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Abstract
Cell death through apoptosis, necrosis, necroptosis and pyroptosis, as well as the clearance of dead cells are crucial biologi-
cal processes in the human body. Likewise, disassembly of dying cells during apoptosis to generate cell fragments known as 
apoptotic bodies may also play important roles in regulating cell clearance and intercellular communication. Recent advances 
in the field have led to the development of new experimental systems to identify cells at different stages of cell death, measure 
the levels of apoptotic cell disassembly, and monitor the cell clearance process using a range of in vitro, ex vivo and in vivo 
models. In this article, we will provide a comprehensive review of the methods for monitoring the progression of cell death, 
cell disassembly and cell clearance.
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Introduction

Over 200 billion cells undergo cell death daily as part of 
physiological homeostasis and under pathological settings 
[1]. Cell death can occur through different mechanisms, 
for example via apoptosis, primary necrosis, necroptosis, 
pyroptosis and autophagic cell death. Among the different 
forms of cell death, caspase-dependent apoptosis is thought 
to account for the majority of homeostatic cellular turnover 
[2]. Deregulation of this process causes several human dis-
orders including cancer, autoimmune and neurodegenerative 
diseases [3]. Following cell death, the maintenance of tissue 
homeostasis depends on the prompt recognition and removal 
of dying cells by professional and non-professional phago-
cytes (e.g. macrophages and epithelial cells, respectively). 

Failure to clear apoptotic cells efficiently will lead to mem-
brane permeabilization, which may promote inflammation 
through the release of intracellular contents [4]. Prior to 
cell clearance, certain cell types could also disassemble 
into smaller membrane-bound fragments (approximately 
1–5 µm) known as apoptotic bodies (ApoBDs), a process 
that may aid cell clearance and intercellular communication 
[1]. Since cell death, cell disassembly, and cell clearance can 
contribute to different normal physiological and pathological 
conditions via distinct mechanisms as described above, it is 
important to establish suitable methodologies to study each 
of the cell death processes.

Recently, considerable progress has been made in iden-
tifying different stages and molecular regulators of cell 
death, cell disassembly and cell clearance [4]. A combina-
tion of biochemical, flow cytometry and microscopy based 
approaches are often used to study these processes in vitro 
and ex vivo. To monitor cell death, cell disassembly and 
cell clearance in vivo, researchers traditionally rely heavily 
upon histological and immunohistochemical analysis, and 
more recently intravital multiphoton microscopy to study 
these dynamic processes in live animals in real-time. In this 
review, we will discuss various mammalian experimental 
systems, in particular state-of-the-art techniques, which can 
be used to study these cell death related processes.
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Methods to monitor cell death

Traditionally, cell death can be differentiated as apoptosis 
or primary necrosis based on morphological and biochem-
ical differences. Apoptosis is a form of programmed cell 
death characterized by distinct morphological hallmarks 
including cell rounding, cell shrinkage, membrane bleb-
bing, nuclear condensation, and cell fragmentation into 
ApoBDs [5–7]. Other biochemical features of apoptosis 
include caspase activation, processing of cellular caspase 
substrates and DNA fragmentation [8–10]. In contrast, pri-
mary necrosis is considered a form of accidental cell death 
resulting from environmental perturbations and does not 
involve specific signalling pathways [11]. Necrotic cells 
exhibit morphologies including membrane permeabiliza-
tion and cytoplasmic swelling. More recently, other forms 
of cell death have also been identified and described. For 
example, signalling cascade involving receptor interact-
ing protein kinase 3 (RIPK3) and the pseudokinase mixed 
lineage kinase domain-like (MLKL), and (in certain set-
tings) receptor interacting protein kinase 1 (RIPK1) have 
been identified to play a role in the induction of a form of 
programmed necrosis called necroptosis [12, 13]. Necrop-
tosis has been implicated in mediating many inflammatory 
diseases including systemic inflammation and progressive 
atherosclerotic lesions through membrane permeabiliza-
tion and the release of cellular damage-associated molecu-
lar patterns (DAMPs) [14, 15]. Interestingly, necroptosis 
is also perceived as an immunogenic form of cell death, 
whereby necroptotic cancer cells can release DAMPs and 
promote the production of IFN-γ, maturation of dendritic 
cells (DCs), and cross-priming of CD8+ T cells, conse-
quently inducing a host anti-tumour immune response 
[16–18]. Moreover, pyroptosis is another regulated form 
of programmed necrosis that critically depends on the 
formation of plasma membrane pores by members of 
the gasdermin protein family; often (but not always) as 
a consequence of inflammatory caspase activation [13]. 
Pyroptosis is triggered by perturbations of extracellular or 
intracellular homeostasis related to innate immunity (e.g. 
pathogen invasion). The characteristic features of pyrop-
tosis includes the formation of membrane pores generated 
by gasdermin D (GSDMD) cleavage and the release of 
proinflammatory cytokines IL-1β and IL-18 [11, 19].

Most experimental assays to date are designed to simply 
determine whether cells exhibit morphological and bio-
chemical features of apoptosis, and whether cells are mem-
brane permeabilized in order to determine if they undergo 
necrosis. However, since the discovery of new cell death 
mechanisms, clearly distinguishing different forms of cell 
death has become challenging. It should be noted that 
developing suitable assays to differentiate different types 

of cell death is critical to determine precisely the regula-
tors of the various forms of cell death and their contribu-
tion to disease states. There are a number of recent papers 
that have reviewed the methods to monitor different forms 
of cell deaths (especially apoptosis) [13, 20–22]. In the 
following sections, we provide a brief overview on most 
commonly used and some latest methods of monitoring 
cell death in vitro, ex vivo and in vivo.

Monitoring cell death in vitro and ex vivo

Apoptotic and necrotic cells can be characterised in vitro 
and ex vivo based on their distinct morphological features 
as aforementioned. The most commonly used techniques 
for morphology-based apoptosis/necrosis detection include 
transmission electron microscopic (TEM), scanning elec-
tron microscopic (SEM) and time-lapse microscopic analysis 
[23]. SEM can also be used to distinguish different forms 
of programmed cell death including apoptosis, necroptosis 
and pyroptosis based on the plasma membrane changes [18]. 
Morphologically, necroptosis is characterized by organelle 
swelling and plasma membrane rupture [18, 24], whereas 
pyroptosis is marked by GSDMD pore formation and in cer-
tain settings the formation of pyroptotic bodies (extracel-
lular vesicles that are 1–5 µm) [25] before the eventual cell 
lysis. However, morphology-based methods have limitations. 
In particular, necroptosis, primary necrosis and secondary 
necrosis following apoptosis eventually result in similar cel-
lular morphology including cytoplasmic swelling, rupture of 
the plasma membrane and release of intracellular contents 
[26]. Thus, in order to precisely distinguish different forms 
of cell death, it is important to monitor biochemical features 
of cell death in conjunction with morphological analysis.

Molecular biomarkers used in cell death detection 
include cell surface markers (e.g. phosphatidylserine 
(PtdSer), pannexin 1 (PANX1) channel activity at the 
plasma membrane), intracellular markers (e.g. caspase 
activity, mitochondrial potential), and soluble extracel-
lular markers released by dying cells (e.g. HMGB1 and 
the enzyme lactate dehydrogenase (LDH)) [23]. Contem-
porary methods of multiparametric cell death study based 
on biochemical features can be monitored by fluorescence 
microscopy, flow cytometry and imaging flow cytometry 
[22], and these techniques are constantly evolving. For 
example, traditionally, a combination of annexin A5 (A5, 
PtdSer binding protein) and either propidium iodide or 
7-aminoactinomycin D (PI/7-AAD, membrane imperme-
able DNA binding dyes) stains are often used to differenti-
ate viable, apoptotic and necrotic cells by flow cytometry 
[27–29]. Recently, a new flow cytometry-based analytical 
approach utilizing a combination of A5 and TO-PRO-3 (a 
DNA binding dye that enters early apoptotic cells through 
PANX1 channels) stains enables the detection of apoptotic 



210	 Apoptosis (2019) 24:208–220

1 3

cells prior to PtdSer exposure, as well as quantifies the lev-
els of ApoBDs and cells at different stages of cell death in 
a single sample [30]. Although most of the methodologies 
in cell death research are designed to monitor apoptosis 
and necrosis, additional approaches have been developed 
recently to monitor biochemical changes during necropto-
sis and pyroptosis. Biomarkers that can be used to identify 
necroptotic cells include the formation of RIP1/RIP3 com-
plex (necrosome), activation of RIPK1 and RIPK3, induc-
tion of the RIPK3/MLKL complex, as well as phospho-
rylation, oligomerization and membrane translocation of 
MLKL. Techniques such as immunoprecipitation analysis, 
TEM analysis and immunoblotting can be used to detect 
these biomarkers [31]. Similarly, biochemical changes 
during pyroptosis such as the activation of caspase 1, the 
formation of pyroptosome and processing of GSDMD can 
also be monitored to detect pyroptosis [13, 32].

Monitoring cell death in vivo

Most of the dead cells and fragments derived from dying 
cells (e.g. ApoBDs) generated under in vivo conditions are 
cleared efficiently by professional and non-professional 
phagocytes [33] before the loss of plasma membrane integ-
rity and release of inflammatory cellular contents [21, 34, 
35]. This suggests that regardless of the type of cell death, 
dead cells are not abundant in most tissues under normal 
physiological conditions [1, 36]. However, dead cells and 
debris can often be detected when the level of cell death 
exceeds the normal situation and beyond the phagocytic 
capacity of neighbouring phagocytes or when the phago-
cytes are depleted or dysfunctional [21]. Traditionally, 
histological and immunohistochemical approaches were 
heavily used to detect cell death in situ in different organs. 
The most commonly used method to detect apoptotic 
cells is terminal deoxynucleotidyl-transferase-mediated 
deoxyuridine triphosphate nick-end labelling (TUNEL) 
assay. Since positive TUNEL signal may also result from 
necrotic cells, it is often used with another apoptosis indi-
cator such as active caspase 3 [37]. Another commonly 
used method is the analysis of soluble extracellular bio-
markers released from dying cells (e.g. LDH, hexosami-
nidase or mitochondrial DNA) in plasma to detect and 
measure cell death that had occurred in vivo [21]. More 
recently, the cell death process can be monitored in vivo 
in real-time at the cellular level in tissues through intravi-
tal multiphoton microscopy [38]. For example, by using 
intravital imaging and transgenic mouse lines expressing a 
fluorescence resonance energy transfer (FRET)-based cas-
pase 3 activation reporter, morphological changes during 
apoptosis (e.g. membrane blebbing and ApoBD formation) 
can be captured in vivo [39, 40].

Methods to study apoptotic cell disassembly

Disassembly of an apoptotic cell into ApoBDs has re-
emerged as an area of interest as ApoBDs is considered 
a major class of extracellular vesicles that could facilitate 
cell clearance and intercellular communication. Thus, the 
disassembly of apoptotic cells may also play a key role in 
diseases such as systemic lupus erythematosus, atherosclero-
sis and tumourgenesis [1, 41–46]. In recent years, the detec-
tion of ApoBDs (differentiation of ApoBDs from cells or 
other extracellular vesicles) and the functional analysis of 
ApoBDs have become increasingly important in cell biologi-
cal, immunological, and extracellular vesicle studies. Tech-
niques that can be used for monitoring ApoBD formation, 
characterization of ApoBDs, and isolation of ApoBDs are 
discussed below. It is important to note that the develop-
ment of suitable methodologies to accurately characterize 
and isolate ApoBDs is essential for the field of extracel-
lular vesicles as other types of vesicles like microvesicles 
are often inappropriately described as ApoBDs. It is also 
worth noting that apoptotic cells can also release vesicles 
that are smaller than ApoBDs (i.e. apoptotic microvesicles 
and exosomes-like vesicles) [47], however the methods used 
to study these subclasses of extracellular vesicles will not be 
discussed in this review.

Monitoring and characterizing ApoBDs generated 
under in vitro condition

ApoBDs are membrane-bound extracellular vesicles that 
are typically 1–5 µm in diameter, larger than microvesicles 
(50–1000 nm) and exosomes (30–100 nm) [1, 2, 45, 48]. 
ApoBDs are generated at the later stages of apoptosis, and 
can be generated from a variety of cell types including T 
cells, monocytes, endothelial cells and epithelial cells [6, 7, 
49–51]. ApoBDs are typically crowded with closely packed 
organelles and fragments of chromatin [52]. ApoBDs can 
also carry biomolecules including DNA, microRNA, pro-
teins and lipids, which potentially mediate intercellular com-
munication with healthy cells [50, 51]. Since apoptotic cells 
can expose PtdSer on the cell surface after caspase activation 
[53], PtdSer are also distributed on the surface of ApoBDs 
[30, 54].

Methods for direct visualization of ApoBDs formation 
in vitro include microscopy-based approaches like histo-
logical, TEM and confocal microscopy analysis, as well 
as flow cytometry-based imaging [7, 49, 55, 56]. In order 
to monitor the apoptotic cell disassembly process in detail 
in vitro, such as examining the distribution of cellular con-
tents into ApoBDs or the changes in membrane biomarkers 
on the surface of ApoBDs, confocal microscopy is gener-
ally used for time-lapse and/or fluorescence imaging [6, 49, 
51]. Although there are limited studies that quantified the 



211Apoptosis (2019) 24:208–220	

1 3

level of ApoBD formation during apoptosis, ApoBDs can be 
measured based on their size and/or exposure of PtdSer fol-
lowing an enrichment procedure. For example, methods such 
as tunable Resistive Pulse Sensing can be used to quantify 
the amount of large vesicles including ApoBDs in a sample 
based solely on size [57]. Furthermore, PFA-fixed or etha-
nol-fixed vesicles that could pass through a 5 µm pore filter 
can be analyzed by flow cytometry or fluorescence/phase 
contrast microscopy to quantify the level of cellular frag-
mentation [7, 58] (Fig. 1a). Similarly, ApoBDs can also be 
enriched by differential centrifugation and A5-stained/PFA-
fixed vesicles are examined by flow cytometry or micros-
copy analysis [59] (Fig. 1a). However, it should be noted 
that some of these methodologies have several limitations 
including the possible undesirable effect of PFA/ethanol-
fixation of ApoBDs or the lack of biomarker characterization 
to confirm the presence of ApoBDs.

In previous studies, the level of ApoBD formation fol-
lowing apoptosis induction can be assessed by flow cytom-
etry based on the size and granularity of cell fragments, and 
quantified using counting beads [60]. Recently, the level 
of ApoBDs relative to the amount of apoptotic cells in a 
sample could also be quantified by flow cytometry using 
a new analytical strategy and a combination of A5 and 
TO-PRO-3 stains [30, 49]. Utilizing this flow cytometry-
based approach, the apoptotic cell disassembly process 
under in vitro and ex vivo conditions can be assessed by 
the ApoBD formation index calculated from the number of 
ApoBDs divided by the number of A5 positive apoptotic 
cells [30, 49]. Based on this approach, new analytical meth-
ods were also developed for quantitative analysis of ApoBD 
content such as DNA, RNA and organelles (Fig. 1a) [51]. 
Notably, DNA and mitochondria are distributed to some but 
not all ApoBDs and the mechanism of ApoBD formation 
could affect the distribution of intracellular contents into 
ApoBDs [51]. Moreover, cell surface molecules such as cell-
type specific markers can also be monitored on ApoBDs [51, 
61]. It should be noted that a combination of flow cytometry 
and microscopy imaging analysis should be performed to 
better define the ApoBD formation process.

Monitoring and characterizing ApoBDs generated 
under in vivo condition

In addition to monitoring ApoBD formation in  vitro, 
ApoBDs can be detected in vivo in different tissues in the 
human body as well as in other species including mouse, 
Drosophila and zebrafish [38, 39, 49, 62]. However, since 
the clearance of dying/dead cells by phagocytes is very rapid 
under normal physiological settings, the evidence of apop-
totic cell disassembly in vivo is still limited [1]. Neverthe-
less, histology-based methods can be used to study apop-
totic cell disassembly and detect ApoBDs in situ in human 

or rat tissue samples [63, 64] (Fig. 1b). However, in some 
early studies using hematoxylin and eosin staining, chro-
matin fragments within apoptotic cells/neighbouring cells 
or ‘tingible bodies’ in tingible body macrophages are also 
described as ApoBDs [65], which does not align with the 
definition that ApoBDs are extracellular membrane-bound 
vesicles [6, 61]. Thus, it is important to use appropriate bio-
markers to differentiate free apoptotic cells/ApoBDs from 
the engulfed apoptotic cells/ApoBDs within phagocytes 
in tissue samples. To achieve this, DNase type I cleavage 
within apoptotic nuclei, and DNase type II cleavage within 
apoptotic nuclei in phagolysosome can be distinguished [66] 
using Apoptag ISOL dual fluorescence apoptosis detection 
kit [67]. DNase type I cleavage within apoptotic nuclei can 
also be detected by TUNEL assay [68].

As mentioned earlier, the disassembly of apoptotic cells 
could be monitored in vivo using intravital multiphoton 
microscopy [38–40]. For example, by performing two-
photon imaging on transgenic mice that express a FRET-
based reporter for caspase 3 activity, the process of T cells 
undergoing apoptosis and fragmentation into small particles 
were detected [40]. Utilizing a similar approach, cell death 
dynamics can be monitored in the mice germinal centre 
where apoptotic B cell fragmentation was detected [39]. 
Moreover, disassembly and clearance of apoptotic basal epi-
thelial cells in mice hair follicle epithelium tissue can also 
be monitored by intravital multiphoton microscopy [38]. 
However, since the tissue is a relatively ‘packed’ structure, 
during the apoptosis process the interactions between neigh-
bouring cells and the dying cells could make it difficult to 
determine if the ApoBD-like structures are ‘extracellular 
vesicles’ or particles being ‘bitten off’ and then transferred 
within phagocytes.

In order to quantify the level of apoptotic cell disassembly 
in vivo, flow cytometry analysis similar to methods as dis-
cussed above can also be used in some cases. For example, 
dexamethasone-induced thymocyte apoptosis and ApoBD 
formation in the mouse thymus can be determined by using 
a combination of A5, TO-PRO-3, 7-AAD, anti-CD4 and 
anti-CD8 staining [49] (Fig. 1b). It should be noted that the 
analytical approach used for determining ApoBD formation 
generated from in vivo samples is more complex as the sam-
ple can contain a number of different cell types [49, 61].

Isolation of ApoBDs

It has been reported that ApoBDs are able to mediate inter-
cellular communication through the transport of various 
biomolecules [41, 50, 69]. Although the mechanism under-
pinning the apoptotic cell disassembly process is becom-
ing increasingly clear, the characterization and functional 
properties of ApoBDs are not well defined [61]. To examine 
the function of ApoBDs, ApoBDs are typically isolated by 
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differential centrifugation approaches [69, 70]. In previous 
studies, ApoBD isolation often involves an initial centrifu-
gation at 300–500×g to pellet cells, followed by centrifuga-
tion of resultant supernatant at 1000–100,000×g to pellet 

ApoBDs [70–72]. It is important to note that other types 
of extracellular vesicles, in particular microvesicles, may 
also be present in the isolated ApoBD samples if ApoBDs 
are pelleted at a high speed [47]. Nevertheless, by using 

Fig. 1   Analysis of apoptotic cell disassembly. The formation of ApoBDs under in vitro (a) or in vivo (b) conditions monitored by flow cytom-
etry and/or microscopy-based analysis
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a differential centrifugation approach (e.g. initial 300×g 
centrifugation followed by 3000×g centrifugation), the 
purity of ApoBDs can be enriched to approximately 84% 
purity, with a relatively small amount of viable, apoptotic 
and necrotic cells also present in the sample [61]. By using 
a low speed centrifugation approach (e.g. centrifugation at 
50×g for 5 min multiple times to pellet cells and then pel-
let ApoBDs at 1000×g for 6 min), the purity of ApoBDs 
remains similar [61]. Recently, a fluorescence activated 
cell sorting (FACS)-based approach was also developed to 
isolate highly purified ApoBDs [61]. By staining cells and 
ApoBDs with A5, TO-PRO-3 and cell surface markers, cell-
type specific ApoBDs can be isolated from a complex sam-
ple (i.e. samples containing different cell types undergoing 
apoptosis) and purity can reach up to 99% [61]. In addition, 
ApoBDs can also be isolated by filtration-based alone [7] 
(Fig. 1a) or a combination of differential centrifugation and 
filtration-based methodologies [73]. For example, following 
a 300×g centrifugation step to remove cells and cell debris, 
the resultant supernatant can be filtered through 5 and 1 µm 
filters to collect vesicles that are between 1 and 5 µm in 
diameter, followed by ApoBDs pelleted via centrifugation at 
2000×g for 20 min [73]. There are reports on microfluidics-
based technologies for isolating and analysing extracellular 
vesicles [74], which could be adopted for ApoBD isolation.

Methods to measure dying cell clearance

Rapid removal of dying cells by phagocytes is regulated by 
various molecular signals and can be divided into a number 
of sequential steps [36]. First, apoptotic cells can release 
‘find-me’ signals (e.g. nucleotides ATP and UTP, frac-
talkine, lysophosphatidylcholine and sphingosine 1-phos-
phate) [75] and recruit phagocytes to the site of cell death. 
Subsequently, molecules on the surface of the dying cell 
(e.g. ‘eat-me’ signal such as PtdSer and calreticulin) [53, 76] 
and on the surface of phagocytes (e.g. BAI-1, Stabilin-2 and 
CD91) [2, 77] will interact to initiate efferocytosis [78]. Col-
lectively, exposure of a sufficient amount of ‘eat-me’ signals 
and the loss of ‘don’t eat-me’ signals on the surface of apop-
totic cells is necessary to trigger their removal by phago-
cytes [2, 79]. During the efferocytosis process, phagocytes 
undergo a series of cytoskeletal changes to engulf the dying 
cell. Finally, cellular debris is digested within the phago-
lysosomes of phagocytes. Notably, there is also evidence 
suggesting that apoptotic cells can release factors known as 
‘keep-out’ signals (e.g. lactoferrin) to inhibit the recruitment 
of inflammatory cells like neutrophils [80].

In this review, we will focus on the engulfment step of the 
overall dying cell clearance processes, known as efferocy-
tosis (certain primary research articles also refer to this pro-
cess as ‘phagocytosis’). Efferocytosis assays are particularly 
important for defining the role of various molecular signals 

as described above (e.g. ‘find-me’ and ‘eat-me’ signals) in 
the cell clearance process. A variety of in vitro and in vivo 
efferocytosis assays are described below (see also Tables 1, 
2; Figs. 2, 3). Notably, a typical efferocytosis assay involves 
the selection of in vitro or in vivo models, suitable target 
cells, cell death stimuli, type of phagocytes, engulfment 
environment and method for the quantification of efferocy-
tosis/clearance [81]. Since an efferocytosis assay involves 
many variables (e.g. target cell:phagocyte ratio, duration 
of cell death induction and co-culture of target cells with 
phagocytes), experiments should be designed specifically to 
address the question of interest. For example, if an in vitro 
efferocytosis assay is used to examine the mechanism under-
pinning apoptotic cell uptake, it is important to ensure the 
majority of target cells are apoptotic and not secondary 
necrotic within the timeframe of cell death induction and 
co-culture with phagocytes.

In vitro efferocytosis assays

Target cells used in efferocytosis assays can vary greatly 
(Supplementary Table 1). For example, in order to test the 
effect of clusterin (an extracellular chaperone) on apop-
totic cell clearance, efferocytosis assays were performed 
with human cells (freshly isolated neutrophils) and mouse 
cells (freshly isolated thymocytes) as target cells [82]. In 
other studies, commonly used target cells include human 
Jurkat T cells [83, 84], mouse thymocytes [82, 85–88], and 
human and mouse lung epithelial cells (BEAS-2B/MLE-
12) [83, 85]. As for cell death stimuli, commonly used 
approach to induce target cells to undergo apoptosis include 
UV irradiation [83, 84], as well as etoposide [83, 85] and 
dexamethasone treatment (Table 1, Supplementary Table 1) 
[85–87]. Notably, after apoptosis induction, it is important 
to confirm the level of target cell apoptosis and necrosis via 
suitable cell death assays (and apoptotic cell disassembly 
assays, if needed) as mentioned above to ensure the qual-
ity of target cells is validated. The choice of phagocytes 
can also vary depending on the research question, with the 
most commonly used phagocytes include mouse bone mar-
row-derived macrophages (BMDM) [84–86], mouse bone 
marrow-derived dendritic cells (BMDC) [86] and mouse 
peritoneal macrophages [85, 88]. Non-professional phago-
cytes such as MLE-12 lung epithelial cells and fibroblasts 
are also used in efferocytosis assays [83, 87]. For phago-
cytes like macrophages, it is recommended to check their 
morphological characteristics or perform functional assays 
to determine their ability to engulf (e.g. using synthetic 
liposome-coated beads as targets) [86] prior to their use in 
efferocytosis assays.

In order to monitor and measure the efferocytosis pro-
cess, target cells are often labelled with cell tracer (e.g. cell 
cytosol stains like CellTracker CFSE [83, 85] or membrane 
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Table 1   In vitro assays for studying apoptotic cell clearance
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stains like PKH67 or PKH26 [84]) or a pH sensitive dye 
(e.g. CypHer5E or pHrodo) to track the internalization of 
target cells. Notably, levels of efferocytosis in earlier studies 
were often determined using non-stained target cells and the 
phagocytic index calculated based on the number of target 
cells attached on/within phagocytes from image analysis [89, 
90]. In most recent studies, the quantification of efferocy-
tosis is often dependent on flow cytometry-based analysis 
as the target cells are stained with fluorescent dyes [67, 83, 
86–88]. However, it is important to note that labelling target 
cells with CellTracker or PKH dyes has several drawbacks, 
in particular the difficulties in discriminating apoptotic cells 
that have been internalized from those that remain bound 
to the cell surface by flow cytometry [81]. Furthermore, 
when choosing suitable fluorescent labels for target cells, it 
is important to avoid fluorophores that fluoresce very weakly 
at low pH levels as the ingested contents are trafficked to 
the phagolysosome (pH 4.5–5.5) in phagocytes [91]. Thus, 
pH sensitive dyes such as pHrodo and CypHer5E are more 
preferable for efferocytosis assays as their fluorescence 
increase in acid environment. To complement flow cytom-
etry-based efferocytosis assays, microscopy analysis could 
also be performed to validate the engulfment of target cells 
by phagocytes [86]. To clearly distinguish target cells from 
phagocytes [81], phagocytes can also be stained prior to 

co-culture with target cells. Similar to apoptotic cell clear-
ance studies as described above, similar principles underpin 
in vitro efferocytosis assays for necrotic/necroptic cells [92, 
93] (Table 2).

In vivo efferocytosis assays

More recently, a number of in vivo efferocytosis assays were 
established to enable measurement of dying cell clearance 
under different in vivo conditions. Generally, two differ-
ent types of strategies are used for these assays. For certain 
in vivo efferocytosis assays, apoptotic target cells are gen-
erated from external origins and delivered to a particular 
in vivo environment containing phagocytes (e.g. spleen, per-
itoneal cavity, lung) (Fig. 2). In other types of in vivo effero-
cytosis assays, target cells are induced to undergo apoptosis 
in situ and their uptake by phagocytes in a particular tissue 
(e.g. thymus, colon, spleen) monitored (Fig. 3). In the for-
mer approach, target cells are induced to undergo apoptosis 
in vitro and similar to in vitro efferocytosis assays, these 
target cells are often labelled with PKH fluorescent dyes or 
pH sensitive dyes like CypHer5E or pHrodo for internaliza-
tion analysis [83, 86–88, 94]. Subsequently, apoptotic target 
cells are administered into mice via intravenous, intraperi-
toneal or intranasal route depending on the phagocytes of 

Table 1   (continued)
*Cell ratio: target cell:phagocyte
# 2-stage efferocytosis: PKH67-labelled apoptotic cells were incubated with macrophages for 45 min followed by vigorous rinsing 3 times with 
PBS. Macrophages were then incubated for another 2 h, followed by addition of PKH27-labelled apoptotic cells. After 45 min, unbound apop-
totic cells were removed by rinsing, and then the macrophages were fixed with 4% formaldehyde and imaged on an epifluorescence microscope

Table 2   In vitro assays for necrotic/necroptotic cell clearance studies

*Cell ratio: target cell:phagocyte
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interest. Typically, after 1–3 h after the administration of 
apoptotic target cells, phagocytes at the site of interest such 
as the spleen [86, 94], peritoneal cavity [88] and lung [83, 
87] are collected for flow cytometry analysis. In some stud-
ies, tissues are fixed and phagocytes are stained for further 
microscopy analysis [84]. Similar to in vitro efferocytosis 
assays, it is important to monitor the quality of target cells 
(e.g. the level of apoptosis and apoptotic cell disassembly) 
as well as optimize the duration of apoptotic sample admin-
istration. Alternatively, when target cells are induced to 

undergo apoptosis in situ, it is important to identify apop-
totic cells accurately. Notably, a number of approaches have 
been developed to monitor in situ apoptosis and phagocy-
tosis in the thymus [84, 88, 95], colon [85] and spleen [88] 
(Fig. 3). For example, when monitoring the clearance of 
apoptotic thymocytes in the thymus, thymocytes are induced 
to undergo apoptosis by intraperitoneal administration of 
dexamethasone. Approximately 18–24 h post apoptosis 
induction, thymus is harvested for the preparation of sin-
gle-cell suspension or for tissue fixation and sectioning. A5 

Fig. 2   Apoptotic cell clearance studies using mouse models and 
apoptotic cells generated from external origins. Phagocytic removal 
of apoptotic cells delivered into mice via intravenous (a), intraperito-

neal (b), or intranasal (c) route monitored by flow cytometry and/or 
microscopy-based analysis
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or TUNEL staining can then be used to detect apoptotic 
cells, and macrophages can be identified within the thymus 
based on F4/80 expression [84, 88, 95]. It is worth noting 
that phagocytes and apoptotic target cells can be tracked in 
different species using genetic approaches, which enables 
the efferocytosis process being monitored in real-time using 
microscopy-based approaches [38, 81, 96].

Summary

Recent advances in the molecular understanding of dif-
ferent types of programmed cell death has led to the 
development of new methodologies to differentiate dif-
ferent stages of apoptosis as well as other forms of pro-
grammed cell death. Similarly, processes downstream of 

cell death initiation including apoptotic cell disassembly 
and cell clearance can also be studied in detail utilizing 
well established methodologies. Nevertheless, it should 
be noted that cell death, cell disassembly and cell clear-
ance are interconnecting processes, and preferable to be 
studied together in physiological relevant settings rather 
than in isolation. Furthermore, there are still a number 
of challenges in cell death, cell disassembly and effero-
cytosis studies, in particular to accurately monitor these 
processes at the cellular level in vivo. Thus, it is impor-
tant to continue to develop new approaches to study these 
cell death processes.

Funding  This study was funded by National Health and Medical 
Research Council (Grant Nos. GNT1125033, GNT1140187) and Aus-
tralian Research Council (Grant No. DP170103790).

Fig. 3   Apoptotic cell clearance studies using mouse models with apoptosis occurring in situ. Clearance of apoptotic cells generated in situ in the 
thymus (a), colon (b), or spleen (c) determined by immunohistological and/or flow cytometry-based analysis
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