuate inflammation, resulting
18in chronic inflammation and enhanced disease severity. This can be due to increased eosinophil life span or
19cell necrosis characterized by loss of cell membrane integrity and release of toxic intracellular mediators. In
20this chapter, we detail some of the key assays that are used to assess eosinophil apoptosis, as well as the
21intracellular signaling pathways involved and phagocytic clearance of these cells.

22Key words Eosinophil, Apoptosis, Caspase, Phagocytosis, Mitochondria

231 Introduction

24Increased eosinophil accumulation at sites of inflammation is
25evident AU2in a number of allergic diseases including asthma, eczema,
26and rhinitis [1]. Recruited as part of a process including Th2
27lymphocyte infiltration and immunoglobulin E (IgE)-mediated
28mast cell activation, eosinophils are central to disease pathogenesis
29[2]. The subsequent release of reactive oxygen species, proteases,
30and inflammatory mediators including cytokines can result in
31increased inflammation, tissue damage, and organ dysfunction. In
32order to attenuate this inflammatory process eosinophil apoptosis
33and subsequent non-phlogistic clearance of apoptotic cells are
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34important for ensuring efficient resolution of the inflammatory
35process. Dysregulation of apoptosis or efferocytosis mechanisms
36result in sustained inflammation and may contribute to tissue injury
37and chronic inflammation correlated with various inflammatory
38diseases [3–6].
39The circulating life span of eosinophils is short with an intra-
40vascular presence of around 18–25 h prior to migration into tissues,
41with the thymus and gastrointestinal tract the usual destination of
42eosinophils in health [7]. Here their life span is thought to be
43several days. Eosinophils isolated from peripheral blood undergo
44constitutive apoptosis, although at a much slower rate than the
45closely related neutrophil granulocyte. The eosinophil half-life
46in vitro is approximately 48 h following isolation [8–10]. The
47process of eosinophil apoptosis is dependent upon the activation
48of cysteine-aspartic proteases (caspases) which are contained as
49inactive zymogens within the cell with eosinophils containing cas-
50pases 3, 6, 7, 8, and 9. Caspase cleavage occurs due to activation of
51either the extrinsic or the intrinsic pathways of apoptosis [3]. The
52extrinsic pathway relies on the ligation of “death receptors” such as
53the tumor necrosis factor receptor (TNF-R), the Fas receptor
54(FasR), and the TNF-related apoptosis-inducing ligand receptor
55(TRAIL-R) [11]. Cross-linking of these receptors causes clustering
56and, through associations with internal adaptor proteins, allows the
57formation of pro-caspase complexes, caspase-8 cleavage, and
58subsequent apoptosis. The intrinsic pathway is activated when the
59cell faces withdrawal of survival factors, genotoxic stress, and expo-
60sure to ultraviolet radiation or chemotherapeutic agents allowing
61pro-apoptotic members of the B-cell lymphoma 2 (Bcl-2) family to
62dissociate from their anti-apoptotic regulators and translocate to
63the mitochondria. Resultant increased mitochondrial membrane
64permeability and pore formation lead to pro-apoptotic factors
65such as cytochrome c to be released into the cytosol with cleavage
66of pro-caspase-9 to active caspase-9, thereby committing the cell to
67caspase-3-mediated apoptosis. The process of apoptosis results in
68morphological and biochemical changes including cell shrinkage,
69nuclear condensation, and apoptotic body formation; increased
70mitochondrial permeability with loss of membrane potential;
71DNA fragmentation; and caspase activation and externalization of
72phosphatidylserine on the plasma membrane.
73Eosinophil life span can be modulated through alterations in
74the balance of pro-survival and pro-apoptotic signals and proteins.
75There is evidence suggesting that Bc1-xL (an anti-apoptotic Bcl-2
76family member) plays a significant role in eosinophil survival, inde-
77pendent of Mcl-1, a protein which is crucial in the regulation of
78neutrophil life span. This may, in part, explain why eosinophils
79undergo constitutive apoptosis at a slower rate compared to neu-
80trophils [12]. Apoptosis can be delayed by a variety of factors
81including cytokines (interleukin-5 (IL-5), GM-CSF, eotaxin, and
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82interferon-γ), hypoxia, and bacterial exotoxins [13] and DNA
83which also serve to induce eosinophil migration and activation
84into areas of inflammation.
85Conversely apoptosis can be accelerated by IL-4, FAS ligand,
86ligation of CD69, CD45 and CD30 cell surface receptors, and
87intracellular oxidant production with pharmacological agents
88including corticosteroids and theophyllines also driving apoptosis
89[14]. Glucocorticoids (a class of corticosteroids) increase eosino-
90phil apoptosis via the intrinsic pathway, with the mechanism involv-
91ing changes in the phosphorylation state of Bcl-2 family members
92as well as inhibition of cytokine-dependent survival [5, 15]. Addi-
93tionally, the cyclin-dependent kinase inhibitor (CDKi)
94R-roscovitine induces eosinophil apoptosis by mitochondrial mem-
95brane potential loss and downregulation of the key survival protein
96Mcl-1 [8, 16]. The CDKi-driven apoptosis of eosinophils in vitro is
97a time-, concentration-, and caspase-dependent effect [8]. Similarly,
98flavones (polyphenolic plant-derived compounds) such as wogonin
99also induce eosinophil apoptosis in a time-, concentration-, and
100caspase-dependent manner due to augmented loss of eosinophil
101mitochondrial membrane potential [5].
102Numerous changes in cell surface marker expression and secre-
103tion of soluble factors that occurs during apoptosis facilitate the
104uptake of these dying cells by surrounding phagocytes including
105macrophages, dendritic cells, and nonprofessional phagocytes such
106as epithelial cells [17, 18]. Important alterations to the cell mem-
107brane include phosphatidylserine exposure, changes in ICAM-1
108epitopes, modification in glycosylation patterns, and charge and
109expression of calreticulin. Phagocytosis is a key event in macro-
110phage phenotypic switching from a pro-inflammatory to a
111pro-resolving phenotype with release of anti-inflammatory cyto-
112kines and lipids (including IL-10, transforming growth factor-β
113(TGF-β), and resolvins) [19]. Failure in clearance of apoptotic
114cells results in eventual disintegration of the cell membrane (termed
115secondary necrosis) with release of toxic intracellular contents,
116tissue damage, and perpetuation of the inflammatory response.
117Eosinophils form approximately 1–3% of the granulocyte pop-
118ulation in the peripheral blood of nonatopic humans; therefore
119enrichment following conventional granulocyte isolation methods
120is essential [20, 21]. Negative selection (anti-CD16) is most widely
121used although some care should be taken as eosinophils also have
122low levels of CD16 expression. Eosinophil life span can be influ-
123enced by several factors, therefore ensuring that eosinophil activa-
124tion is prevented during isolation and culture is vital for in vitro
125study. Factors which may alter constitutive eosinophil life span and
126affect interpretation of results include the method of isolation,
127serum presence, temperature, pH level, oxygen tension, and cell
128density [3].
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129As described, the molecular and morphological changes that
130occur during the process of apoptosis allow in vitro study through a
131variety of different assays and approaches ranging from assessment
132of externalization of phosphatidylserine by flow cytometry and
133nuclear condensation by light microscopy to assessment of DNA
134fragmentation by hypodiploid peak analysis and mitochondrial
135membrane permeability with chromogenic dyes. This chapter
136therefore updates our earlier chapter on the methodologies used
137to examine components of the apoptotic process and subsequent
138phagocytic clearance of eosinophils.

1392 Materials

2.1 Culture of Human

Eosinophils In Vitro

1401. Iscove’s modified Dulbecco’s medium (IMDM).

1412. Penicillin/streptomycin 100�.

1423. 10% Autologous serum (see Note 1).

1434. 96-Well flat-bottomed plate.
144

2.2 Cytocentrifuge

Preparations of

Eosinophils for Light

Microscopy

1451. Cytocentrifuge chambers, filter cards, glass slides, and
146coverslips.

1472. Methanol, Diff-Quik™ stains.

1483. DPX mounting medium.
149

2.3 Preparation for

Electron Microscopy

1501. 3% Glutaraldehyde, 25% stock solution diluted in 0.1 M
151sodium cacodylate buffer (pH 7.2).

1522. 1% Osmium tetroxide in 0.1 M sodium cacodylate.

1533. 100, 90, 70, and 50% normal-grade acetones and analar
154acetone.

1554. Araldite resin.

1565. Reichert OmU4 ultramicrotome.
157

2.4 Annexin V/

Propidium Iodide

Staining

1581. 96-Well flat-bottomed plate.

1592. Fluorophore-conjugated annexin V, e.g., fluorescein isothiocy-
160anate (FITC).

1613. Annexin-binding buffer (Hanks’ balanced salt solution (HBSS)
162with 2.5 mM Ca2+). Store at 4 �C.

1634. Stock solution of 1 mg/mL propidium iodide in sterile
164ddH2O.
165

2.5 Alterations in

Mitochondrial

Permeability

1661. MitoCapture™ Mitochondrial Apoptosis Detection Fluoro-
167metric Kit (Biovision, Milpitas, CA 95035 USA) contains
168MitoCapture™ reagent (store at �20 �C), incubation buffer
169(store at 4 �C).

Naomi N. Gachanja et al.



1702.6 Western Blotting

for Intracellular

Proteins That Regulate

Apoptosis

1711. Tris-buffered saline (TBS 10�): NaCl (87.66 g), Tris base
172(24.22 g), distilled water (ddH2O, 800 mL), pH adjusted to
1737.4 with HCl and then made to 1 L with ddH20, dilute 1:10
174with ddH20 prior to use for 1�TBS.

1752. Protease inhibitor buffer (seeNote 2): 780 μL 1�TBS added to
17620 μL protease inhibitor cocktail, supplemented with
1774-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride
178(AEBSF; 20 μL–400 mM stock in H2O), aprotinin (20 μL–
1790.15 μM stock in H2O), leupeptin (20 μL–20 mM stock in
180H2O), pepstatin A (40 μL–0.75 μM stock in methanol),
181sodium vanadate (20 μL–1 M stock in H2O, pH 10, boiled),
182benzamidine (20 μL–0.5 M stock in H2O), levamisole (20 μL–
1832 M stock in H2O), β-glycerophosphate (60 μL of 3.33 M
184stock in H2O).

1853. 10% Nonidet P-40 (NP-40) detergent in 1� TBS.

1864. BCA protein assay.

1875. Sample buffer (for 4�): 50% Glycerol (4 mL), 20% SDS
188(4 mL), Tris–HCl (2.5 mL 1 M, pH 6.8), 1% (w/v in ethanol)
189bromophenol blue (20 μL), β-mercaptoethanol (400 μL—add
190in fume hood).

1916. Benchmark™ pre-stained molecular weight standards
192(Invitrogen).

1937. 12% SDS gel.

1948. Running buffer (10�): Tris base (121 g), SDS (10 g), Hepes
195(238 g), ddH20 (800 mL), once dissolved make up 1 L
196(ddH2O); diluted 1:10 (ddH20) for 1� solution prior to use.

1979. Transfer buffer (10�): Tris base (30.3 g), glycine (144.12 g),
198ddH20 (800 mL), once dissolved make up 1 L (ddH2O).

19910. Transfer buffer (1�): 10� transfer buffer (100 mL), methanol
200(200 mL), ddH2O (700 mL).

20111. Polyvinylidene difluoride (PVDF) membrane.

20212. Blocking buffer: 1�TBS: 0.1% Tween®20 (polysorbat 20), 5%
203dried milk powder.

20413. Primary antibodies: Mcl-1 (1:500; Santa-Cruz, Biotechnology,
205CA, USA), GAPDH (1,10,000; Sigma), cleaved caspase-3
206(11,000, Cell Signaling, Danvers, MA, USA), cleaved cas-
207pase-9 (11,000; Cell Signaling).

20814. Secondary antibodies: corresponding horseradish peroxidase-
209conjugated antibodies (1:2500, Dako, Cambridgeshire, UK).

21015. ECL prime, light-sensitive film, X-ray developer.
211
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2.7 Fluorimetric

Caspase Kit

2121. Homogeneous Caspases Assay Kit (Roche Diagnostics Ltd.,
213Lewes, UK): 1� Incubation buffer, stock caspase substrate
214solution (500 μM DEVD-R110 in DMSO), positive control
215(e.g., lysate from apoptotic camptothecin-treated U937 cells),
216and R110 standard for calibration curve construction (1 mM
217in DMSO).
218

2.8 Caspase

Profiling Plate

219ApoAlert™ Caspase Profiling Plate (Clontech, Saint-Germain-en-
220Laye, France) contains 96-well microplate with immobilized sub-
221strates for caspase-2 (VDVAD-AMC), caspase-3 (DEVD-AMC),
222caspase-8 (IETD-AMC), and caspase-9 (LEHD-AMC) in
22324 wells each, lysis buffer, 2� reaction buffer, 100�DTT solution,
224and inhibitors of caspases 2, 3, 8, and 9.
225

2.9 Gel

Electrophoresis for

DNA Fragmentation

2261. Wizard® genomic DNA purification kit.

2272. 5� TBE running buffer: Tris base (54 g), boric acid (27.5 g)
228EDTA (20 mL �0.5 M pH 8.0). ddH2O (800 mL), pH
229adjusted to 8.3, then made to 1 L with ddH20, 0.5�TBE.

2303. SeaKem LE agarose for DNA electrophoresis.

2314. GelRedTM Nucleic Acid Gel Stain.

2325. 6� Blue/orange loading dye.
233

2.10 Propidium

Iodide Staining for

Hyplodiploid Nuclei

2341. 96-Well flat-bottom plate.

2352. PI solution: Propidium iodide (250 μL–10 mg/mL in
236ddH2O), sodium citrate (2.2 mL–2.2 g in 10 mL ddH2O),
237Triton X-100 (50 μL), ddH2O (made up to 50 mL total
238volume); store solution at 4 �C in the dark.
239

2.11 TUNEL Staining 2401. 96-Well flat-bottom flexible plate.

2412. In Situ Cell Death Detection Kit, Fluorescein (Roche Diag-
242nostics Ltd.) contains 10� enzyme solution (TdT) in storage
243buffer and 1� labeled nucleotide mixture in reaction buffer.
244This protocol also requires PBS (wash buffer), 3% H2O2 in
245methanol (blocking solution), 4% paraformaldehyde in PBS at
246pH 7.4 (fixation buffer; freshly prepared), and 0.1% Triton-
247X100 in 0.1% sodium citrate (permeabilization buffer; freshly
248prepared).
249

2.12 Flow

Cytometry-Based

Phagocytosis Assay

2501. 5-Chloromethylfluorescein diacetate (CMFDA; CellTracker™
251Green, Invitrogen).

2522. pHrodo™ Red succinimidyl ester (Invitrogen).

2533. 0.25% Trypsin/1 mM ethylenediaminetetraacetic acid
254solution.
255
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2563 Methods

3.1 Assessing

Morphological

Changes of Apoptosis

Using Light

Microscopy

257Apoptotic eosinophils are distinguishable from viable cells, under
258light microscopy, by their characteristic morphological appearances
259of nuclear condensation and cell shrinkage (Fig. 1a, c).

2601. Suspend eosinophils (of at least 97% purity—determined by
261cytocentrifuge preparation as described below) at
2624 � 106 cells/mL in IMDM supplemented with 10% autolo-
263gous serum and penicillin/streptomycin (1�) (see Note 1).

2642. In a 96-well flat-bottomed plate add 75 μL of eosinophil
265suspension. Add 60 μL IMDM with 10% autologous serum
266to each well and 15 μL of apoptosis-modifying agents (10�
267concentration) or vehicle control. (NB: If two agents are used
268only 45 μL of IMDM is required for a total volume of 150 μL.)
2693. Cover the plate with a lid and incubate at 37 �C in a 5% CO2

270incubator for the required amount of time.

2714. Gently pipette the cell suspension in the well to resuspend
272adherent cells and load 200 μL (150 μL cells and 50 μL
273IMDM) into a cytocentrifuge chamber.

2745. Cytocentrifuge at 300 rpm for 3 min.

2756. Air-dry for 5 min.

2767. Fix in methanol for 2 min.

2778. Stain in Diff Quik™ solution 1 or equivalent acid dye for
2782 min.

2799. Stain in Diff Quik™ solution 2 or equivalent basic dye for
2802 min.

28110. Rinse with distilled water.

28211. Air-dry slides before mounting with a drop of DPX and cover-
283slip. View slides using a light microscope with a 40� or 100�
284(oil) objective and count >300 cells per slide (see Note 3).
285

3.2 Analysis of

Eosinophil Morphology

by Electron

Microscopy

286Although conventional light microscopy provides information
287regarding the general morphological changes that occur during
288apoptosis it is electron microscopy that allows detailed structural
289analysis of these processes.

2901. Suspend eosinophils (at least 97% purity) at 4 � 106 cells/mL
291in IMDM supplemented with 10% autologous serum and pen-
292icillin/streptomycin (1�) (see Note 1).

2932. In a 96-well flat-bottomed plate add 75 μL of cell suspension,
29415 μL of apoptosis-modifying agents (10� concentration) or
295vehicle control, and 60 μL IMDM with 10% autologous serum
296to each well. (NB: If two agents are used only 45 μL of IMDM
297is required for a total volume of 150 μL.)

Eosinophil Aapoptosis



2983. Cover and incubate at 37 �C in a 5% CO2 incubator for the
299duration of the experiment.

3004. Gently pipette the cell suspension in the well to resuspend
301adherent cells, combine the contents of 5 replicate wells
302together into a 500 μL Eppendorf tube, and centrifuge for
3035 min at 300 � g.

Fig. 1 Determining eosinophil apoptosis by light microscopy and flow cytometry. Viable eosinophils isolated
from peripheral venous human blood have eosinophilic cytoplasmic staining, abundant granules, and bilobed
nuclei (white arrow) (a). Flow cytometric analysis of cell death immediately following isolation demonstrates
that the majority of cells are viable (AnnV�ve/PI�ve) (b). Apoptotic eosinophils in vitro display characteristic
morphological changes of cell shrinkage, membrane blebbing, nuclear condensation, darkening of cytoplas-
mic staining, and nuclear condensation (black arrows) (c). Similarly increased apoptotic (AnnV+ve/PI�ve) and
necrotic (AnnV+ve/PI+ve) staining is seen with flow cytometry (d). All images 1000� magnification
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3045. Resuspend in 3% glutaraldehyde in 0.1 M sodium cacodylate
305buffer, pH 7.3, for 2 h.

3066. Centrifuge at 300 � g for 5 min and resuspend in 0.1 M
307cacodylate. Incubate for 10 min (repeat three times).

3087. Postfix in 1% osmium tetroxide in 0.1 M sodium cacodylate for
30945 min.

3108. Centrifuge for 5 min at 300 � g and resuspend in 0.1 M
311cacodylate. Incubate for 10 min (repeat three times).

3129. Dehydrate sequentially in 50%, 70%, 90%, and 100% normal-
313grade acetones (10 min each) and then for 10 min in analar
314acetone (repeat twice).

31510. Embed in araldite resin.

31611. Cut 1 μm sections on Reichert OmU4 ultramicrotome, and
317stain with toluidine blue.

31812. Select appropriate areas for further study using a light
319microscope.

32013. From those areas cut ultrathin (60 nm) sections and stain with
321uranyl acetate and lead citrate.

32214. View section with a Philips CM120 transmission electron
323microscope.
324

3.3 Annexin V/

Propidium Iodide

Staining and Flow

Cytometric Analysis of

Apoptosis

325Externalization of phosphatidylserine to the outer surface of the
326cell membrane is a key component in the apoptotic process, allow-
327ing the recognition of apoptotic cells by surrounding phagocytes.
328Annexin V (AnnV), in the presence of Ca2+, binds phosphatidylser-
329ine and when fluorescently conjugated (commonly AnnV-FITC) it
330can be used to identify apoptotic cells. Discrimination between
331viable, apoptotic, and necrotic cells is possible by using AnnV
332together with a nucleophilic dye such as propidium iodide (PI) in
333a simple flow cytometry assay. PI is excluded from cells with an
334intact cell membrane; however when membrane integrity is lost PI
335enters the cell and binds nuclear material with a consequent
336increase in fluorescence. Numerous other viability dyes exist that
337can be used in place of PI including (but not limited to) DAPI,
3387AAD, and SYTOX™ dyes.

3391. Suspend eosinophils (of at least 97% purity) at 4 � 106 cells/
340mL in IMDM supplemented with 10% autologous serum and
341penicillin/streptomycin (1�) (see Note 1).

3422. In a 96-well flat-bottomed plate add 75 μL of cell suspension,
34315 μL of apoptosis-modifying agents (10� concentration) or
344vehicle control, and 60 μL IMDM with 10% autologous serum
345to each well. (NB: If two agents are used only 45 μL of IMDM
346is required for a total volume of 150 μL.)
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3473. Cover and incubate at 37 �C in a 5% CO2 incubator for the
348duration of the experiment.

3494. Gently pipette the cell suspension in the well to resuspend
350adherent cells and pipette 50 μL of the cell suspension into a
351flow tube with 250 μL AnnV buffer (see Note 4).

3525. Incubate on ice for 5 min.

3536. Add PI (1 μL of 1 mg/mL solution) to each sample immedi-
354ately prior to running the sample on a flow cytometer.

3557. Analyze on a flow cytometer using FL-1/FL-2 channel analy-
356sis. Viable cells are dual AnnV/PI negative; apoptotic cells are
357AnnV positive, and PI negative; necrotic cells are dual AnnV/
358PI positive (Fig. 1 b, d).
359

3.4 Measuring

Mitochondrial

Membrane Potential

Using MitoCapture™

360The formation of pores within the mitochondrial membrane that
361occurs during the intrinsic apoptotic process results in loss of
362mitochondrial membrane potential (ΔΨM) and facilitates the
363movement of proteins into the cytoplasm, in particular cytochrome
364c, with resultant caspase activation. Changes in the mitochondrial
365membrane potential of eosinophils can be measured using Mito-
366Capture™, a cationic dye which in viable cells accumulates and
367polymerizes within mitochondria and fluoresces in the red (FL-2)
368channel—indicated by a fluorescence emission shift from green
369(535 nm) to red (590 nm). During apoptosis, when ΔΨM is
370compromised, the dye remains monomeric within the cytoplasm
371and fluoresces in the green (FL-1) channel. This mitochondrial
372depolarization can be quantified by flow cytometry as an increase
373in FL-1 fluorescence (Fig. 2a), or by plate-based fluorometric assay
374as a decrease in the red/green fluorescence intensity ratio.

3751. For each sample dilute 0.5 μL MitoCapture™ reagent in
376500 μL pre-warmed (37 �C) MitoCapture™ incubation buffer
377in a 1.5 mL Eppendorf tube. (NB: This protocol relies on the
378use of a MitoCapture™ mitochondria permeability
379detection kit.)

3802. Suspend eosinophils (at least 97% purity) at 4 � 106 cells/mL
381in IMDM (10% autologous serum).

3823. In a 96-well flat-bottomed plate add 75 μL of cell suspension,
38315 μL of apoptosis-modifying agents (10� concentration) or
384vehicle control, and 60 μL IMDM with 10% autologous serum
385to each well. (NB: If two agents are used only 45 μL of IMDM
386is required for a total volume of 150 μL.)
3874. Cover and incubate at 37 �C in a 5% CO2 incubator for the
388duration of the experiment.

3895. Add 150 μL of cell suspension to 500 μL diluted MitoCap-
390ture™ reagent.

3916. Incubate on shaking heat block at 37 �C, 300 rpm, for 15 min.
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3927. Centrifuge at 300 � g for 5 min and discard supernatant.

3938. Resuspend cells in 300 μL MitoCapture™ incubation buffer.

3949. Analyze using a flow cytometer with increased fluorescence in
395FL-1 channel indicating loss of ΔΨM and increased apoptosis.
396

3.5 Western Blotting

for Caspases and

Apoptotic Proteins

397Caspases are essential throughout the apoptotic process in both the
398initiation and execution of the cell death process. The detection of
399the cleaved active forms of these proteins, or the disappearance of
400their inactive forms, alongside changes in the expression of other
401pro- and anti-apoptotic proteins in response to extrinsic and intrin-
402sic modulators of eosinophil life span is possible through a variety of
403assays described below (Fig. 2b).

Fig. 2 Assessing intracellular events during apoptosis and phagocytic clearance of apoptotic cells. Loss of
mitochondrial membrane potential due to increased membrane permeability during apoptosis is measured by
increased fluorescence of Mitotracker™ dye. Representative histogram (a) of control (blue)- and dexametha-
sone (red)-treated eosinophils after 20-h in vitro culture—apoptotic cells indicated by gate. Changes in the
expression of intracellular regulators of apoptosis can be assessed by western blot (b). Caspase inhibitor zVAD
delays apoptosis, maintains Mcl-1 expression, and prevents caspase-3 cleavage while pro-apoptotic cyclin-
dependent kinase inhibitors (CDKi) cause Mcl-1 downregulation and caspase-3 cleavage. Measurement of
phagocytosis of apoptotic cells by monocyte-derived macrophages (gated) is demonstrated by increased
CellTracker™-green fluorescence from stained apoptotic cells in dexamethasone-treated cells (d) relative to
control (c) (black arrows). Overlay histogram demonstrates population of macrophages containing apoptotic
cells (e, gated)
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4041. Suspend eosinophils (at least 97% purity) at 4 � 106 cells/mL
405in IMDM (10% autologous serum). Pipette 750 μL cells into a
4062 mL Eppendorf tube and incubate with 150 μL apoptosis-
407modifying agents and 600 μL IMDM (10% autologous serum).
408(NB: If two agents are used only 450 μL of IMDM is required
409for a total volume of 1500 μL.)
4102. Incubate at 37 �C in a shaking heat block for the duration of
411the experiment.

4123. Centrifuge the Eppendorf tube at 13,000 rpm for 1 min. Dis-
413card the supernatants.

4144. Resuspend cell pellets in 90 μL protease inhibitor buffer and
415incubate on ice for 10 min (see Note 2).

4165. Add 10 μL 10% NP-40 (diluted in TBS), vortex thoroughly,
417and incubate for a further 10 min on ice.

4186. Centrifuge at 13,000 rpm for 20 min at 4 �C, and transfer AU3the
419protein-rich supernatant into a 500 μL Eppendorf tube. Freeze
420samples (�20 �C) until use.

4217. Calculate protein concentration of each sample using BCA
422protein assay as per the manufacturer’s instructions.

4238. Transfer volume equivalent to 30 μg protein into fresh Eppen-
424dorf tubes and make up to total volume of 30 μL with PBS
425(without cations) and 8 μL of 4� sample buffer.

4269. Heat at 95 �C for 5 min.

42710. Load samples onto a 12% polyacrylamide (or equivalent) gel
428including molecular weight standards. Run at 110 V until the
429dye front reaches the bottom of the gel.

43011. Transfer proteins onto the PVDF membrane at 80 V for 1 h at
4314 �C.

43212. Wash the membrane in TBS/0.1% Tween®20 for 5 min on a
433rocking platform.

43413. Block the membrane for 1 h with 10 mL of 5% dried milk
435powder in TBS/0.1% Tween®20 at room temperature on a
436rocking platform.

43714. Wash the membrane in TBS/0.1% Tween®20 for 5 min (repeat
438three times).

43915. Incubate with primary antibody overnight at 4 �C—concentra-
440tions as per 2.4.1. in TBS/0.1% Tween®20 containing 5%
441dried milk powder (5 mL).

44216. Wash membrane in TBS/0.1% Tween®20 each for 5 min
443(repeat three times).

44417. Incubate with the corresponding secondary antibody diluted
4451:2500 in TBS/0.1% Tween®20 containing 5% dried milk
446powder (5 mL) for 2 h.
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44718. Wash membrane in TBS/0.1% Tween®20 for 5 min (repeat
448three times).

44919. Develop using enhanced chemiluminescence according to the
450manufacturer’s instructions.

45120. Strip and re-probe blot with β-actin or GAPDH as a loading
452control.
453

3.6 Fluorometric

Homogeneous

Caspase Assay

454As discussed previously apoptosis is a caspase-dependent process;
455therefore assessment of caspase activity can be used as a marker of
456apoptotic cell death. Quantification of total caspase activity is pos-
457sible using commercially available assays (homogeneous caspase
458assay) but their use is limited given the inability to discriminate
459between individual caspases. Cleavage of a fluorescently conjugated
460caspase substrate (e.g., VAD-fmk) to produce a fluorescent product
461(e.g., FITC, rhodamine 110) enables fluorescent intensity to be
462measured as a marker of total caspase activity.

4631. These instructions are based on the use of Homogeneous
464Caspases Assay Kit.

4652. Suspend eosinophils (at least 97% purity) at 1 � 106 cells/mL
466in IMDM (10% autologous serum).

4673. In a black 96-well microplate load 100 μL of cell suspension
468(1 � 105 cells per well), with apoptosis-modifying agents and
469incubate at 37 �C for the duration of the experiment.

4704. Dilute stock caspase substrate 1:10 in incubation buffer and
471add 100 μL freshly prepared 1� caspase substrate to each well.
472Include negative and positive controls (media alone and cell
473lysate).

4745. Incubate at 37 �C in the dark for at least 1 h.

4756. Use a plate reader to measure fluorescence (excitation:
476470–500 nm, emission: 500–560 nm).
477

3.7 Caspase

Profiling Assay

478Fluorometric assays for specific caspases are similar to the homoge-
479neous assays described above but have a greater degree of specificity
480between the substrates of individual caspases or groups of caspases.
481Fluorescently conjugated substrates specific for certain caspases are
482immobilized in a 96-well plate. When cell lysates are added to the
483wells, the level of fluorescence emitted is an indicator of the activity
484of that particular caspase allowing delineation of specific pathways
485of the apoptotic process.

4861. These instructions assume the use of the ApoAlert™ Caspase
487Profiling Plate (see Note 5).

4882. Suspend eosinophils (at least 97% purity) at 2 � 106 cells/mL
489in IMDM (10% autologous serum). In 2 mL Eppendorf tubes
490pipette 1 mL of cell suspension (2 � 106 cells) and apoptosis-
491modifying agents and incubate at 37 �C for the desired length
492of time.
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4933. Centrifuge at 220 � g for 5 min at 4 �C and aspirate the
494supernatant.

4954. Resuspend the cell pellet in 400 μL ice-cold 1� lysis buffer;
496incubate on ice for 10 min.

4975. While cells are incubating add 10 μLDTTper 1mL 2� reaction
498buffer, and then pipette 50 μL to each well of the 96-well
499caspase profiling plate.

5006. Cover the plate and incubate for 5 min at 37 �C.

5017. Vortex the cell lysate and add 50 μL of lysate to duplicate wells
502of each caspase substrate.

5038. Cover the plate and incubate for 2 h at 37 �C.

5049. Use a plate reader to measure fluorescence (excitation: 380 nm,
505emission 460 nm).
506

3.8 Assessing

Nuclear Changes

During Apoptosis: Gel

Electrophoresis of DNA

507Activation of the apoptotic process results in endonuclease-
508mediated cleavage of DNA. After early large-scale degradation of
509DNA (50–200 kbp) endonuclease activity generates single-
510nucleosome or oligonucleosomal fragments of around 180 bp
511(or multiples thereof). This cleavage process creates discrete sized
512lengths of DNA which, when run through gel electrophoresis,
513produce a characteristic “laddering” effect that is distinct from
514the “smear” generated by the random DNA cleavage that occurs
515during cell necrosis.

5161. Suspend eosinophils (at least 97% purity) at 5 � 106 cells/mL
517in IMDM (10% autologous serum). In 2 mL Eppendorf tubes
518pipette 1 mL of cell suspension (2 � 106 cells) and apoptosis-
519modifying agents and incubate at 37 �C for the desired length
520of time.

5212. Extract genomic DNA using Wizard® Genomic DNA
522Purification Kit.

5233. Run the DNA (23 μL DNA mixed with 7 μL loading dye) on a
5242% agarose gel containing GelRed (5 μL in 50 mL) in 1� TBE
525buffer at 110 V.

5264. Run until the dye front reaches the end of the gel and visualize
527the gel under ultraviolet illumination.
528

3.9 Hypodiploid DNA

Content

529Endonuclease-mediated cleavage of nuclear DNA during apoptosis
530causes an apparent decrease in DNA content of triton-
531permeabilized cells. Nuclear staining using propidium iodide allows
532detection of this “hypodiploid” cell population. This technique
533works well with eosinophils, as they are terminally differentiated
534and do not undergo proliferation meaning only two peaks are
535visible when DNA content is measured: diploid (viable) cells and
536hypodiploid (apoptotic) cells.
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5371. Suspend eosinophils (at least 97% purity) at 4 � 106 cells/mL
538in IMDM (10% autologous serum).

5392. In a 96-well flat-bottomed plate add 75 μL of cell suspension,
54015 μL of apoptosis-modifying agents (10� concentration) or
541vehicle control, and 60 μL IMDM with 10% autologous serum
542to each well. (NB: If two agents are used only 45 μL of IMDM
543is required for a total volume of 150 μL.)
5443. Cover and incubate at 37 �C in a 5% CO2 incubator for the
545duration of the experiment.

5464. Gently pipette the well to resuspend adherent cells and add
54750 μL to a flow tube containing 250 μL of PI solution.

5485. Incubate in the dark at 4 �C for 15 min.

5496. Analyze by flow cytometry (FL-2 channel) to determine the
550percentage of cells with hypodiploid DNA content.
551

3.10 TUNEL Staining

for DNA Breaks

552DNA cleavage can be measured enzymatically as DNA breaks create
553acceptor sites for enzymes such as terminal deoxyribonucleotidyl-
554transferase (TdT). TdT together with fluorescein-12-
55520deoxyuridine-50-triphosphate is used to identify DNA fragmen-
556tation in terminal uridine nucleotide end-labeling (TUNEL)
557staining.

5581. These instructions assume the use of in situ cell death detection
559kit, fluorescein.

5602. Suspend eosinophils (at least 97% purity) at 2 � 107 cells/mL
561in IMDM (10% autologous serum).

5623. To a 96-well flat-bottom plate add 90 μL of cell suspension and
56310 μL of apoptosis-modifying agents (10� concentration) or
564vehicle control.

5654. Cover and incubate at 37 �C in a 5% CO2 incubator for the
566duration of the experiment.

5675. To a 96-well U-bottom flexible plate pipette 100 μL of cell
568suspension and centrifuge at 200� g for 2 min at 4 �C. Discard
569the supernatants.

5706. Wash the cells three times. Adding 100 μL PBS per well. Spin
571the plate at 200 � g for 3 min at 4 �C, discarding the super-
572natants, and vortex for 5 s.

5737. Add 100 μL of fixation solution to each well.

5748. Incubate on a shaking heat block for 60 min at 300 rpm at
575room temperature.

5769. Add 200 μL PBS to each well, then spin the plate at 200� g for
57710 min at 4 �C, and discard the supernatant.

57810. Resuspend the cells in permeabilization solution and incubate
579for 2 min on ice.
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58011. Add 50 μL of nucleotide mixture to two negative control wells.

58112. Make the TUNEL reaction mixture by adding the enzyme
582solution (50 μL) to 450 μL nucleotide mixture.

58313. Treat the two positive control wells with DNase I for 10 min at
584room temperature to introduce DNA strand breaks.

58514. Wash the plate twice in PBS (200 μL per well) and then
586resuspend in TUNEL reaction mixture (50 μL per well).

58715. Cover the plate and incubate at 37 �C for 60 min.

58816. Wash twice in PBS (200 μL per well) and then transfer to flow
589cytometry tubes for analysis of fluorescence levels (FL-1).
590

3.11 Assessing

Phagocytic Uptake of

Apoptotic Cells:

Culture of Monocyte-

Derived Macrophages

591To assess monocyte-derived macrophage phagocytosis of apoptotic
592eosinophils it is necessary to differentiate blood-derived human
593monocytes into macrophages in in vitro culture. A variety of meth-
594ods exist in order to, as closely as possible, recapitulate the pheno-
595type of tissue macrophages. Isolation by adherence utilizes
596monocyte ability to rapidly attach to tissue culture plastic in prefer-
597ence to neutrophils and lymphocytes; washing off non-adherent
598cells after 1 h leaves a relatively homogenous cell population for
599subsequent culture. Alternatively, use of a pan-monocyte isolation
600kit by negative selection with anti-CD14-coated magnetic beads
601yields a highly pure monocyte population (see Note 6). Immorta-
602lized macrophage cell lines or primary macrophages isolated from
603animal tissue can also be used.

6041. Resuspend peripheral blood mononuclear cells at
6054 � 106 cells/mL in IMDM with 10% autologous serum, add
606500 μL/well in a 48-well plate, and incubate for 60 min at
60737 �C.

6082. Wash adherent cells 3–4 times with IMDM and incubate in
609500 μL IMDM with 10% autologous serum at 37 �C (seeNote
6107).

6113. Culture monocytes for 5–7 days with media changed after day
6123 in culture prior to use in subsequent experiments.
613

3.12 Flow

Cytometry-Based

Phagocytosis Assay

614This assay uses a fluorescent chloromethyl dye that diffuses across
615cell membranes to label the cytoplasm of live eosinophils without
616altering their functional activity (Fig. 2c–e). These pH-sensitive
617dyes such as pHrodo™ or CypHer5E are minimally fluorescent at
618a neutral pH but fluoresce brightly in acidic conditions (i.e., within
619the phagolysosome). This allows distinguishing of internalized
620apoptotic cells that are acidified within the phagolysosome versus
621apoptotic cells that are adherent to the phagocyte cell surface.
622Alone, this is a valid method for assessment of phagocytic uptake
623of apoptotic cells; however CellTracker™-green can also be used
624alongside in order to stain macrophages and identify the dual-
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625positive population indicating ingested apoptotic cells. Efferocyto-
626sis probes can also be used to measure phagocytosed apoptotic cells
627by fluorescence microscopy and flow cytometry, for example a
628anxA5-pHrodo probe; these techniques may also have the added
629benefit of use in vivo [22].

6301. This method assumes the use of adherent monocyte-derived
631macrophages in Costar® 24-well TC-treated microplates.

6322. Suspend eosinophils (at least 97% purity) at 2 � 107 cells/mL
633in IMDM (10% autologous serum) in a 15 mL Falcon® conical
634polypropylene tube. Add 2 μg/mL of 10 mM
6355-chloromethylfluorescein diacetate (CellTracker™ Green),
636pipette gently, and incubate at 37 �C for 30 min.

6373. Centrifuge at 220 � g for 5 min, wash cell pellet in PBS, and
638spin again at 220 � g for 5 min.

6394. Resuspend cells at 4 � 106 cells/mL in IMDM (10% autolo-
640gous serum). Transfer the eosinophil suspension into Costar®

64175 cm2 cell culture flask and incubate for 20 h at 37 �C (5%
642CO2).

6435. Transfer the eosinophils into a 50 mL Falcon® conical polypro-
644pylene tube, wash twice in warm IMDM (50 mL volume per
645wash) (220 g for 5 min), and discard the supernatant. Follow-
646ing each wash, resuspend the eosinophil pellet in 1 mL of warm
647IMDM to avoid cell clumping. Resuspend the aged eosinophils
648at 1 � 106 cells/mL in warm HBSS (37 �C).

6496. Incubate cells with 20 ng/mL pHrodo™ (30 min, room
650temperature).

6517. Centrifuge at 220 � g for 5 min, wash cell pellet in PBS, and
652spin again at 220 � g for 5 min.

6538. Resuspend cells at 4 � 106/mL in warm IMDM (serum free).

6549. Rinse the macrophages with warm IMDM to wash off
655non-adherent cells.

65610. Add 2 μg/mL CellTrace™ Far Red to IMDM, pipette gently,
657and incubate macrophage monolayer at 37 �C for 30 min.

65811. Pipette 500 μL (2 � 106 cells) of labeled aged eosinophils in
659IMDM (serum free) atop the macrophage monolayer. Incu-
660bate for 60 min at 37 �C in a 5% CO2 atmosphere (seeNote 8).

66112. Remove the eosinophil suspension from the plate and wash
662macrophages with PBS three times.

66313. Incubate the macrophages with 300 μL 0.25% trypsin/1 mM
664ethylenediaminetetraacetic acid solution for 15 min at 37 �C
665followed by 5 min at 4 �C (see Note 9).

66614. Collect the detached macrophages by pipetting vigorously and
667place in a flow cytometer tube on ice.
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66815. Analyze samples immediately by flow cytometry.

66916. Apoptotic cells and macrophage populations are identified by
670their distinct forward and side scatter characteristics. By divid-
671ing the number of dual CellTracker/pHrodo-positive events in
672the macrophage gate by the total macrophage number the
673percentage of macrophages that have internalized apoptotic
674cells can be calculated.
675

6764 Notes

6771. Reference to autologous serum used in the culture of eosino-
678phils denotes autologous plasma-derived serum. It is made by
679adding 20 mM CaCl2 to platelet-rich plasma (harvested after
680centrifugation of citrate-anticoagulated blood) and incubated
681for 1 h at 37 �C in glass tubes. Alternatively, fetal calf serum can
682be used or eosinophils may be cultured without serum but with
683a small amount of supplemental protein (e.g., 0.5% (w/v)
684serum albumin)—the latter will however accelerate the rate of
685apoptosis.

6862. Eosinophil granules are rich in proteases; therefore, in order to
687prevent the protein of interest being degraded, care should be
688taken to keep all samples on ice during the preparation of
689lysates. In addition, higher protease inhibitor concentrations
690are necessary than for lysis of other cell types.

6913. Supplemental serum can be added to cells in the cytocentrifuge
692chamber to prevent artifacts caused by cell breakage during
693centrifugation. This however reduces the effectiveness of visua-
694lizing secondary necrotic eosinophils, thereby underestimating
695the rate of eosinophil apoptosis. Secondary necrotic eosino-
696phils appear as cell ghosts with little or no evidence of nuclear
697staining, having undergone “nuclear evanescence,” and as such
698may, incorrectly, not be included in the quantification of mor-
699phological changes.

7004. Annexin-binding buffer should always be used in the prepara-
701tion of annexin V as the absence of supplemental Ca2+ causes
702rapid dissociation of annexin V from phosphatidylserine on the
703apoptotic cell surface.

7045. Colorimetric assays for single-caspase activity can also be used
705which are similar to the fluorometric assays and follow a similar
706protocol. However, caspase activation is measured by the cleav-
707age of a chromophore (e.g., p-nitroanilide) from caspase sub-
708strates. A spectrophotometer or microplate reader (405 nm)
709records color development and activity quantified by compari-
710son with a calibration curve constructed using known stan-
711dards. Caspase activity assays can be applied to any cell type,
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712as caspase activation is a general event of apoptosis. However,
713to select the most appropriate assay to use in eosinophils,
714differences between the expression profiles of the various cas-
715pases in different cell types should be considered. Caspases 3, 6,
7167, 8, and 9 are contained as inactive zymogens within
717eosinophils [2].

7186. Purification of monocytes from the mononuclear cell popula-
719tion by adherence is frequently used as described. Isolation is
720also possible using negative selection of contaminating lym-
721phocytes and neutrophils with magnetic beads (Pan Monocyte
722Isolation Kit, Miltenyi Biotec, Surrey, UK), according to the
723manufacturer’s instructions [15]. Caution should be taken
724using anti-CD16-negative selection to remove neutrophils as
725this may also remove CD16hi inflammatory monocytes.
726Isolated monocytes are plated out at 4 � 105/well in a
72724-well plate.

7287. Differentiation of monocytes in in vitro culture can also be
729performed by culturing a combination of IL-4, IL-6, and
730GM-CSF (as described in ref. 8).

7318. This is an excess number of apoptotic eosinophils in order to
732determine macrophage phagocytic capacity and not a surrogate
733marker of eosinophil apoptosis.

7349. Treatment with trypsin-EDTA may lead to clumping of cells
735leading to blockage of the flow cytometer’s sample intake
736nozzle. Clumping may be minimized by adding 50 μL of
737bovine serum to each well following incubation with trypsin-
738EDTA.
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