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Programmed cell clearance is a highly regulated physiological process of elimination of dying cells that
occurs rapidly and efficiently in healthy organisms. It thus ensures proper development as well as ho-
meostasis. Recent studies have disclosed a considerable degree of conservation of cell clearance path-
ways between nematodes and higher organisms. The externalization of the anionic phospholipid
phosphatidylserine (PS) has emerged as an important “eat-me” signal for phagocytes and its exposition
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“The eagle picks my eye

The worm he licks my bone

I feel so suicidal

Just like Dylan's Mr. Jones”

1. Introduction

Programmed cell clearance — a term describing the mechanism
and consequences of apoptotic cell clearance — is a well conserved
process of apoptotic cell removal that is critical for development,
tissue renewal and homeostasis [1]. In the adult organism it is

From: The Beatles (White Album) (1968) important not only that the rate of cell division and cell death is

balanced, but also that efficient clearance of dying cells takes place
[2,3]. An imbalance of these processes is associated with inflam-
mation and with the pathogenesis and progression of several dis-
eases ranging from cancer to autoimmune diseases [4]. Dying cells
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further harm. In this scenario phagocytic cells are attracted towards
the dying cell via the secretion of so called “find-me” signals which
cause migration of the phagocytic cell [5]. In a second step recog-
nition occurs via specific receptors expressed on the phagocytic cell
and the corresponding ligands — or “eat-me” signals — on the dying
cell [6]. This recognition can occur either directly or can be facili-
tated by so-called bridging molecules. After engulfment the
phagocytic cell digests the dying cell via the endo-lysosomal
pathway. The consequences of cell clearance are manifold;
engulfment of dying cells is not merely a form of ‘waste disposal’,
but also serves to instruct other neighboring cells and the immune
system [7].

There are several different forms of (programmed) cell death
which can be defined by specific morphological and/or molecular
characteristics and corresponding biochemical processes (e.g.
activation of caspases, activation of specific kinases). However, it is
not fully understood how phagocytes recognize and distinguish
between different types of cell death. This is especially interesting
when considering that some signaling molecules feature promi-
nently in more than one type of cell death. It is, however, likely that
several “eat-me” signals cooperate and that a complex network of
different ligands and receptors ensures efficient clearance and a
proper immunological response to dying cells. Due to the high
conservation of cell death and cell clearance pathways between
nematodes and mammals, C. elegans has emerged as a model or-
ganism to study cell death and to help us understand cell clearance
mechanisms as well as the cause of diseases associated with a
deregulation of these pathways.

2. New skin for the old ceremony: definition of cell death

Dying cells are likely oblivious to the nature or molecular defi-
nition of their own demise. However, since 2005, the Nomenclature
Committee on Cell Death (NCCD) has published several sets of
recommendations for definitions of various cell death routines
[8—11]. Interestingly, the approach taken by this expert committee
has changed over the years. In the first report, it was noted that
different cell death types were previously defined by morpholog-
ical criteria and that mechanism-based definitions of cell death
were largely missing [8]. Over the years, considerable emphasis has
been placed on identifying measurable biochemical features which
could serve as a basis for classification, instead of distinguishing
between different forms of cell death based only on morphological
criteria [9]. In the 2012 report, the number of potential subroutines
had expanded to encompass more than one dozen different modes
of “regulated” cell death [10]. Most recently, the NCCD has pro-
posed the existence of two broad and mutually exclusive categories
of cell death: accidental cell death and regulated cell death. Efforts
were also made to define and to discriminate between essential
and accessory aspects of cell death; in other words, whether cell
death is actually occurring versus the biochemical (or morpholog-
ical) manifestations of cell death [11].

According to the 2015 iteration of the NCCD recommendations,
accidental cell death (ACD) cannot be suppressed by pharmaco-
logical or genetic means while regulated cell death (RCD) can be
inhibited [11]. RCD can either be initiated by environmental factors
or can be part of embryonic development, tissue homeostasis, or
the immune response. Importantly, different forms of cell death
may share certain common features. Hence, blocking one cell death
pathway may result in the cell undergoing another type of cell
death. The cell death program is further divided into three stages - a
reversible initiator phase that aims for repair and adaption to stress
situations, an irreversible execution phase, and a propagation phase
including the outcome and response to the RCD. Cytoprotection
should therefore address the initiation of RCD and inhibit the

viable cell  viable cell  dying cell dying cell
PS-neg. PS-pos. PS-neg. PS-pos.
ACD RCD

phagocytic clearance / no cell clearance

|

adaptive / detrimental immune responses

|

homeostasis or (organismal) death

Fig. 1. Reflections on the definition of cell death. According to the conventional view,
cells undergoing apoptotic cell death display phosphatidylserine (PS) on the cell sur-
face, while viable cells do not. PS exposure is thought to act as a unique signal for cell
clearance by phagocytes. However, several studies have shown that PS exposure may
also occur in cells undergoing other forms of cell death (e.g., necrosis); moreover, PS
exposure appears to play a role also in non-cell death related processes such as axonal
fusion. This diagram illustrates different (hypothetical) scenarios, i.e., viable cells, or
cells undergoing accidental or regulated modes of cell death, with/without PS expo-
sure, and the downstream consequences, namely cell clearance or other outcomes.
Further research is needed to understand how phagocytes distinguish between viable
cells and dying cells, and whether they “sense” different forms of cell death. This has
ramifications for the definition of different modes of cell death; whether or not cells
are cleared should be incorporated into any (functional) definition of cell death.

propagation [11]. However, a problem with this approach to cell
death classification is that the final outcome — whether dying cells
are recognized and cleared or not — and the consequences of cell
clearance, are not obviously in focus. The organism may not care
whether cells are undergoing a particularly sophisticated subrou-
tine of cell death: what ultimately matters at the organismal level is
whether cell death will trigger tissue damage or repair and whether
it will lead to homeostasis or disease (Fig. 1). It is interesting to note
that several different subroutines of ACD and RCD all appear to
share a common feature, namely the exposition of phosphati-
dylserine (PS) on the cell surface. In fact, while PS exposure was
thought to be a near-universal marker of apoptotic cell death,
studies in recent years have shown that PS is actively exposed on
the surface of cells undergoing other forms of cell death as well. In
the following section, some of the currently recognized forms of
cell death are highlighted. We also discuss whether or not PS is
exposed in these cell deaths.

Necrotic cell death is viewed as an accidental form of cell death
associated with rupture of the cell membrane. This causes the
release of intracellular components — referred to as damage-
associated molecular patterns (DAMPs) — which cause inflamma-
tion and tissue damage. Cells undergoing certain forms of necrosis
were shown to display PS and to undergo PS-dependent clearance
and evidence was provided that macrophages preferentially
engulfed the necrotic cells versus certain apoptotic cells [12,13].
However, despite these early observations, the common notion has
been that PS exposure is associated with apoptosis. Indeed, PS
exposure is often used as a (surrogate) marker for apoptotic cell
death, although the two events are not always linked [14].

Apoptosis is known as a physiological form of cell death taking
place during embryonic development as well as in the adult or-
ganism and serves to control tissue homeostasis [15]. Traditionally,
two major pathways of apoptosis induction are distinguished,
extrinsic (death receptor-mediated) and intrinsic (mitochondria-
mediated) apoptosis. The former is characterized by the binding of
a death ligand to its receptor on the cell surface followed by
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caspase-8/caspase-3 activation while the latter pathway is defined
by mitochondrial outer membrane permeabilization with release of
pro-apoptotic factors, such as cytochrome c, and activation of
caspase-9/caspase-3. Disruption of the asymmetric distribution of
phospholipids in the plasma membrane and subsequent exposure
of PS on the cell surface is commonly seen in cells undergoing
apoptosis [16]. However, distinct modes of macrophage recognition
of apoptotic and necrotic cells not determined only by PS exposure
have been identified [17]. In other words, while PS is externalized
on both apoptotic and necrotic cells, it is not a specific recognition
ligand of either one. Thus, more research is needed to understand
the signals for cell clearance. As has been emphasized before, cell
clearance defines the “meaning” of cell death [3]. However, we also
need to understand the “language” that gives meaning to cell
death: the intra- and extracellular signals that drive programmed
cell clearance.

Pyroptosis refers to a form of regulated cell death of infected
macrophages characterized by the activation of caspase-1 and the
production of the pro-inflammatory cytokines IL-1f and IL-18.
Recent studies showed that externalized PS serves as an “eat-me”
signal for pyroptotic cell clearance and that pyroptotic cells release
macrophage attractant “find-me” signals [18]. In an interesting
twist, a recent study has shown that macrophages undergoing
pyroptosis are able to “trap” bacteria within the cellular debris and
that neutrophils are responsible for clearance of the trapped bac-
teria in a scavenger receptor-dependent (and PS-independent)
manner [19], suggesting that the mechanisms of clearance of
dying cells and cell debris are different.

Necroptosis — a form of regulated necrosis — is defined by the
activation of the RIPK1/3 signaling pathway [20]. Furthermore,
MLKL has been shown to be critical for necroptotic cell membrane
rupture. The loss of membrane integrity and the subsequent
exposure of intracellular components to the extracellular environ-
ment causes inflammation and tissue damage. Caspase-
independent PS exposure occurs in TNFa-triggered necroptosis
[21]. However, the mechanism underlying necroptotic PS exposure
is not yet known.

Ferroptosis is defined as an iron- and glutathione peroxidase 4
(GPX4)-dependent form of RCD that is morphologically, biochem-
ically and genetically distinct from apoptosis and necrosis [22].
Lipid peroxidation and an iron-dependent increase of intracellular
ROS are common features of ferroptosis. Whether or not cells un-
dergoing ferroptosis display PS and/or undergo PS-dependent
phagocytosis, or whether other lipid or protein signals are
involved remains unknown, but this will be interesting to study.

3. Conservation of cell clearance pathways: focus on PS
exposure

The nematode C. elegans is a well-established model organism
to study cell death [23]. The origin and fate of each cell has been
described in detail and several key modulators of the cell clearance
process have been shown to have homologs in mammals [24].
However, it is important to keep in mind that C. elegans does not
have an immune system and that the clearance of dying cells is
performed by neighboring cells rather than professional phago-
cytes. Notwithstanding, the worm has proven to be a ‘most valuable
player’ in the field of cell death and cell clearance research.

Genetic studies defined two major signal transduction pathways
that act in a partially redundant manner to control cell corpse
engulfment [24]. The first pathway includes CED-6 and CED-7, and
the phagocytosis receptor, CED-1. The second pathway involves
CED-2, CED-5, CED-10, and CED-12, and these proteins, and their
mammalian counterparts, constitute a Rac GTPase signaling
pathway. The two pathways may converge on CED-10 to mediate

the cytoskeletal rearrangements required for cell clearance [25].
PSR-1, the nematode homolog of the mammalian PS receptor, was
shown to act as an upstream receptor in the signaling pathway
containing CED-2/CED-5/CED-10/CED-12 [26]. The regulation of
apoptotic PS exposure, and the conservation of the underlying
pathways between nematodes and mammals, is discussed in
further detail in this section.

In viable cells, the anionic phospholipid, PS is restricted to the
inner leaflet of the plasma membrane [16]. During apoptosis, PS is
externalized from the inner leaflet of the plasma membrane to the
surface of dying cells and serves as an “eat-me” signal to trigger
clearance of apoptotic cells [27,28]. The exposure of PS during
apoptosis is thought to result from the inactivation of amino-
phospholipid translocases that actively transport PS from the outer
to the inner leaflet of the plasma membrane in a living cell, and the
concomitant activation of phospholipid scramblases responsible for
the bidirectional movement of phospholipids in the plasma mem-
brane [29]. In addition, early work reported 20 years ago provided
evidence for a role of proteases including caspases (or, ICE-like
proteases, according to the nomenclature at the time) in PS exter-
nalization during apoptosis [30,31]. However, the precise molecular
regulation of cell surface exposure of PS during apoptosis has
remained poorly understood. Recent studies in C. elegans suggest
that two classes of lipid transporters, the phospholipid scramblases
and the aminophospholipid translocases, could be involved in
externalizing PS during apoptosis [32,33]. First, inactivation of
scrm-1, which encodes the C. elegans phospholipid scramblase 1,
reduces PS exposure on the surface of C. elegans apoptotic germ
cells. Interestingly, WAH-1, a worm homolog of human apoptosis-
inducing factor (AIF), is also important for PS exposure in
C. elegans apoptotic germ cells [33]. WAH-1, a mitochondrial pro-
tein, is released from mitochondria during apoptosis through a
CED-3 caspase-dependent mechanism and a portion of released
WAH-1 likely relocates to the plasma membrane, where it binds to
SCRM-1 and strongly activates the bidirectional phospholipid
scrambling activity of SCRM-1 (Fig. 2), leading to PS externalization
in dying cells [33]. However, loss of either scrm-1 or wah-1 only
causes partial reduction of PS exposure in apoptotic germ cells and
a mild engulfment defect, suggesting that additional genes are
involved in PS externalization during apoptosis. Recently, two
studies suggested that the C. elegans ced-8 gene and its human
homologue Xkr8 (XK transporter related protein 8) play an
important role in apoptotic PS externalization [34,35]. CED-8, a
multi-pass transmembrane protein, is cleaved at its amino-
terminus by the CED-3 caspase during apoptosis to generate an
activated form of CED-8 (acCED-8) without its first 21 amino acids
[34]. Notably, acCED-8 is both necessary and sufficient to promote
PS externalization in C. elegans and may function by regulating the

PS externalization
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Fig. 2. Multiple factors promote PS externalization during apoptosis. Inhibition of
the TAT-1 aminophospholipid translocase activity, activation of the SCRM-1 phos-
pholipid scramblase activity by WAH-1, and cleavage and activation of the CED-8
protein by CED-3 all contribute to PS exposure on the cell surface during C. elegans
apoptosis.
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activity of other lipid-translocating proteins (Fig. 2). Interestingly,
mammalian Xkr8 is cleaved by caspases during apoptosis at its
carboxyl terminus to promote PS externalization, although it is
unclear how the caspase cleavage activates Xkr8 or apoptotic PS
externalization [35]. On the other hand, inactivation of the
C. elegans aminophospholipid translocase TAT-1, a class IV P-type
ATPase, results in PS externalization in every cell in C. elegans [32],
indicating that TAT-1 plays an essential role in maintaining plasma
membrane PS asymmetry. Consequently, loss of tat-1 causes
random removal of living cells by neighboring phagocytes through
phagocytic mechanisms that are dependent on two PS-recognizing
receptors, CED-1 and PSR-1 [32]. A recent study in mammals con-
firms this finding and shows that inactivation of CDC50A, a co-
factor of human TAT-1 homologue, ATP11C, causes ectopic expo-
sure of PS in living cells and their removal through phagocytosis
[36]. Interestingly, ATP11C is also cleaved and inactivated by cas-
pases during apoptosis, which contributes to apoptotic PS exter-
nalization. Further evidence for the conservation of the signaling
pathways leading to PS externalization is provided by the recent
observation that AIF is released from mitochondria and promotes
scramblase activation and subsequent PS exposure at the plasma
membrane in mammalian cells undergoing Fas/APO-1/CD95-
triggered apoptosis [37]. It could be argued, therefore, that AIF, or
its worm homolog, WAH-1, is not only an “apoptosis-inducing
factor”, but also a “phagocytosis-inducing factor”, as it plays a role
in promoting PS-dependent cell clearance (Fig. 3). Indeed,
depending on its subcellular localization — in mitochondria, in the
nucleus, in lipid raft domains in the plasma membrane — AIF
(WAH-1) may exert distinct functions related to the life and death
of the cell.

Chung et al. [38] found that all ced genes known to be required
for the engulfment of apoptotic cell corpses were also required for
efficient elimination of cell corpses generated by necrosis-inducing
stimuli, thus suggesting that a common set of engulfment genes
mediate cell removal irrespective of the mode of cell death. More
recent studies have provided evidence that PS exposure serves as a

<. AIF
AIF + Scythe (BAT3) — AIF — PS externalization

|
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|
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Fig. 3. Extramitochondrial roles for apoptosis-inducing factor, AIF. AIF is an
oxidoreductase residing in the intermembrane space of mitochondria. Upon apoptosis
induction, AIF is released into the cytosol and translocates to the nucleus where it
mediates large-scale DNA fragmentation. Recent studies have shown that a portion of
AIF also translocates to lipid rafts in the plasma membrane where it promotes phos-
pholipid scrambling and PS exposure, leading to engulfment by phagocytic cells.
Scythe, released from the cell nucleus during apoptosis, appears to stabilize AIF in the
cytosol [37].

common “eat-me” signal for cells dying by necrosis and apoptosis
[39]. Indeed, in contrast to common belief, PS was actively exposed
on the outer surface of touch neurons dying by necrosis prior to the
disintegration of the plasma membrane. Importantly, the authors
identified two pathways for PS exposure in necrotic cells, of which
one was shared with cells undergoing apoptosis, while the other
was found to be unique to necrotic cells. The common pathway for
PS exposure may involve CED-7, a member of the ATP-binding
cassette (ABC) transporter family. The second pathway included
anoctamin homolog-1 (ANOH-1) which promoted PS exposure in
necrotic, but not apoptotic cells, in a calcium-dependent manner
[39]. These data show that both shared and unique pathways exist
for the presentation of a common “eat-me” signal. Notably,
TMEMI16F, a member of the mammalian family of anoctamins,
promotes PS exposure in response to calcium ionophores [40], but
not to apoptotic stimuli [41].

4. Recognition of apoptotic cells: from exposure to transfer of
PS

Surface exposed PS is the most extensively studied “eat-me”
signal [42,43] and represents a highly conserved signal for cell
clearance [44]. PS is recognized by a broad range of receptors on
macrophages and other phagocytes as well as by soluble bridging
molecules that bind both to PS and to cell surface receptors on
phagocytes (reviewed in Refs. [5,6]). Although PS exposure has
commonly been viewed as a specific marker of apoptotic cells,
recent research has revealed that PS is not only used as an “eat-me”
signal by apoptotic cells, but is also exposed during other forms of
cell death [45]. Despite the fact that both apoptotic and necrotic
cells evidently utilize PS as an “eat-me” signal, their recognition
and clearance appears to occur via distinct and noncompeting
mechanisms, leading to different immunological responses [17].
Therefore, the question arises whether PS exposure is a unique
signal for apoptotic cell clearance; and if this is not the case, then
one may ask how does the immune system distinguish between
different types of cell death? Consequently, it might be logical to
assume that there are other signals involved — including the
masking or unmasking of “eat-me” signals as well as “don't-eat-
me” signals — that help phagocytic cells to discriminate between
different types of cell death. Multiple and redundant pathways and
molecules may operate in parallel and with different specificity to
facilitate recognition and cell clearance as well as an appropriate
immune response. Moreover, it may be pertinent to recognize that
different forms of cell death could partly overlap insofar as they
might share elements of the same signaling pathways and/or ex-
press the same signals for cell clearance. The immune system,
therefore, may have to decode a combination of signals emanating
from cells undergoing different forms of cell death (sequentially or
concurrently) and then “decide” how to respond.

In addition to asking whether PS exposure is specific or not for a
certain form of cell death, one may also ask whether PS exposure is
sufficient as a recognition signal for phagocytes. Previous studies
using mammalian model systems have shown that masking of
externalized PS on apoptotic cells by antibodies or by using PS-
binding proteins resulted in reduced uptake by macrophages,
proving that PS itself is a signal for engulfment [43]. Cells that
undergo apoptosis without PS externalization are not efficiently
engulfed by macrophages [46,47]. However, certain populations of
viable cells constitutively expose PS yet they are not good targets
for engulfment [48]. On the other hand, other studies have shown
that the enrichment of the outer leaflet of the plasma membrane of
non-apoptotic cells with PS promotes their engulfment by macro-
phages [47]. Taken together, it is possible that PS exposure may be
required, but not sufficient for engulfment. It is also possible that
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discrepancies between different studies could depend on the use of
different populations of phagocytes, with different repertoires of
PS-binding receptors. Nonetheless, if we focus our attention on the
target cell, there are several potential explanations for these
opposing observations. First, it is possible that other “eat-me” sig-
nals are expressed during cell death and that the combination of
different signals (on the cell surface or emitted as soluble factors)
together with PS is required for efficient phagocytosis. For instance,
the secretion of annexin I may serve as an auxiliary recognition
signal for macrophages [49]. Furthermore, selective oxidation of PS
has been demonstrated to occur in apoptosis and could serve to
promote the selective recognition of these cells [47]. Second, it was
shown that viable cells express “don't-eat-me” signals such as CD31
or CD47 [50,51]. The downregulation (or masking) of “don't-eat-
me” signals, in combination with PS exposure, might be required
for efficient phagocytosis by macrophages. Third, it is conceivable
that macrophages have a sensitivity threshold for PS externalized
on the cell surface that provides for the distinction between viable
cells with low levels of externalized PS and apoptotic cells with
elevated levels of PS [52]. Additionally, the mobility of PS in the
plasma membrane and the resulting density of the signal on the cell
surface may differ markedly between viable and apoptotic cells,
and surface exposure of PS in the absence of clustering may prevent
recognition by phagocytes [53].

In C. elegans, apoptotic cells are engulfed by their neighboring
cells, which include hypodermal cells, muscle cells, intestinal cells,
and gonadal sheath cells [54,55]. Interestingly, PS exposure is
detected not only on the surface of apoptotic cells, but also on the
surface of engulfing cells [56,57]. Genetic analyses have indicated
that components in one of the two major engulfment pathways in
C. elegans, comprising of ced- 1, ced-7, ttr-52 and nrf-5, are important
for PS exposure on the surface of the engulfing cell [56,57]. Electron
microscopy analysis of C. elegans embryos revealed the presence of
extracellular PS-containing vesicles between the apoptotic cell and
the neighboring phagocytes and these PS vesicles were lost or
greatly reduced in animals deficient in ced-7 and ttr-52, respec-
tively [56], suggesting that these extracellular vesicles are involved
in PS expression on the surface of phagocytes, possibly by trans-
ferring PS from apoptotic cells to phagocytes. Specifically, NRF-5, a
lipid-binding protein, may act with TTR-52, a transthyretin-like
protein that binds specifically to PS and is also present in PS vesi-
cles [56,58], and CED-7, a homolog of the mammalian ABC trans-
porter ABC1, to mediate the generation and transfer of PS-
containing vesicles to neighboring cells expressing CED-1 [59].
CED-1, by binding to TTR-52, may provide a docking site for PS
vesicles to unload PS or to promote fusion of TTR-52-containing PS
vesicles with phagocytes. Alternatively, these extracellular PS-
containing vesicles may trigger altered activities of lipid trans-
porters, leading to PS expression on neighboring phagocytes.
Importantly, PS exposure on the surface of phagocytes promotes
clearance of apoptotic cells [56], either by changing the activities of
phagocyte membrane proteins critical for the engulfment process,
or by serving as a homotypic ligand to tether the apoptotic cell to
the phagocytes through a bipartite PS-binding bridging molecule,
such as annexin I. Previous studies have shown that PS is also
expressed on the surface of mammalian macrophages, albeit at a
lower level as compared to apoptotic cells, and is functionally sig-
nificant for phagocytosis of PS-positive target cells [60]. Moreover,
macrophages were shown to express annexin I and II on the cell
surface, and the annexins, that bind PS in a calcium-dependent
manner, were suggested to act both as ligand and receptor in
promoting phagocytosis [61].

Recently, apoptotic cells were shown to transfer exposed PS to
neighboring viable cells via intercellular membrane nanotubes.
Transferred PS (along with oxidized PS) was shown to remain

externalized at the cell surface of viable cells thus initiating
phagocytosis [62]. This suggests a novel way for cells to commu-
nicate the ‘kiss of death’.

5. Death is not the end: consequences of PS exposure

Phagocytes play an important role in pathogen recognition and
host defense; additionally, a major task of phagocytic cells is to
recognize, engulf and remove dying cells from the organism and
thereafter to elicit an appropriate immunological response [1].
Following the ingestion of dying cells, phagocytes secrete cytokines
that are either pro-inflammatory or anti-inflammatory depending
on the form of cell death of the engulfed cell [63]. Hence, phagocyte
recognition of surface-exposed PS on apoptotic cells stimulates the
production of the anti-inflammatory cytokine TGF-f, thus actively
modulating and contributing to the resolution of inflammation
[64—66]. Additionally, apoptotic cells actively suppress the pro-
duction of pro-inflammatory mediators such as IL-1 and TNFa.
[67]. In the absence of efficient cell clearance, autoimmune re-
sponses against “self” antigen may occur (reviewed in Ref. [68]).
Interestingly, apoptotic cells were also shown to play a role in
promoting wound healing and tissue regeneration in mice through
the release of growth signals that stimulated the proliferation of
progenitor cells [69]. The authors were able to delineate a signaling
pathway involving executioner caspases 3 and 7, calcium-
independent phospholipase A, and prostaglandin E;. Notably, in
a much earlier study, engulfment of apoptotic cells by epithelial
cells was shown to lead to the secretion of growth factors, including
vascular endothelial growth factor (VEGF) which subsequently
promoted the proliferation of endothelial cells [70]. This was not
observed when necrotic cells had been engulfed. Recently, it was
suggested that macrophages that have engulfed apoptotic cells are
primed for inflammatory responses and that this is a form of mo-
lecular “memory” which would allow the phagocytic cells to
rapidly respond to infections or tissue damage [71]. Using the fruit
fly as a model, the authors found that macrophage clearance of
apoptotic cells triggered intracellular calcium bursts that together
with elevated JNK activity and expression of the CED-1 homolog,
Draper, were required for the priming effect. While it may be an
exaggeration to refer to this as immunological “memory”, these
studies provided evidence for cell corpse-induced macrophage
priming that could serve to augment host responses at sites of
infection or inflammation with high numbers of dead cells [71].
Taken together, it seems clear that there is life after death and also
that the mode of cell death determines subsequent outcomes.

This review has focused on the role of PS exposure in cell
clearance. However, PS externalization occurs in several other
different (patho-)physiological processes such as platelet activa-
tion, where externalized PS acts as a scaffold for blood clotting [16],
and virus entry into the host cell [72]. The latter is a case of
apoptotic ‘mimicry’ whereby viruses deploy PS as a means to gain
entry into host cells. Externalization of PS was also demonstrated in
a subset of non-apoptotic T cells and changes in PS distribution in
the plasma membrane in these cells were shown to modulate a
range of membrane proteins, including the ATP receptor P2X7, and
the multidrug transporter P-glycoprotein [73]. In a more recent
study, PS externalization in HaCaT keratinocytes was shown to be
required for the function of ADAM17, a member of the disintegrin
and metalloproteinase (ADAM) family that promotes cellular
functions through cleavage of transmembrane substrates [74]. The
authors speculated that externalized PS directed the protease to its
target where it executed its function. Additionally, PS exposure
plays a role in myoblast fusion and axonal repair, indicating that PS
may serve a beneficial role in tissue development and repair
[75,76]. Hence, surface-exposed PS may serve not only as an “eat-
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Fig. 4. Multiple roles for externalized PS and its receptor PSR-1. Surface-exposed PS can serve as an “eat-me” signal to trigger engulfment of apoptotic cells both in nematodes
and higher organisms. Recent studies have shown that PS also may act as a “save-me” signal to promote fusion and regeneration of injured axons. PSR-1 mediates these two

different processes through two different signaling pathways [76].

me” signal to trigger engulfment of cells, but also can function as a
“save-me” signal to mediate fusion and regeneration of injured
neuronal axons [76]. PSR-1, a C. elegans PS receptor [26,77], acts
cell-autonomously in the regrowing neuron and with TTR-52, CED-
7 and NRF-5 to promote fusion and repair of transected axons
during the regeneration process [76]. Thus, conserved PS transfer
and recognition pathways are used to promote both apoptotic and
non-apoptotic processes (Fig. 4).

6. Concluding remarks

Cell death is only the beginning of the end; cell clearance is also
an important step, and the display of “eat-me” signals such as PS
serves to facilitate phagocyte recognition and engulfment. PS
exposure is commonly viewed as a specific marker of apoptosis, but
this may not necessarily be true as work published in recent years
has shown that PS is also externalized in other forms of cell death,
including (regulated) necrosis.

Another common perception is that cell death by apoptosis is
“silent” in the sense that cells dying by apoptosis do so without
awakening the immune system and without signs of inflammation.
However, the view is now emerging that cell death by apoptosis is
“anything but silent” [78]. Indeed, apoptotic cells emit signals that
serve to modulate immune responses and may also direct cell
growth in neighboring cells thereby contributing to homeostasis.
We are only beginning to understand the outcome of other forms of
cell death including regulated necrosis (necroptosis) and more
research is needed to decipher the “meaning” of all these different
cell death modalities, whether they occur in isolation, or perhaps
concurrently: a cacophony (or symphony) of cell death.

The NCCD publishes recommendations for the correct nomen-
clature of cell death subtypes [11]. We acknowledge that these
guidelines provide a framework for the correct usage of cell death
related terms and help to clarify and distinguish between subtypes
of cell death. However, these definitions are mainly focused on
molecular pathways that are involved in the initiation or progres-
sion of cell death. The final step of this process — cell clearance —
has so far not been considered to be part of the definition of cell
death. However, there could be substantial differences in immu-
nological responses depending on the form of cell death and how
the dying cell is perceived by the engulfing cell. We therefore
suggest that any (functional) definition of cell death should also
encompass cell clearance mechanisms and phagocytic responses.
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