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Abstract When cell death occurs in vivo, cell corpses are not left untreated, but are
recognized and engulfed by phagocytes, such as macrophages and dendritic cells.
In the past, cell death had been considered the final process of a cell’s life, and cell
corpses had been viewed as debris that is simply to be cleared by phagocytes.
Recently, however, it has become clearer that various biological responses are
induced with dead cells as the starting point. Most of these biological responses
followed by cell death are thought to be mediated by macrophages and dendritic
cells. In this review, we present the overview of molecular mechanisms and bio-
logical significance of dead cell clearance.

Abbreviations

DCs Dendritic cells
PS Phosphatidylserine
MFG-E8 Milk fat globule-EGF 8
Tim-3 T-cell immunoglobulin mucin-3
Tim-4 T-cell immunoglobulin mucin-4
Gas6 Growth arrest-specific gene 6
TUNEL TdT-mediated dUTP-biotin nick end labeling
HMGB1 High mobility group box protein 1
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1 Introduction

In the human body, there are 60 trillion cells working in a cooperative manner to
sustain life. Cells that have fulfilled their roles in each tissue, or such abnormal cells
as cancer cells and virus-infected cells, are swiftly cleared via cell death. The
removal of unnecessary or harmful cells via cell death is believed to play a vital role
in the maintenance of homeostasis in living organisms. When cell death occurs
in vivo regardless of the setting (i.e., whether physiological or pathological), cell
corpses are not left untreated, but are recognized and engulfed by phagocytes, such
as macrophages and dendritic cells (DC) (Henson et al. 2001; Lauber et al. 2003,
2004; Poon et al. 2014; Ravichandran and Lorenz 2007). In physiological condi-
tions, cell corpses are engulfed by phagocytes so swiftly that they are hardly
detected outside the phagocytes (McIlroy et al. 2000). Even in the pathological
conditions, massive cell death is often followed by rapid clearance of cell corpses
and tissue repair within a short period. For example, injection of dexamethasone
results in massive cell death of immature T cells in mouse thymus. Soon after such
cell death occurs in thymus, the corpses are rapidly cleared by thymic macrophages,
and cellular composition of thymus recovers within 24 h (Scott et al. 2001).
Ischemia–reperfusion injury causes necrotic cell death of epithelial cells in
cortico-medullary border of kidneys, but swift clearance of injured cells results in
tissue regeneration and recovery of kidney functions (Bonventre and Yang 2011).
These observations prompt us to consider that rapid clearance of cell corpses is the
essential first step for regeneration of injured tissues.

In the past, the engulfment of dead cells by phagocytes was thought to play a
role merely in terms of corpse clearance. Recently, however, it has been revealed
that macrophages that engulf dead cells, depending on the situation, can elicit a
variety of biological responses. In particular, accumulated findings point to the
important roles played by macrophages in the phagocytosis of dead cells, including
the repair and regeneration of damaged tissue.

In this review, we outline the mechanism of phagocytosis of dead cells by
macrophages and discuss the kinds of roles this mechanism plays in biological
response following cell death, such as immune responses, inflammation, repair, and
regeneration.
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2 Phagocytosis of Dead Cells by Macrophages

When cell death occurs in a living organism, the corpses are quickly recognized and
engulfed by phagocytes, such as macrophages, rather than left alone. It is most
likely that the mechanisms of corpse clearance by phagocytes depend on the mode
of cell death. But with regard to the mechanism of corpse clearance following the
occurrence of cell death, only the analysis of apoptotic cases has seen progress. The
molecular mechanisms by which phagocytes recognize and engulf apoptotic cells
have been studied intensively since the late 1990s. Previous studies have found that
phagocytes recognize and engulf phospholipids called phosphatidylserine (PS),
which are exposed on the surface of apoptotic cells (Nagata et al. 2010). As PS
serves as a marker when dead cells are subjected to phagocytosis by phagocytes,
they are referred to as the “eat-me” signals. In living cells, PS is localized on the
inner side of the cell membrane; however, when cells undergo apoptosis, PS is
exposed to the extracellular face. Annexin V is well known to have an ability to
bind PS specifically and frequently used to detect surface exposure of PS in
apoptotic cell corpses by flow cytometry analysis. Early phase of apoptotic cell
corpses exhibits Annexin V positive and PI negative, indicating the PS exposure to
cell surface without increase in cell membrane permeability.

It was only recently that the underlying molecular mechanism has also become
clearer. It has been assumed that the asymmetrical distribution of PS in the cell
membrane of living cells involves flippase, which functions to help PS move from
the exoplasmic face to the cytoplasmic face of the cell membrane, although the
actual molecular state has long been unknown. Recent studies have reported that
ATP11c and CDC50A play a substantial role in the asymmetric localization of PS
(Segawa et al. 2014). Of these, ATP11c has been found to be cleaved by a caspase
during apoptosis. This cleavage is thought to render it inactive as a functional
flippase. In addition to the inactivation of flippase activity, it has also been reported
that when cells undergo apoptosis, Xkr8 is activated by caspases during apoptosis
and plays a critical role in active transportation of PS from the inner surface of the
membrane to the outer surface (Suzuki et al. 2013). It is now understood that the
inactivation and activation of these two enzymes cooperatively facilitate the
exposure of PS on the outer surface of the membrane, allowing for recognition by
macrophages.

While PS is the unique molecule as the “eat-me” signals exposed on apoptotic
cell corpses, a large number of molecules have been reported as PS-binding mol-
ecules expressed by phagocytes. Some of these molecules, such as MFG-E8, Mer,
and T-cell immunoglobulin mucin-3 and -4 (Tim-3 and Tim-4) are confirmed to be
involved in apoptotic cell clearance in vivo (Fig. 1). Although differences in the
roles of these molecules have yet to be clarified in detail, it has been reported that
different molecules are used, depending on the types of macrophages in the
organism. For instance, macrophages resident in the abdominal cavity engulf
apoptotic cells via Mer and Tim-4. Mer has the ability to bind growth arrest-specific
gene 6 (Gas6) and protein S, both of which exhibit binding activity of PS on the
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surface of apoptotic cells (Dransfield et al. 2015; Ishimoto et al. 2000; Nagata et al.
1996; Nakano et al. 1997; Zagorska et al. 2014), whereas Tim-4 can directly bind
PS (Miyanishi et al. 2007). These two molecules coordinately play critical roles in
efficient engulfment of apoptotic cells in peritoneal resident macrophages (Nishi
et al. 2014). On the other hand, inflammatory macrophages induced by the intra-
peritoneal administration of thioglycollate engulf apoptotic cells in an
MFG-E8-dependent manner (Hanayama et al. 2002). Tim-3 is expressed in splenic
DCs, and the anti-Tim-3 antibody inhibits phagocytosis of apoptotic cells by
CD8 + DCs and subsequently results in a reduced cross-presentation of apoptotic
cell-associated antigens (Nakayama et al. 2009).

Consistent with the different expression of these molecules on phagocytes,
gene-targeting mice of each molecule exhibit distinct phenotype. MFG-E8 is found
mainly in the germinal centers of the spleen and lymph nodes and expressed in
tingible body macrophages that engulf lymphocytes undergoing cell death. In
MFG-E8-deficient mice, the abnormal phagocytosis of dead cells by these mac-
rophages has been reported (Hanayama et al. 2004). On the other hand, in
Mer-deficient mice, the clearance of apoptotic cell in thymus is impaired (Scott
et al. 2001).

For cells that have undergone apoptosis to be swiftly engulfed by macrophages,
it is imperative that macrophages migrate to the side of apoptotic cells. It has been
reported that apoptotic cells release chemo-attractants called “find-me” signals to
draw macrophages close. So far, there are reports suggesting that lysophosphati-
dylcholine and ATP released by apoptotic cells play an important role in accu-
mulating macrophages (Chekeni et al. 2010; Lauber et al. 2003), but how these
molecules actually function as find-me signals in vivo remains elusive.
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Meanwhile, some studies have reported that molecules that are present on the
surface of living cells inhibit phagocytosis by macrophages. These are referred to as
the “don’t-eat-me” signals, and CD47 molecules have been reported to possess this
function (Oldenborg et al. 2000). However, whether CD47 on the surface of living
cells actually inhibits phagocytosis is open to debate.

3 Apoptotic Cell Clearance in Living Organisms

In living organisms, the phagocytosis of apoptotic cells by macrophages occurs
very quickly. Therefore, under physiological conditions, it is not usually possible to
observe dead cells being left uncleared in any tissues. For instance, a substantial
number of TUNEL-positive cells can be observed in thymus, but most of these cells
are found to exist inside thymic macrophages in physiological conditions (McIlroy
et al. 2000). So why is it that apoptotic cells must be cleared so quickly? Many
studies have been carried out to address the significance of apoptotic cell engulf-
ment in living organisms, mainly through the analysis of mice that lack molecules
involved in the phagocytosis of dead cells by macrophages. In MFG-E8- and
Mer-deficient mice mentioned above, the phagocytosis of apoptotic cells appears
impaired, and serum anti-nuclear antibody and anti-DNA antibody titers show
abnormal elevations (Hanayama et al. 2004; Scott et al. 2001). From these obser-
vations, the phagocytosis of apoptotic cells is believed to play a crucial role in the
maintenance of immunological tolerance to self-antigen. To date, this phenomenon
has been understood as such that phagocytes, by preventing autoantigens contained
in dead cells from flowing out, inhibit the abnormal activation of autoimmune
responses. However, another possibility has been pointed out that phagocytes might
actually actively induce self-tolerance through the engulfment of dead cells. In
other words, phagocytes that engulf dead cells are thought to transmit negative
signals (deletion or anergy) to self-reactive T cells by presenting obtained auto-
antigens on MHC.

In multicellular organisms, a substantial number of tissue-resident cells, which
contain tissue-specific self-antigens, undergo apoptosis constantly for turnover, and
these apoptotic cells could become sources of tissue-specific self-antigens for
antigen-presenting cells in each tissue. In fact, when cells undergoing apoptosis are
intravenously administered, T-cell responses to antigens associated with dead cells
are reportedly attenuated (Liu et al. 2002; Miyake et al. 2007a; Sun et al. 2004). The
intravenously administered dead cells are phagocytosed by dendritic cells (DCs) in
the spleen, and antigens associated with dead cells are presented to T cells for
immunosuppression. Since the tolerance-inducing effects of apoptotic cells could be
overcome when the DCs are stimulated by activation signals, the presentation of
cell-associated antigens in the absence of costimulatory signals may lead to deletion
or anergy of antigen-specific T cells (Liu et al. 2002).

On the other hand, under certain conditions, the phagocytosis of dead cells could
result in the presentation of dead cell antigens by phagocytes, leading to the
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activation of T-cell responses to these antigens. Immune activation against dead
cell-associated antigens has been extensively studied in the field of tumor immu-
nity. It is reported that dead tumor cells, either killed in vivo or in injection of dead
tumor cells, could activate tumor antigen-specific T-cell immunity under certain
circumstances (Apetoh et al. 2007; Asano et al. 2011; Casares et al. 2005; Tesniere
et al. 2008). The efficiency of tumor vaccination by dead tumor cells is largely
depended on the nature of cell death in vaccinated tumor cells. It is also reported
that calreticulin exposure on the dead tumor cells efficiently elicits anti-tumor
immunity (Obeid et al. 2007). In another case, injection of artificial adjuvant vector
cells expressing CD1d loaded with a-GalCer and tumor antigens elicits tumor
immunity (Fujii et al. 2009; Shimizu et al. 2013). In this system, the vector cells are
thought to undergo cell death in vivo and are phagocytosed by DCs. Then, DCs
make a cross-presentation of tumor antigens to activate tumor antigen-specific
CTLs in cooperation with activated NKT cells. Details of the mechanisms that
define the direction of immune response to dead cell-associated antigens are still
unknown, but if clarified, those mechanisms might shed light on new ways of
controlling immune responses.

4 Subset of Macrophages Responsible for Phagocytosis
of Apoptotic Cells

In living organisms, it is likely that macrophages and DCs control immune
responses via the phagocytosis of apoptotic cells. So what kinds of cells are
macrophages and DCs that actually play this role in living organisms? In each tissue
in the living organism, there exist tissue-specific macrophages and DCs, and under
physiological conditions, these phagocytes are thought to be responsible for the
processing of dead cells. More recently, it has been revealed that these indigenous
tissue-specific macrophages not only possess different properties depending on
tissue, but also form several subpopulations in each tissue, with each playing a
specific role (Gordon et al. 2014). This suggests the possibility that specific sub-
populations are responsible for the phagocytosis of dead cells in tissues. Indeed,
some subpopulations present in the spleen and lymph nodes have been reported to
play a prominent role in the phagocytosis of dead cells, as well in associated
immune responses. As described above, the intravenous injection of apoptotic cells
induces immune tolerance to dead cell-associated antigens. In this case, marginal
metallophilic macrophages and/or marginal zone macrophages are localized in the
marginal zone of the spleen, i.e., the region where blood flows into the spleen, and
(either one or both) have been shown to take up dead cells in blood (Miyake et al.
2007b). The critical role of these macrophages in the tolerance induction is proved
by using the CD169-DTR mice, in which these macrophages can be specifically
deleted by DT injection (Miyake et al. 2007b). CD11c-positive and CD103-positive
dendritic cells are also localized in the marginal zone of the spleen, and they make
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cross-presentation of dead cell-associated antigens to CD8 T cells, demonstrating
the coordinate immune regulation by macrophages and dendritic cells in the mar-
ginal zone (Qiu et al. 2009). Molecular mechanisms of tolerance induction by
apoptotic cell infusion are also reported. Intravenous injection of apoptotic cells
induces CCL22 expression in splenic metallophilic macrophages, resulting in the
accumulation and activation of FoxP3 (+) Tregs (Ravishankar et al. 2014). On the
other hand, as described above, massive cell death in tumor can induce immune
activation to cell-associated antigens and activates anti-tumor immunity under
certain circumstances. The candidate of macrophage/DC subset responsible for the
immune activation associated with tumor cell death has been reported. When dead
tumor cells are subcutaneously injected into mice, CD169-positive sinus macro-
phages localized in the lymphatic sinus of the lymph node take up dead cells or cell
debris carried by the lymph flow and control immune responses to antigens asso-
ciated with the dead cells (Asano et al. 2011). CD169-positive sinus macrophages
consist of two subpopulations, CD11c-positive and CD11c-negative cells, and
CD11c-positive cells, localized in the boundary border between sinus and T-cell
zone, make a cross-presentation of dead cell-associated antigens to CD8 T cells. As
immune responses to dead cell-associated antigens are closely related to the path-
ological conditions and the treatment of autoimmune diseases and cancer, the
identification and functional analysis of involved macrophage subpopulations are
essential research subjects.

5 Dead Cell-Derived Substances and Their Roles
in Macrophage Activation and Regeneration

In the past, cell death had been considered the final process of a cell’s life, and cell
corpses had been viewed as debris that is simply to be cleared by phagocytes, such
as macrophages, i.e., waste. Recently, however, as exemplified by the
above-mentioned immune regulation by macrophages, it has become clearer that
various biological responses are induced with dead cells as the starting point.
Furthermore, we are beginning to understand how cells can actively regulate bio-
logical responses after cell death, by releasing physiologically active substances in
the process of dying. Among the biological responses initiated by cell death, one of
the most analyzed and advanced areas of research is inflammatory response. High
mobility group box protein 1 (HMGB1) is one such endogenous stimulator of the
immune system released from dead cells. HMGB1 was originally identified as a
nuclear protein, but it is also passively released when cells undergo non-apoptotic
cell death (Rovere-Querini et al. 2004; Scaffidi et al. 2002). When HMGB1 is once
released, this is known to cause inflammation by acting on macrophages and DCs
(Dumitriu et al. 2005; Messmer et al. 2004) (Fig. 2a). It is also reported that Mincle,
a C-type lectin, is expressed by macrophages and recognizes SAP130 released from
dead cells to induce sterile inflammation (Yamasaki et al. 2008). Such inflammation
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inducers that originate from dead cells are called damage-associated molecular
patterns (DAMPs). Meanwhile, dead cell-derived substances have been reported to
be involved in tissue repair and regeneration, in addition to inflammation. For
example, IL-11, which is released by liver cells that had undergone cell death due to
oxidative stress, has been reported to act on surrounding normal cells to promote
liver regeneration (Nishina et al. 2012) (Fig. 2b). Similarly, some reports have
indicated that semaphorin 3E is expressed in damaged liver cells and controls liver
regeneration and fibrogenesis (Yagai et al. 2014). Furthermore, other reports have
demonstrated that in chronic liver injury, phagocytosis of dead cells induces the
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Fig. 2 Dead cell-derived substances and their roles in macrophage activation and regeneration
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expression of Wnt3a in macrophages, which contributes to regeneration by hepatic
progenitors (Boulter et al. 2012) (Fig. 2c). Although cell death and regeneration
seem strongly associated, the detailed mechanisms have not been clarified. Thus, in
the future, progress of research in this area is highly anticipated.

6 Apoptosis and Non-apoptotic Cell Death in Vivo

In the past, apoptosis was thought to be the main mode of cell death occurring
in vivo. Apoptosis is a type of cell death that occurs due to the activation of
caspases in cells, resulting in the degradation of many intracellular substrates; it is
an active death regulated by molecules. With regard to apoptosis, detection methods
such as the TUNEL technique (Gavrieli et al. 1992) and activated caspase assays
have already been established, and it is possible to detect apoptotic cells in situ. By
using these methods, we clearly find that apoptotic cell death takes place in many
organs during development and tissue turnover. Furthermore, a method to observe
apoptosis in vivo in real time has also been developed, and the dynamics of
apoptosis and its influence on surrounding cells are extensively studied during
embryogenesis (Nonomura et al. 2013; Yamaguchi et al. 2011).

In contrast to apoptosis, non-apoptotic cell death, such as one that is caused by
heat or other physical stimuli, or pathological cell death observed in various kind of
diseases, used to be considered a passive form of cell death, and has been referred to
as necrosis based on the morphological characteristics. Originally, it was believed
that no special execution mechanisms existed in necrosis; however, in recent years,
some modes of necrosis have been identified, which are controlled by molecular
regulation. For instance, RIPK1/RIPK3- and MLKL-regulated cell death has been
reported, which are referred to as necroptosis (Pasparakis and Vandenabeele 2015).
It is also reported that caspase-1-regulated cell death is identified and referred to as
pyroptosis (Lamkanfi and Dixit 2014). These non-apoptotic cell deaths exhibit
morphological feature of classical necrosis, but especially in various pathological
conditions, they appeared to contribute pathology of several diseases. More
recently, another mode of cell death called ferroptosis, which requires iron ions, has
been reported (Friedmann Angeli et al. 2014; Yang et al. 2014). The mechanisms of
these various types of cell death have been clarified through analyses using cultured
cells, and subsequent analyses of executing molecules in knockout mice have
gradually unraveled their significance in vivo. Yet, when and how each type of cell
death occurs in vivo has not been clarified. One of the reasons for the difficulties in
analysis is the lack of methods to detect these new cell death events in vivo.

It is most likely that mechanisms of dead cell clearance by phagocytes depend on
the mode of cell death. Furthermore, macrophages and dendritic cells could change
the response to dead cells, depending on the mode of cell death. In order to explore
the physiological and pathological consequence to cell death in vivo, we should
carefully examine how macrophages and dendritic cells react to dead cells with
different cell death modes.
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7 Conclusion

In this review, we overviewed the mechanisms of dead cell clearance and its
significance. Whereas studies to date have dramatically advanced the elucidation of
molecular mechanisms apoptotic clearance, progress in research has generated new
challenges, such as the identification of new cell death modes and the clarification
of their significance and the determination of control mechanisms of biological
response following cell death. The idea that cell death mechanisms simply exist to
ensure cell removal might not fully explain the reason for the diversity in the modes
of cell death. The hypothesis that each mode of cell death (purposely) elicits a
specific biological response is attractive scientifically, but will require careful
verification in the future through detailed analysis of cell death and subsequent
biological response mechanisms.
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