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It is truly remarkable that our bodies turnover/
recycle roughly one million cells every second 
(Henson and Hume, 2006; Ravichandran and 
Lorenz, 2007). These include excess cells that 
are being constantly generated in tissues as part 
of normal development, used/aged cells, and 
damaged cells that arise from disease or infec­
tions (Savill et al., 1993; Henson and Hume, 
2006). The clearance of such dying cells is me­
diated either by phagocytes that are professional 
engulfers (such as macrophages and immature 
dendritic cells; Aderem and Underhill, 1999) or 
neighboring cells (such as fibroblasts and epi­
thelial cells; Monks et al., 2008). The quick and 
efficient removal of unwanted cells is important 
for “making space” for living cells, and for main­
taining the function of tissue, and in turn, a 
healthy organism (Savill et al., 2002; Henson, 
2005; Henson and Hume, 2006). Uncleared 
dying cells can undergo secondary necrosis, and 
the release of intracellular contents from these 
cells has been linked to autoimmune diseases 
(Savill and Fadok, 2000; Nagata et al., 2010).

Under normal conditions, the clearance pro­
cess is rapid such that even in tissues with high 
cellular turnover, very few apoptotic cells are seen; 
this led to an initial hypothesis that the basal ca­
pacity for cell clearance is very high (Gardai et al., 
2006). However, there are many disease states 
where uncleared corpses/debris are seen, includ­
ing systemic lupus erythematosus, atherosclerosis, 
Alzheimer’s disease, and Parkinson’s disease 
(Camins et al., 2008; Gorman, 2008; Calissano  
et al., 2009; Nagata et al., 2010). This suggests 
that the capacity for cell clearance may not be as 

large as initially thought; rather, in the context of 
a tissue there may be a regulated balance between 
the numbers of apoptotic cells, the numbers of 
phagocytes, and their capacity for uptake. There­
fore, defining the specific steps by which apop­
totic cells are recognized and removed quickly is 
important for understanding diseases associated 
with defective clearance and for potentially ma­
nipulating the engulfment machinery for future 
therapeutic benefits.

The engulfment process can be broadly bro­
ken down into four major steps (Lauber et al., 
2004; Fig. 1). The first step involves find-me  
signals released by apoptotic cells, which help  
attract phagocytes to the sites of death within a 
tissue (Gregory, 2009). The second step is the 
exposure of eat-me signals on the apoptotic cell 
surface, which promotes the specific recognition 
by the phagocyte and subsequent internalization 
of the corpse (Grimsley and Ravichandran, 2003). 
The third step is the processing of the ingested 
cargo by the phagocyte, where the engulfed 
corpse goes through a series of phagosome matu­
ration steps, eventually leading to its degradation 
(Kinchen and Ravichandran, 2008, 2010). The 
fourth step, loosely denoted as post-engulfment 
consequences, involves the release by the phago­
cyte of antiinflammatory cytokines and other 
modifiers that are elicited during recognition  
and processing (Savill and Fadok, 2000; Savill  
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a high turnover (e.g., thymus or bone marrow), in the basal 
state there are very few apoptotic cells seen. However, un­
cleared apoptotic cells can become evident in these tissues 
when large numbers of cells are induced to undergo apoptosis, 
or in the context of defective engulfment (Henson and Hume, 
2006; Elliott and Ravichandran, 2010). Recent studies have 
suggested that the apoptotic program is rather closely linked 
to the prompt removal of these cells (Gregory, 2009). Early 
evidence from elegant genetic studies in Caenorhabditis elegans 
suggested that apoptotic cells may be recognized by phago­
cytes and cleared well before the apoptotic cells are fully dead 
(Hoeppner et al., 2001; Reddien et al., 2001). This suggested 
that there might exist a mechanism by which the apoptotic 
cells advertise their own presence at the earliest stages of death. 
In addition, this led to the concept that find-me signals re­
leased from apoptotic cells can attract phagocytes to promote 
rapid clearance in vivo (Ravichandran, 2003).

Are there find-me signals in mammalian systems? Recently, 
several studies reported potential find-me signals released by 
apoptotic cells (Lauber et al., 2003; Gude et al., 2008; Truman 
et al., 2008; Elliott et al., 2009). These include lysophosphati­
dylcholine, fractalkine, nucleotides ATP and uridine 5 tri­
phosphate (UTP), and sphingosine 1-phosphate (S1P). All of 
these are capable of attracting monocytes, although only frac­
talkine and nucleotides have been shown to be capable of 
functioning as find-me signals under in vivo conditions  
(Truman et al., 2008; Elliott et al., 2009). The identification of 

et al., 2002; Henson, 2005). Collectively, these events mediate 
the selective and immunologically silent versus immunogenic 
removal of apoptotic cells in vivo (Green et al., 2009).

Over the past several years, several laboratories have helped 
identify the key molecules involved in these steps, as well as 
several molecular pathways that orchestrate the safe disposal of 
apoptotic cells (Wu and Horvitz, 1998a,b; Hamon et al., 2000, 
2002; Reddien and Horvitz, 2000; Gumienny et al., 2001; 
Zhou et al., 2001a,b; deBakker et al., 2004; Kinchen et al., 
2005; Yu et al., 2006). In this Perspective, I will focus on re­
cent developments in two areas, the find-me and eat-me sig­
nals of apoptotic cells, which have caused significant excitement 
in the apoptosis and engulfment fields. As is often the case with 
interesting observations, these have also raised several funda­
mental issues that are puzzling or unexplained by the existing 
data. I will attempt to address some of the complexities and 
gaps in knowledge, and present some possible suggestions for 
moving forward. To keep this review focused, I primarily ad­
dress events in the context of classical apoptosis that is largely 
nonimmunogenic; the reader is referred to other articles cov­
ering the modifications and responses of the immune system to 
necrotic and other immunogenic types of cell death (Green  
et al., 2009; Zitvogel et al., 2010).

Find-me signals: the beginnings of a fatal attraction
One of the striking anecdotal observations consistently ob­
served over many years is that even in tissues known to have 

Figure 1.  Different steps involved in efficient apoptotic cell clearance. The find-me signals (such as low levels of nucleotides ATP and UTP, frac-
talkine, lysophosphatidylcholine, or sphingosine 1-phosphate) released by apoptotic cells help attract motile phagocytes to the proximity of the cell un-
dergoing apoptosis. The phagocytes then use engulfment receptors on their surface to engage eat-me signals on apoptotic cells. For clarity, only the 
PtdSer on the apoptotic cells engaged by cognate receptors is depicted. Engagement of the engulfment receptors (linked to PtdSer recognition) has been 
shown to stimulate release of antiinflammatory cytokines such as TGF-b, IL-10, and prostaglandin E2 (PGE2). The intracellular signaling induced within 
the phagocyte by the ligand–receptor interactions leads to cytoskeletal rearrangements and internalization of the dying cell. The phagocyte processes the 
engulfed corpse through a series of steps, and proper digestion seems to be important for continued uptake of other dying cells by phagocytes.
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differing molecular sizes, it is likely there are distinct mecha­
nisms for their release. Another important point is that apop­
totic cells also appear to secrete stop signals, such as lactoferrin, 
which actively prevents neutrophil recruitment (Bournazou  
et al., 2009). It has long been known that clearance of apoptotic 
cells that occurs routinely in tissues often involves nonimmu­
nogenic clearance via monocytes, without neutrophil recruit­
ment and inflammation (Savill, 1997; Savill et al., 2002). 
Therefore, defining the specific channels or mechanisms of 
find-me signal release may be used for therapeutic purposes, 
for example to specifically attract monocytes for nonimmuno­
genic clearance and resolve inflammation.

Find-me not the only function?
Another question is whether all apoptotic cells need to send 
out find-me signals. It is easy to envision why a dying thymo­
cyte, which is likely not going to be cleared by a neighboring 
thymocyte (not phagocytic), would have to recruit thymus-
resident phagocytes. However, an epithelial cell undergoing 
death, which might be eaten by a neighboring epithelial cell, 
may not need to send a find-me signal. Similarly, in C. elegans, 
neighboring cells often clear the apoptotic cells, and phago­
cytes need not travel to find the dying cells (Kinchen and 
Hengartner, 2005). This raises the question of why cells have 
find-me signals at all—or do find-me signals have other roles? 
It is noteworthy that lung epithelial cells also release ATP after 
apoptosis induction (Elliott et al., 2009). One intriguing pos­
sibility is that the find-me signals such as nucleotides or S1P 
could activate or prime phagocytes and improve their phago­
cytic capacity. In Drosophila, apoptosis induces up-regulation of 
the engulfment machinery in neighboring cells (MacDonald 
et al., 2006; Ziegenfuss et al., 2008). In mammals, the bridg­
ing molecule MFG-E8, which can decorate an apoptotic cell 
and facilitate engulfment, is expressed in activated, but not 
resting, macrophages (Hanayama et al., 2002). Thus, macro­
phages somehow must be recruited, up-regulate MFG-E8, 
garnish their apoptotic meal, and then engulf the target. One 
possibility is that the find-me signals released by apoptotic cells 
would serve not only to attract phagocytes, but also to up-
regulate engulfment components in the recruited phagocytes 
(Fig. 2). If so, in the context of engulfment by a neighboring 
epithelial cell, perhaps the find-me signals act not as true find-
me signals but rather help activate the engulfment machinery 
in their neighbor. Find-me signals may also influence immu­
nogenic versus nonimmunogenic responses to apoptotic cells 
(Green et al., 2009; Zitvogel et al., 2010). Hopefully, future 
experiments will test this possibility.

Eat-me signals: phosphatidylserine and its receptors
Although find-me signals can get phagocytes to the proxim­
ity of apoptotic cells within a tissue, the specific recognition 
of the dying cell among the neighboring live cells depends on 
eat-me signals exposed by the apoptotic cells (Lauber et al., 
2004; Gardai et al., 2006). To date, multiple eat-me signals 
have been identified (Gardai et al., 2006). These include ex­
posure of phosphatidylserine (PtdSer), changes in charge and 

several distinct find-me signals established the idea that apop­
totic cells actually make an active effort to attract phagocytes. 
Several interesting questions ensue from these observations.

The basis behind the notion of find-me signals is that a 
chemotactic gradient would serve to attract the phagocytes. 
But what is the range of the gradient set up by these find-me 
molecules, and how is such a range determined? Most likely, 
the range would be determined by the tissue concentration of 
a given find-me molecule, and how quickly such a molecule 
is degraded. One could envision that if a find-me signal had 
a short half-life, and were restricted to the local tissue, it 
would act short range to attract resident phagocytes to the 
proximity of the dying cell. In contrast, if the find-me signals 
can get out of the tissues and into the circulation, they might 
attract phagocytes from circulation. As of now, we only 
know of short-range find-me signals. In the case of nucleo­
tides, they can be readily degraded by extracellular nucleotid­
ases (Elliott et al., 2009), and therefore their chemoattraction 
may be largely restricted to phagocytes resident within the 
tissue. In the context of clearing thymocytes undergoing 
apoptosis, disrupting the nucleotide find-me cue resulted in 
uncleared corpses in the thymus (Elliott et al., 2009). How­
ever, it is not known whether a given phagocyte responding 
to the call of an apoptotic thymocyte is a nearby first re­
sponder, or comes from the other end of the thymus. This 
would obviously depend on the distance of a gradient set up 
by the ATP/UTP (~100 nM) released by an apoptotic lym­
phocyte (Elliott et al., 2009), but this is really difficult to pre­
cisely establish in vivo. It is important to note that early 
apoptotic cells release very small amounts of ATP (<2% of 
intracellular ATP), which should be distinguished from ne­
crotic cells that may release much of their ATP content. 
Marking particular macrophages and tracking their motion in 
real time toward a particular thymocyte may provide some 
answers. Lysophosphatidylcholine (LPCs; Lauber et al., 2003) 
and S1P (Gude et al., 2008) have not been tested in tissue 
models; therefore, it is difficult to assess their range. How­
ever, even if they were not rapidly degraded, LPC and S1P 
are present in high concentrations in circulation (much higher 
than what is reported to be released from dying cells), sug­
gesting that they likely work locally and may not attract 
phagocytes from circulation. Although studies to date have 
considered the different find-me signals in isolation, if multi­
ple find-me signals are released from the same apoptotic cell, 
they may act in concert, and may be more efficient in attract­
ing phagocytes locally as well as from the circulation. This 
possibility needs to be explored.

Another interesting unanswered question is how the vari­
ous find-me signals are released from apoptotic cells. It is clear 
from the existing work that these soluble mediators are, in­
deed, released when the apoptotic cells are intact, with no ap­
parent leakage of cellular contents, and that the release is caspase 
dependent. This suggests that there may be channels or other 
mechanisms that mediate the release of these soluble mediators 
from inside the apoptotic cells. Given the varied nature of  
the find-me signals (lipid vs. protein vs. nucleotides) and their 
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with high affinity (Hanayama et al., 2002, 2004). A second 
region of MFG-E8 can simultaneously engage integrin v3 
on phagocytes and thereby mediate PtdSer-dependent up­
take of apoptotic cells. Two other bridging molecules, Gas6 
and protein S, are involved in linking PtdSer exposed on 
apoptotic cells to Tyro-3–Axl–Mer family of receptors (de­
noted as TAM receptors) on phagocytes (Scott et al., 2001; 
Rothlin et al., 2007; Lemke and Rothlin, 2008). An impor­
tant role for this family has been established through single 
and combined knockout of the TAM family members in 
mice; these receptors appear important for clearance of apop­
totic cells in the eye, testes, thymus, and other tissues (Prasad 
et al., 2006; Lemke and Rothlin, 2008). In addition to the 
aforementioned receptors and bridging proteins, the mem­
brane proteins CD36 and CD68, and the soluble thrombos­
pondins (in turn binding to membrane receptors) have been 
suggested to be capable of binding PtdSer (Savill et al., 1991, 
1992; Balasubramanian and Schroit, 1998; Imachi et al., 
2000; Mevorach, 2000).

Why we need so many receptors and bridging molecules 
is an open question. The general consensus proposed in the 
field has been that not all receptors are expressed on all phago­
cytes, and therefore multiple modes of recognition are needed 
(Savill and Fadok, 2000; Henson et al., 2001a). Although this 
may be true for some phagocytes, many of these PtdSer rec­
ognition mechanisms were first established using macrophages. 
In fact, a typical peritoneal or bone marrow–derived macro­
phage (or macrophage cell lines such as J774) may express up 
to seven different known PtdSer recognition mechanisms.  
If we assume that these various PtdSer recognition modes are 
operational simultaneously, questions arise about the sheer 
number of PtdSer molecules that need to be exposed on a 
given apoptotic cell for binding by these various receptors, 
and the topology of the exposed PtdSer and membrane cur­
vature needed for simultaneous recognition. From the phago­
cyte end, how can all of these receptors engage PtdSer on the 
same apoptotic cell? Because some of the PtdSer recognition 
receptors (such as TIM-4) appear abundant on the macro­
phage surface, one would expect these receptors to compete 
with each other for the same ligand. As soluble bridging mol­
ecules such as Gas6 and Protein S can also be quite abundant 
in serum/plasma (Anderson et al., 2003; Balogh et al., 2005), 
it is puzzling that any free PtdSer would even be accessible for 
binding by direct PtdSer-recognition receptors. The nature of 
the display of PtdSer on the surface of the apoptotic cell, how 
the PtdSer recognition receptors might engage PtdSer, and 
whether co-ligands on apoptotic cells work together with 
PtdSer to influence the specific recognition by phagocytes are 
discussed further in the following paragraphs.

Unanswered questions about the fundamental biology  
of PtdSer exposure
In considering the display of PtdSer, one needs to consider 
both the number of PtdSer molecules that are exposed on the 
surface of an apoptotic cell, as well as how these molecules 
are displayed for recognition by receptors on phagocytes. Are 

glycosylation patterns on the cell surface, alteration of ICAM-1 
epitopes on the cell surface, and exposure of calreticulin. 
Among these, the exposure of PtdSer on the outer leaflet of 
the plasma membrane is the most universally seen alteration 
on the surface of apoptotic cells (Fadok et al., 1992, 2000).  
In fact, PtdSer exposure is the best studied and the most ac­
cepted definition for calling a cell apoptotic (Fadok et al., 
1998). However, several conundrums about PtdSer exposure 
and recognition are worthy of further consideration.

Over the past few years, there has been a paradigm shift 
in the thinking about how PtdSer on apoptotic cells gets rec­
ognized by phagocytes. Previously, it was thought that there 
would be a single PtdSer recognition receptor that would be 
universally used by phagocytes (Henson et al., 2001b). How­
ever, it now appears that multiple distinct receptors on 
phagocytes can engage PtdSer exposed on apoptotic cells 
(Bratton and Henson, 2008). These PtdSer recognition re­
ceptors come in two primary flavors – those that can bind di­
rectly to PtdSer, and those that indirectly bind PtdSer via 
soluble bridging molecules. Direct-binding PtdSer receptors 
include members of the TIM family (the prototype TIM-4, 
and also TIM-1 and TIM-3; Kobayashi et al., 2007; Miyanishi 
et al., 2007; Santiago et al., 2007; Ichimura et al., 2008; 
DeKruyff et al., 2010; Rodriguez-Manzanet et al., 2010; 
Wong et al., 2010), the seven transmembrane brain angio­
genesis inhibitor 1 (BAI1; Park et al., 2007a), and the atypical 
EGF-motif containing membrane protein Stabilin-2 (Park  
et al., 2007b). In vitro studies coupled with in vivo studies in 
mouse models established a definitive role for the bridging 
molecule MFG-E8, which can bind PtdSer on apoptotic cells 

Figure 2.  Potential effect of find-me signals on phagocytes. Find-
me signals may prime phagocytes to up-regulate the engulfment machin-
ery or cause an increase in expression of engulfment receptors (red) or 
other components that contribute to engulfment (such as cytoplasmic 
signaling proteins or soluble bridging molecules; not depicted).
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the ability of other receptors to engage PtdSer on the apop­
totic cell.

Another point to consider is that at least a fraction of the 
exposed PtdSer is oxidized or modified in some other way 
(Tyurin et al., 2008). Some PtdSer recognition mechanisms 
(such as CD36 and MFG-E8) may prefer oxidized PtdSer 
(Borisenko et al., 2004; Fadeel et al., 2007; Tyurin et al., 
2008). If so, and if the modified and native PtdSer molecules 
are simultaneously displayed, this may dictate affinity/avidity 
differences among these receptors for an apoptotic cell. De­
spite the fundamental importance of this scientific problem, 
relatively few groups are pursuing questions on the display of 
PtdSer on apoptotic cells. Moreover, the mechanism by which 
an apoptotic cell is induced to expose its PtdSer (loosely called 
PtdSer flipping) is also not well understood (Ravichandran and 
Lorenz, 2007). The few recent studies of genes regulating PtdSer 
flipping to the outer leaflet in model organisms have been in­
consistent (Wang et al., 2007; Züllig et al., 2007; Venegas and 
Zhou, 2007; Darland-Ransom et al., 2008). New and directed 
efforts toward defining the biochemical and mechanistic as­
pects of PtdSer exposure on apoptotic cells, and the physical 
nature of the PtdSer displayed on the surface (perhaps through 
the recent advances in structural, electron micrographic, and 
imaging tools) are critically needed.

Quantiative and qualitative differences  
among PtdSer receptors
Another question is whether one PtdSer receptor is equal to 
any other PtdSer receptor. Not all of these receptors are ex­
pressed at the same density on the macrophage surface. For  
example, TIM-4 appears to be much more abundant than 
BAI1 on macrophages, whereas Sertoli cells of the testes express 
more BAI1 than TIM-4; however, a key counter argument to 
this density issue is that blocking of individual receptors via an­
tibodies or small interfering RNA seems to suggest that most 
of these receptors play at least some role.

In addition, not all PtdSer recognition receptors may bind 
PtdSer with the same affinity or avidity. If this were the case, 
if one receptor with a higher affinity made the initial contact 
with PtdSer, a second receptor with an inherently lower af­
finity may be better able to engage PtdSer in this context. 
Such a cooperative or sequential binding would also avoid 
the problem of each of these receptors competing for  
the same ligand, should they all bind with the same affinity. 
Unfortunately, our knowledge of hierarchy among these  
receptors is minimal. In fact, no systematic studies directly 
comparing the affinities of different receptors exist. The ob­
servation that there may be a threshold level of PtdSer that 
needs to be exposed before phagocytosis of a target is initi­
ated (Borisenko et al., 2003) also points to possible hierarchi­
cal binding should there be differences in affinity between the 
PtdSer recognition receptors. The affinity of these receptors 
for native versus modified PtdSer molecules also needs to be 
considered; if certain receptors were to prefer a modified 
moiety (Borisenko et al., 2004; Fadeel et al., 2007; Tyurin  
et al., 2008), this would allow sequential and cooperative 

there even enough PtdSer molecules on the surface to ac­
commodate the various receptors? One study used Jurkat  
T cells to attempt to quantitate the number of endogenous Ptd­
Ser molecules that may be exposed during apoptosis (Borisenko 
et al., 2003). They estimated that the exposure of PtdSer on 
live cells is minimal (<0.9 picomoles/million cells); in con­
trast, upon induction of apoptosis by anti-Fas or camptothe­
cin, the PtdSer on the outer leaflet of the membrane goes up 
to >240 picomoles/million cells. Another type of calculation 
based on the surface area of lymphocytes suggests that there 
may be 5-10 million PtdSer molecules exposed on an 
apoptotic thymocyte (unpublished data). Although the precise 
numbers of individual PtdSer recognition receptors expressed 
on a single phagocyte are not available, typical membrane re­
ceptor numbers are in the range of 105 surface molecules/cell 
(Zagursky et al., 1995); if engulfment receptors are expressed 
at typical membrane receptor levels, it is likely that the num­
ber of PtdSer molecules exposed on an apoptotic cell might 
be enough to engage multiple PtdSer receptors. Because 
there is a >280-fold difference between apoptotic and live 
cells with respect to PtdSer exposure, and this number is 
achieved very early in the apoptotic process (within 1–2 h  
after apoptosis induction; Borisenko et al., 2003), it was sug­
gested that this huge difference in PtdSer exposure between 
live and apoptotic cells may provide the specificity for phago­
cyte recognition of an apoptotic cell. Moreover, a threshold 
increase of PtdSer molecules (eightfold over basal state) needs 
to be exposed on a dying cell before it is subject to macro­
phage-mediated phagocytosis (Borisenko et al., 2003); this 
presumably allows neighboring live cells that may randomly 
expose small amount of PtdSer (for biological reasons inde­
pendent of apoptosis) to be spared.

Although the absolute number of PtdSer molecules ex­
posed may be sufficient to engage available receptors, two 
other issues must be considered. First, the aforementioned cal­
culations assume that PtdSer is free floating on the membrane 
of the apoptotic cell and that every PtdSer molecule is accessi­
ble for recognition by a receptor. However, we know rela­
tively little about how PtdSer is actually displayed on the 
surface of an apoptotic cell. Some studies suggested clustering 
of PtdSer molecules on the surface of a dying cell (Gardai  
et al., 2005), but the size of the clusters and the number of mol­
ecules per cluster, and how universal this is among different 
cell types undergoing apoptosis, are not known. Clustering of 
PtdSer molecules would become particularly relevant if mul­
tiple receptors bind to the PtdSer molecules within a single 
cluster. How can the various receptors topologically arrange 
themselves on the surface of the phagocyte to engage PtdSer 
displayed as a cluster on the apoptotic cell surface? Moreover, 
studies of annexin V binding to PtdSer estimated that each 
molecule of annexin V may cover up or cast a shadow over 
50 phospholipid molecules on the surface (Cézanne et al., 
1999). If the PtdSer were to exist in clusters, then the effective 
density of exposed PtdSer on the apoptotic cell membrane 
may drop quickly. In other words, within a PtdSer cluster, the 
binding of one receptor and its footprint could sterically alter 
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characterization has lagged, perhaps because of the dominant 
role played by PtdSer in phagocytic recognition.

Could there be an additional ligand (denoted here as X), 
which works as a co-stimulatory ligand, such that phagocytes 
recognize cells displaying “PtdSer+X” as apoptotic cells (Fig. 3)? 
If one considers the analogy of a TCR interacting with a 
peptide+MHC complex (pMHC), it is well established that 
co-stimulatory molecules on the T cell surface (e.g., CD28) 
and their ligands on the APC surface (e.g., B7 family of mole­
cules) critically regulate activation of naive T cells. In the ab­
sence of the co-stimulatory signals, even when the T cell and 
APC interact, the response of the T cell is stunted or aborted. 
Similarly, it is possible that X, coexpressed with PtdSer on the 
surface of apoptotic cells, may engage a counter receptor (the 
CD28 equivalent on the phagocyte), leading to a second sig­
nal. Such PtdSer+X recognition could be useful at several 
levels. First, it may provide additional specificity for PtdSer-
dependent recognition and help phagocytes to avoid ingesting 
cells displaying PtdSer that was exposed independently of 
apoptosis. Second, engagement of PtdSer+X may help over­
come don’t-eat-me signals simultaneously present on apop­
totic cells. Third, X could help lower the threshold for 
PtdSer-dependent activation of phagocytes; e.g., an eightfold 
change in PtdSer levels is sufficient to promote macrophage 
phagocytosis of a target cell (Borisenko et al., 2003). Fourth, 
X, when engaged by its counter receptor on the phagocyte, 
may help modify the membrane curvature to allow proper 
apposition between the surfaces of the phagocytes and apop­
totic cells. To date, there has only been one such second signal 
identified. Calreticulin was suggested by Gardai et al. (2005) 
as a possible second ligand that works together with PtdSer; 
although this study suggested a role for calreticulin in the sys­
tem used, the calreticulin literature is rather varied depending 
on the nature of cell death and its immunogenicity (Gregory 
and Brown, 2005; Green et al., 2009; Zitvogel et al., 2010). 
Whether additional accessory molecules exist on the surface of 
early apoptotic cells (not secondarily necrotic), whether these 
are exposed basally or concurrent with PtdSer exposure, and 
what their receptors might be on the phagocyte remain to be 
determined. Recently, a phage display approach was used to 
identify additional PtdSer-binding proteins, although their 
relevance remains to be determined (Caberoy et al., 2009). 
Perhaps modification of such a method targeted toward iden­
tifying the second ligand could provide an enormous break­
through in the field.

Don’t forget don’t-eat-me signals
Although I primarily considered other molecules that may 
beneficially modify PtdSer recognition, we should not over­
look “don’t-eat-me” signals, even when PtdSer is exposed. 
Presently, there is simply not enough data to know what the 
fold change in PtdSer exposure is on activated B or T lym­
phocytes or myoblasts that transiently expose PtdSer, and 
whether don’t-eat-me signals actively antagonize engulfment 
of these cells. With respect to don’t-eat-me signals, the best 
described to date are CD47 (Gardai et al., 2005, 2006) and 

binding between the same PtdSer recognition receptors on 
the same phagocyte.

What about the differences in signaling pathways induced 
by the various PtdSer recognition receptors? The model of 
“tethering and tickling” proposed by Peter Henson several 
years ago (Henson and Hume, 2006) suggests that in the con­
text of multiple different engulfment receptors engaging varied 
ligands, some may only serve an adhesion function, whereas 
the others may mediate signaling. This could also be true 
among different receptors that engage PtdSer. For example, 
the cytoplasmic and transmembrane regions of TIM-4 appear 
dispensable for promoting engulfment of apoptotic cells (Park 
et al., 2009), suggesting that other membrane proteins may 
conduct signaling subsequent to PtdSer engagement on apop­
totic cells. Similarly, CD36 has a 4-aa cytoplasmic tail and 
likely uses other membrane proteins (such as the vitronectin 
receptor) for signaling (Savill et al., 1992; Albert et al., 1998). 
Moreover, MER is a tyrosine kinase (Lemke and Rothlin, 
2008), whereas BAI1 is a seven-transmembrane protein that 
signals via the ELMO–Dock180–Rac complex (Park et al., 
2009). Therefore, the possibility exists that distinct types of 
signals emanate, allowing a phagocyte to distinguish a live ver­
sus apoptotic cell.

Is PtdSer sufficient?
Based on the original work by Fadok et al. (1992), and subse­
quently confirmed by many groups, blocking PtdSer recogni­
tion via annexin V or other soluble agents that mask PtdSer 
potently inhibits engulfment of apoptotic cells (Fadok et al., 
1998). In fact, no other ligand has been so consistently seen as 
relevant for engulfment in so many different contexts. This 
leads to the question of whether PtdSer is sufficient as an eat-
me signal? One supportive argument is that PtdSer-containing 
liposomes were sufficient to induce responses mimicking those 
initiated by apoptotic cell recognition, such as antiinflamma­
tory responses and cholesterol efflux from phagocytes (Fadok 
et al., 1998; Kiss et al., 2006). However, several counter argu­
ments, albeit some anecdotal, also need to be considered. First, 
many cell types, such as macrophages and activated lympho­
cytes, routinely expose PtdSer at levels sufficient for detection, 
yet are spared from engulfment (Dillon et al., 2000; Hamon  
et al., 2000). Second, necrotic cells expose even greater levels 
of PtdSer (Borisenko et al., 2003), yet they elicit a different re­
sponse from phagocytes than apoptotic cells (apoptotic cells are 
antiinflammatory, whereas necrotic cells are proinflammatory; 
Gallucci et al., 1999). Third, certain epithelial cells and non­
professional phagocytes appear to engulf their apoptotic 
brethren much more efficiently than they engulf apoptotic 
thymocytes, although both target populations were compara­
bly annexin V–positive (unpublished data). Previous studies 
have also suggested that in some cases, even when PtdSer is ar­
tificially incorporated into the outer leaflet of live cells, phago­
cytes do not engulf them (Borisenko et al., 2003). All of these 
observations suggest that ligands or binding parameters other 
than the exposure of PtdSer must be considered. The idea 
of additional ligands on apoptotic cells is not new, but their 
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address some key unanswered questions in the field may bene­
fit from approaches that have proved highly useful in other 
systems dealing with recognition between two distinct cell 
types, such as T lymphocytes and APCs (Gascoigne et al., 
2009; Fooksman et al., 2010; Reichardt et al., 2010; Fig. 3). 
The specific recognition of an apoptotic cell by a phagocyte 
is similar in several respects to T cell recognition of a pMHC 
complex on an APC. First, a T cell would have to recognize 
a specific antigen bearing APC among other APCs, analo­
gous to a phagocyte trying to specifically recognize a dying 
cell among all the live cells within tissue or circulation. Sec­
ond, like the T cell–APC interface, multiple receptor–ligand 
pairs are part of the phagocyte–apoptotic cell interface, al­
though their roles are not well defined. Third, like T cells 
which can “sniff” many APCs without engaging in a strong 
interaction (Cahalan and Parker, 2005, 2008), macrophages 
engage live cells frequently, but quickly let them go because 
of the presence of don’t-eat-me signals (Brown et al., 2002). 
Fourth, similar to a T cell–APC interaction where intracellu­
lar signals initiate T cell responses, the signals mediated dur­
ing the phagocyte–apoptotic cell interaction also lead to the 
engulfment of the dying cell and secretion of antiinflamma­
tory mediators, which are part of the immunologically silent 
clearance (Henson, 2005).

However, there are also several key differences, the most 
important being that the particular TCR–pMHC interaction 
critically anchors the T cell-APC conjugation. In the context 
of apoptotic cells, although PtdSer may be loosely considered 
as an equivalent of the pMHC, there is not an equivalent of 

CD31 (Brown et al., 2002). Because of the relevance of 
CD47 in red blood cells, the CD47 literature is clearly more 
advanced. Gardai et al. (2005) showed that CD47 could act 
as a potent don’t-eat-me signal and inhibit engulfment of 
cells displaying PtdSer. They even suggested that in the ab­
sence of CD47, the nature of the PtdSer display might change. 
However, the extent of use of CD47 as a don’t-eat-me signal 
by different cell types is unclear. At this point, only a handful 
of studies have systematically addressed don’t-eat-me signals, 
and don’t-eat-me mechanisms of action are not well under­
stood. This may in part stem from technical issues. First, it is 
very difficult to use lack of engulfment as an assay, as in 
most typical phagocytosis assays the engulfment ranges from  
5–50%. Second, given the current view that multiple ligands 
and receptors may be operational, it is difficult to systemati­
cally analyze such lack of engulfment in the eukaryotic con­
text and define the role of individual biologically and 
functionally relevant molecules. However, model organisms, 
such as C. elegans, in which the death and uptake of single 
cells can be tracked in real time (Hoeppner et al., 2001), may 
prove useful for genetic studies of don’t-eat-me signals, and 
in turn extend to mammalian systems.

Concluding thoughts and future directions
The engulfment field is relatively young; nevertheless, the 
appreciation that apoptotic cell clearance is a process relevant 
for many states of health and disease attracted many investiga­
tors from diverse fields, resulting in a significant increase  
in our knowledge during the past few years. But efforts to 

Figure 3.  A possible engulfment synapse during apoptotic cell clearance. In a speculative model, an engulfment synapse may help phagocyte 
binding to and subsequent internalization of apoptotic target cells. There appears to be some clear similarities between T cell–APC recognition and 
phagocyte–apoptotic cell interactions (see text for more details). However, whereas the T cell–APC interaction is anchored by MHC+peptide interaction 
with the TCR, the PtdSer exposed on apoptotic cells perhaps may be more homogeneous (except for modifications such as oxidation, etc.), and is likely 
recognized by multiple PtdSer recognition receptors on the phagocyte. How the PtdSer is displayed on the apoptotic cells and how the different engulf-
ment receptors are arranged on the phagocyte are not yet defined. One could speculate that a second signal analogous to B7 (ligand X) on the apoptotic 
cell may engage a co-stimulatory receptor analogous to CD28 (receptor X) on the phagocyte, thereby providing specificity, overcoming don’t-eat-me 
signals, lowering the threshold for phagocyte priming, and/or altering membrane curvature.
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immunogenic versus nonimmunogenic cell death (Green and 
Kroemer, 2005; Green et al., 2009) and how this can be ma­
nipulated in a therapeutically beneficial way. Detailed under­
standing of how a phagocyte encounters and engulfs an apoptotic 
cell could be used to increase engulfment in situations deemed 
to be deficiencies of engulfment. Moreover, defining the sub­
tleties of multiple receptors engaging the same or similar  
ligands may help us understand how the post-engulfment re­
sponses of phagocytes (such as antiinflammatory mediator sig­
naling) may be modified. This type of information could be 
important for designing drugs that could trigger engulfment 
receptors to mimic physiological engulfment; the antiinflam­
matory mediators elicited by these drugs could be useful for 
resolving inflammation in many different conditions and treat­
ing autoimmunity.

K.S. Ravichandran thanks Valerian Kaegan and Pat Williamson for suggestions  
on estimating phosphatidylserine exposure on apoptotic cells.

This work was supported in part by grants to K.S. Ravichandran from  
the Nationals Institutes of Health, American Asthma Foundation, and the  
Goldhirsh Foundation.

Submitted: 9 June 2010
Accepted: 12 July 2010

REFERENCES
Aderem, A., and D.M. Underhill. 1999. Mechanisms of phagocytosis in macro­

phages. Annu. Rev. Immunol. 17:593–623. doi:10.1146/annurev.immunol 
.17.1.593

Albert, M.L., S.F. Pearce, L.M. Francisco, B. Sauter, P. Roy, R.L. 
Silverstein, and N. Bhardwaj. 1998. Immature dendritic cells phago­
cytose apoptotic cells via v5 and CD36, and cross-present antigens  
to cytotoxic T lymphocytes. J. Exp. Med. 188:1359–1368. doi:10 
.1084/jem.188.7.1359

Anderson, H.A., C.A. Maylock, J.A. Williams, C.P. Paweletz, H. Shu, and 
E. Shacter. 2003. Serum-derived protein S binds to phosphatidylser­
ine and stimulates the phagocytosis of apoptotic cells. Nat. Immunol. 
4:87–91. doi:10.1038/ni871

Balasubramanian, K., and A.J. Schroit. 1998. Characterization of phospha­
tidylserine-dependent beta2-glycoprotein I macrophage interactions. 
Implications for apoptotic cell clearance by phagocytes. J. Biol. Chem. 
273:29272–29277. doi:10.1074/jbc.273.44.29272

Balogh, I., S. Hafizi, J. Stenhoff, K. Hansson, and B. Dahlbäck. 2005. 
Analysis of Gas6 in human platelets and plasma. Arterioscler. Thromb. Vasc. 
Biol. 25:1280–1286. doi:10.1161/01.ATV.0000163845.07146.48

Borisenko, G.G., T. Matsura, S.X. Liu, V.A. Tyurin, J. Jianfei, F.B. 
Serinkan, and V.E. Kagan. 2003. Macrophage recognition of external­
ized phosphatidylserine and phagocytosis of apoptotic Jurkat cells— 
existence of a threshold. Arch. Biochem. Biophys. 413:41–52. doi:10.1016/ 
S0003-9861(03)00083-3

Borisenko, G.G., S.L. Iverson, S. Ahlberg, V.E. Kagan, and B. Fadeel. 2004. 
Milk fat globule epidermal growth factor 8 (MFG-E8) binds to oxidized 
phosphatidylserine: implications for macrophage clearance of apoptotic 
cells. Cell Death Differ. 11:943–945. doi:10.1038/sj.cdd.4401421

Bournazou, I., J.D. Pound, R. Duffin, S. Bournazos, L.A. Melville, S.B. 
Brown, A.G. Rossi, and C.D. Gregory. 2009. Apoptotic human cells 
inhibit migration of granulocytes via release of lactoferrin. J. Clin. Invest. 
119:20–32.

Bratton, D.L., and P.M. Henson. 2008. Apoptotic cell recognition: will the 
real phosphatidylserine receptor(s) please stand up? Curr. Biol. 18:R76–
R79. doi:10.1016/j.cub.2007.11.024

Brown, S., I. Heinisch, E. Ross, K. Shaw, C.D. Buckley, and J. Savill. 
2002. Apoptosis disables CD31-mediated cell detachment from phago­
cytes promoting binding and engulfment. Nature. 418:200–203. doi:10 
.1038/nature00811

the TCR on the phagocytes. In contrast there seem to be 
multiple PtdSer recognition mechanisms. Furthermore, sec­
ond signals analogous to those delivered by co-stimulatory 
molecules and accessory receptors in specific T cell–APC in­
teractions have not yet been identified for the phagocyte–
apoptotic cell interaction. One of the key reasons for our 
extensive knowledge in the T cell system is the existence of 
various monoclonal antibodies that were systematically gen­
erated toward various accessory and co-stimulatory molecules 
on T cells and APCs as part of the Cluster of Differentiation/
Cell Differentiation Antigens/CD nomenclature initiative in 
the 1980s and early 1990s (Chorváth and Sedlák, 1998). Per­
haps it may be time for the engulfment field to consider an 
analogous strategy. Although this may seem like rehashing of 
an old approach, this should not be dismissed, as our ability 
to clone and identify relevant molecules has improved tre­
mendously because of current molecular and genetic tools. 
Another difference is that, contrary to a single cell type such 
as a T cell mediating pMHC recognition, the phagocyte can 
be essentially any cell in the body; nevertheless, a systematic 
effort with few defined phagocytic types could be hugely 
beneficial. In fact, one group used a version of this approach 
that led to the identification of TIM-4 as a PtdSer receptor 
(Miyanishi et al., 2007). Also, such an effort could lead to 
identification of ligands of co-stimulatory molecules that work 
together with PtdSer.

Another area where the T cell–APC interaction is hugely 
advanced is in the understanding of the immunological synapse 
and the recruitment of molecules in and out of the synapse 
over the duration of T cell–APC contact (Gascoigne et al., 
2009; Fooksman et al., 2010; Reichardt et al., 2010). Unfortu­
nately, such detailed information simply does not exist for the 
phagocyte–apoptotic cell interface. An exciting possibility is 
that an engulfment synapse is formed by clustering of specific 
molecules on the surface of the phagocyte and the apoptotic 
cell. Given the recent advances in imaging, exemplified by ele­
gant studies of the T cell–APC conjugate formation (Cahalan 
and Parker, 2008), a systematic effort toward defining how 
both direct and indirect PtdSer recognition receptors are topo­
logically positioned on the phagocyte and how they move 
during recognition would help identify hierarchy and/or  
cooperative binding among the different receptors. Similarly, 
defining how PtdSer itself is displayed and moves during  
engagement by recognition receptors, as well as the relative lo­
calization of don’t-eat-me signals, is critically needed. More­
over, simultaneous engagement of two receptors by ligands on 
apoptotic cells could alter the response; for example, MER can 
modify inflammatory responses via other receptors (Rothlin  
et al., 2007; Lemke and Rothlin, 2008).

Besides being fun basic science questions, these could have 
important implications for medicine. Failed clearance of apop­
totic cells is a feature of diseases ranging from autoimmu­
nity and atherosclerosis to neurological disorders (Elliott and 
Ravichandran). Apoptotic cell–based therapies are beginning 
to emerge (Wang et al., 2006, 2009; Green et al., 2009), 
but we really do not fully comprehend what constitutes 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/207/9/1807/1747622/jem
_20101157.pdf by guest on 09 February 2026

dx.doi.org/10.1146/annurev.immunol.17.1.593
dx.doi.org/10.1146/annurev.immunol.17.1.593
dx.doi.org/10.1084/jem.188.7.1359
dx.doi.org/10.1084/jem.188.7.1359
dx.doi.org/10.1038/ni871
dx.doi.org/10.1074/jbc.273.44.29272
dx.doi.org/10.1161/01.ATV.0000163845.07146.48
dx.doi.org/10.1016/S0003-9861(03)00083-3
dx.doi.org/10.1016/S0003-9861(03)00083-3
dx.doi.org/10.1038/sj.cdd.4401421
dx.doi.org/10.1016/j.cub.2007.11.024
dx.doi.org/10.1038/nature00811
dx.doi.org/10.1038/nature00811


JEM VOL. 207, August 30, 2010� 1815

Perspect ive

Gardai, S.J., K.A. McPhillips, S.C. Frasch, W.J. Janssen, A. Starefeldt, J.E. 
Murphy-Ullrich, D.L. Bratton, P.A. Oldenborg, M. Michalak, and 
P.M. Henson. 2005. Cell-surface calreticulin initiates clearance of viable 
or apoptotic cells through trans-activation of LRP on the phagocyte. 
Cell. 123:321–334. doi:10.1016/j.cell.2005.08.032

Gardai, S.J., D.L. Bratton, C.A. Ogden, and P.M. Henson. 2006. Recognition 
ligands on apoptotic cells: a perspective. J. Leukoc. Biol. 79:896–903. doi: 
10.1189/jlb.1005550

Gascoigne, N.R., J. Ampudia, J.P. Clamme, G. Fu, C. Lotz, M. Mallaun, 
N. Niederberger, E. Palmer, V. Rybakin, P.P. Yachi, and T. Zal. 2009. 
Visualizing intermolecular interactions in T cells. Curr. Top. Microbiol. 
Immunol. 334:31–46. doi:10.1007/978-3-540-93864-4_2

Gorman, A.M. 2008. Neuronal cell death in neurodegenerative diseases: 
recurring themes around protein handling. J. Cell. Mol. Med. 12(6A, 
6A):2263–2280. doi:10.1111/j.1582-4934.2008.00402.x

Green, D.R., and G. Kroemer. 2005. Pharmacological manipulation 
of cell death: clinical applications in sight? J. Clin. Invest. 115:2610– 
2617. doi:10.1172/JCI26321

Green, D.R., T. Ferguson, L. Zitvogel, and G. Kroemer. 2009. Immuno­
genic and tolerogenic cell death. Nat. Rev. Immunol. 9:353–363. doi: 
10.1038/nri2545

Gregory, C. 2009. Cell biology: Sent by the scent of death. Nature. 461:181–
182. doi:10.1038/461181a

Gregory, C.D., and S.B. Brown. 2005. Apoptosis: eating sensibly. Nat. Cell 
Biol. 7:1161–1163. doi:10.1038/ncb1205-1061

Grimsley, C., and K.S. Ravichandran. 2003. Cues for apoptotic cell engulf­
ment: eat-me, don’t eat-me and come-get-me signals. Trends Cell Biol. 
13:648–656. doi:10.1016/j.tcb.2003.10.004

Gude, D.R., S.E. Alvarez, S.W. Paugh, P. Mitra, J. Yu, R. Griffiths, S.E. 
Barbour, S. Milstien, and S. Spiegel. 2008. Apoptosis induces expres­
sion of sphingosine kinase 1 to release sphingosine-1-phosphate as a 
“come-and-get-me” signal. FASEB J. 22:2629–2638. doi:10.1096/ 
fj.08-107169

Gumienny, T.L., E. Brugnera, A.C. Tosello-Trampont, J.M. Kinchen, L.B. 
Haney, K. Nishiwaki, S.F. Walk, M.E. Nemergut, I.G. Macara, R. 
Francis, et al. 2001. CED-12/ELMO, a novel member of the CrkII/
Dock180/Rac pathway, is required for phagocytosis and cell migration. 
Cell. 107:27–41. doi:10.1016/S0092-8674(01)00520-7

Hamon, Y., C. Broccardo, O. Chambenoit, M.F. Luciani, F. Toti, S. 
Chaslin, J.M. Freyssinet, P.F. Devaux, J. McNeish, D. Marguet, and 
G. Chimini. 2000. ABC1 promotes engulfment of apoptotic cells and 
transbilayer redistribution of phosphatidylserine. Nat. Cell Biol. 2:399–
406. doi:10.1038/35017029

Hamon, Y., O. Chambenoit, and G. Chimini. 2002. ABCA1 and the en­
gulfment of apoptotic cells. Biochim. Biophys. Acta. 1585:64–71.

Hanayama, R., M. Tanaka, K. Miwa, A. Shinohara, A. Iwamatsu, and S. 
Nagata. 2002. Identification of a factor that links apoptotic cells to 
phagocytes. Nature. 417:182–187. doi:10.1038/417182a

Hanayama, R., M. Tanaka, K. Miyasaka, K. Aozasa, M. Koike, Y. Uchiyama, 
and S. Nagata. 2004. Autoimmune disease and impaired uptake of 
apoptotic cells in MFG-E8-deficient mice. Science. 304:1147–1150. doi: 
10.1126/science.1094359

Henson, P.M. 2005. Dampening inflammation. Nat. Immunol. 6:1179–1181.  
doi:10.1038/ni1205-1179

Henson, P.M., and D.A. Hume. 2006. Apoptotic cell removal in develop­
ment and tissue homeostasis. Trends Immunol. 27:244–250. doi:10.1016/ 
j.it.2006.03.005

Henson, P.M., D.L. Bratton, and V.A. Fadok. 2001a. Apoptotic cell removal. 
Curr. Biol. 11:R795–R805. doi:10.1016/S0960-9822(01)00474-2

Henson, P.M., D.L. Bratton, and V.A. Fadok. 2001b. The phosphatidyl­
serine receptor: a crucial molecular switch? Nat. Rev. Mol. Cell Biol. 
2:627–633. doi:10.1038/35085094

Hoeppner, D.J., M.O. Hengartner, and R. Schnabel. 2001. Engulfment 
genes cooperate with ced-3 to promote cell death in Caenorhabditis 
elegans. Nature. 412:202–206. doi:10.1038/35084103

Ichimura, T., E.J. Asseldonk, B.D. Humphreys, L. Gunaratnam, J.S. Duffield, 
and J.V. Bonventre. 2008. Kidney injury molecule-1 is a phosphatidyl­
serine receptor that confers a phagocytic phenotype on epithelial cells.  
J. Clin. Invest. 118:1657–1668. doi:10.1172/JCI34487

Caberoy, N.B., Y. Zhou, G. Alvarado, X. Fan, and W. Li. 2009. Efficient 
identification of phosphatidylserine-binding proteins by ORF phage dis­
play. Biochem. Biophys. Res. Commun. 386:197–201. doi:10.1016/j.bbrc 
.2009.06.010

Cahalan, M.D., and I. Parker. 2005. Close encounters of the first and second 
kind: T-DC and T-B interactions in the lymph node. Semin. Immunol. 
17:442–451. doi:10.1016/j.smim.2005.09.001

Cahalan, M.D., and I. Parker. 2008. Choreography of cell motility and  
interaction dynamics imaged by two-photon microscopy in lymphoid  
organs. Annu. Rev. Immunol. 26:585–626. doi:10.1146/annurev.immunol 
.24.021605.090620

Calissano, P., C. Matrone, and G. Amadoro. 2009. Apoptosis and in vitro 
Alzheimer disease neuronal models. Commun Integr Biol. 2:163–169.

Camins, A., M. Pallas, and J.S. Silvestre. 2008. Apoptotic mechanisms in­
volved in neurodegenerative diseases: experimental and therapeutic ap­
proaches. Methods Find. Exp. Clin. Pharmacol. 30:43–65. doi:10.1358/ 
mf.2008.30.1.1090962

Cézanne, L., A. Lopez, F. Loste, G. Parnaud, O. Saurel, P. Demange, and 
J.F. Tocanne. 1999. Organization and dynamics of the proteolipid com­
plexes formed by annexin V and lipids in planar supported lipid bilayers. 
Biochemistry. 38:2779–2786. doi:10.1021/bi9818568

Chorváth, B., and J. Sedlák. 1998. Hematopoietic cell differentiation antigens 
(CD system 1997). Cancer research relevance. Neoplasma. 45:273–276.

Darland-Ransom, M., X. Wang, C.L. Sun, J. Mapes, K. Gengyo-Ando, 
S. Mitani, and D. Xue. 2008. Role of C. elegans TAT-1 protein in 
maintaining plasma membrane phosphatidylserine asymmetry. Science. 
320:528–531. doi:10.1126/science.1155847

deBakker, C.D., L.B. Haney, J.M. Kinchen, C. Grimsley, M. Lu, D. 
Klingele, P.K. Hsu, B.K. Chou, L.C. Cheng, A. Blangy, et al. 2004. 
Phagocytosis of apoptotic cells is regulated by a UNC-73/TRIO-MIG-
2/RhoG signaling module and armadillo repeats of CED-12/ELMO. 
Curr. Biol. 14:2208–2216. doi:10.1016/j.cub.2004.12.029

DeKruyff, R.H., X. Bu, A. Ballesteros, C. Santiago, Y.L. Chim, H.H. Lee, 
P. Karisola, M. Pichavant, G.G. Kaplan, D.T. Umetsu, et al. 2010.  
T cell/transmembrane, Ig, and mucin-3 allelic variants differentially rec­
ognize phosphatidylserine and mediate phagocytosis of apoptotic cells. 
 J. Immunol. 184:1918–1930. doi:10.4049/jimmunol.0903059

Dillon, S.R., M. Mancini, A. Rosen, and M.S. Schlissel. 2000. Annexin V 
binds to viable B cells and colocalizes with a marker of lipid rafts upon 
B cell receptor activation. J. Immunol. 164:1322–1332.

Elliott, M.R., and K.S. Ravichandran. 2010. Clearance of apoptotic cells: 
implications in health and disease. J. Cell Biol. 189:1059–1070. doi:10 
.1083/jcb.201004096

Elliott, M.R., F.B. Chekeni, P.C. Trampont, E.R. Lazarowski, A. Kadl, S.F. 
Walk, D. Park, R.I. Woodson, M. Ostankovich, P. Sharma, et al. 2009. 
Nucleotides released by apoptotic cells act as a find-me signal to promote 
phagocytic clearance. Nature. 461:282–286. doi:10.1038/nature08296

Fadeel, B., P. Quinn, D. Xue, and V. Kagan. 2007. Fat(al) attraction: oxi­
dized lipids act as “eat-me” signals. HFSP J. 1:225–229. doi:10.2976/1 
.2800110

Fadok, V.A., D.R. Voelker, P.A. Campbell, J.J. Cohen, D.L. Bratton, and 
P.M. Henson. 1992. Exposure of phosphatidylserine on the surface of 
apoptotic lymphocytes triggers specific recognition and removal by 
macrophages. J. Immunol. 148:2207–2216.

Fadok, V.A., D.L. Bratton, S.C. Frasch, M.L. Warner, and P.M. Henson. 
1998. The role of phosphatidylserine in recognition of apoptotic 
cells by phagocytes. Cell Death Differ. 5:551–562. doi:10.1038/sj.cdd 
.4400404

Fadok, V.A., A. De Cathelineau, D.L. Daleke, P.M. Henson, and D.L. 
Bratton. 2000. Loss of phospholipid asymmetry and surface exposure 
of phosphatidylserine is required for phagocytosis of apoptotic cells by 
macrophages and fibroblasts. J. Biol. Chem. 405:80–90.

Fooksman, D.R., S. Vardhana, G. Vasiliver-Shamis, J. Liese, D.A. Blair, J. Waite, 
C. Sacristán, G.D. Victora, A. Zanin-Zhorov, and M.L. Dustin. 2010. 
Functional anatomy of T cell activation and synapse formation. Annu. Rev. 
Immunol. 28:79–105. doi:10.1146/annurev-immunol-030409-101308

Gallucci, S., M. Lolkema, and P. Matzinger. 1999. Natural adjuvants: en­
dogenous activators of dendritic cells. Nat. Med. 5:1249–1255. doi:10 
.1038/15200

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/207/9/1807/1747622/jem
_20101157.pdf by guest on 09 February 2026

dx.doi.org/10.1016/j.cell.2005.08.032
dx.doi.org/10.1189/jlb.1005550
dx.doi.org/10.1189/jlb.1005550
dx.doi.org/10.1007/978-3-540-93864-4_2
dx.doi.org/10.1111/j.1582-4934.2008.00402.x
dx.doi.org/10.1172/JCI26321
dx.doi.org/10.1038/nri2545
dx.doi.org/10.1038/nri2545
dx.doi.org/10.1038/461181a
dx.doi.org/10.1038/ncb1205-1061
dx.doi.org/10.1016/j.tcb.2003.10.004
dx.doi.org/10.1096/fj.08-107169
dx.doi.org/10.1096/fj.08-107169
dx.doi.org/10.1016/S0092-8674(01)00520-7
dx.doi.org/10.1038/35017029
dx.doi.org/10.1038/417182a
dx.doi.org/10.1126/science.1094359
dx.doi.org/10.1126/science.1094359
dx.doi.org/10.1038/ni1205-1179
dx.doi.org/10.1016/j.it.2006.03.005
dx.doi.org/10.1016/j.it.2006.03.005
dx.doi.org/10.1016/S0960-9822(01)00474-2
dx.doi.org/10.1038/35085094
dx.doi.org/10.1038/35084103
dx.doi.org/10.1172/JCI34487
dx.doi.org/10.1016/j.bbrc.2009.06.010
dx.doi.org/10.1016/j.bbrc.2009.06.010
dx.doi.org/10.1016/j.smim.2005.09.001
dx.doi.org/10.1146/annurev.immunol.24.021605.090620
dx.doi.org/10.1146/annurev.immunol.24.021605.090620
dx.doi.org/10.1358/mf.2008.30.1.1090962
dx.doi.org/10.1358/mf.2008.30.1.1090962
dx.doi.org/10.1021/bi9818568
dx.doi.org/10.1126/science.1155847
dx.doi.org/10.1016/j.cub.2004.12.029
dx.doi.org/10.4049/jimmunol.0903059
dx.doi.org/10.1083/jcb.201004096
dx.doi.org/10.1083/jcb.201004096
dx.doi.org/10.1038/nature08296
dx.doi.org/10.2976/1.2800110
dx.doi.org/10.2976/1.2800110
dx.doi.org/10.1038/sj.cdd.4400404
dx.doi.org/10.1038/sj.cdd.4400404
dx.doi.org/10.1146/annurev-immunol-030409-101308
dx.doi.org/10.1038/15200
dx.doi.org/10.1038/15200


1816 Find-me and eat-me signals of apoptotic cells | Ravichandran

Reddien, P.W., and H.R. Horvitz. 2000. CED-2/CrkII and CED-10/Rac 
control phagocytosis and cell migration in Caenorhabditis elegans. Nat. 
Cell Biol. 2:131–136. doi:10.1038/35004000

Reddien, P.W., S. Cameron, and H.R. Horvitz. 2001. Phagocytosis pro­
motes programmed cell death in C. elegans. Nature. 412:198–202. doi:10 
.1038/35084096

Reichardt, P., B. Dornbach, and M. Gunzer. 2010. APC, T cells, and the im­
mune synapse. Curr. Top. Microbiol. Immunol. 340:229–249. doi:10.1007/ 
978-3-642-03858-7_12

Rodriguez-Manzanet, R., M.A. Sanjuan, H.Y. Wu, F.J. Quintana, S. Xiao, 
A.C. Anderson, H.L. Weiner, D.R. Green, and V.K. Kuchroo. 2010. 
T and B cell hyperactivity and autoimmunity associated with niche-spe­
cific defects in apoptotic body clearance in TIM-4-deficient mice. Proc. 
Natl. Acad. Sci. USA. 107:8706–8711. doi:10.1073/pnas.0910359107

Rothlin, C.V., S. Ghosh, E.I. Zuniga, M.B. Oldstone, and G. Lemke. 2007. 
TAM receptors are pleiotropic inhibitors of the innate immune re­
sponse. Cell. 131:1124–1136. doi:10.1016/j.cell.2007.10.034

Santiago, C., A. Ballesteros, L. Martínez-Muñoz, M. Mellado, G.G. Kaplan, 
G.J. Freeman, and J.M. Casasnovas. 2007. Structures of T cell immuno­
globulin mucin protein 4 show a metal-Ion-dependent ligand binding 
site where phosphatidylserine binds. Immunity. 27:941–951. doi:10 
.1016/j.immuni.2007.11.008

Savill, J. 1997. Apoptosis in resolution of inflammation. J. Leukoc. Biol. 
61:375–380.

Savill, J., and V. Fadok. 2000. Corpse clearance defines the meaning of cell 
death. Nature. 407:784–788. doi:10.1038/35037722

Savill, J., N. Hogg, and C. Haslett. 1991. Macrophage vitronectin receptor, 
CD36, and thrombospondin cooperate in recognition of neutrophils 
undergoing programmed cell death. Chest. 99:6S–7S. doi:10.1378/ 
chest.99.3_Supplement.6S-a

Savill, J., N. Hogg, Y. Ren, and C. Haslett. 1992. Thrombospondin cooper­
ates with CD36 and the vitronectin receptor in macrophage recognition 
of neutrophils undergoing apoptosis. J. Clin. Invest. 90:1513–1522. doi: 
10.1172/JCI116019

Savill, J., V. Fadok, P. Henson, and C. Haslett. 1993. Phagocyte recogni­
tion of cells undergoing apoptosis. Immunol. Today. 14:131–136. doi:10 
.1016/0167-5699(93)90215-7

Savill, J., I. Dransfield, C. Gregory, and C. Haslett. 2002. A blast from the 
past: clearance of apoptotic cells regulates immune responses. Nat. Rev. 
Immunol. 2:965–975. doi:10.1038/nri957

Scott, R.S., E.J. McMahon, S.M. Pop, E.A. Reap, R. Caricchio, P.L. 
Cohen, H.S. Earp, and G.K. Matsushima. 2001. Phagocytosis and clear­
ance of apoptotic cells is mediated by MER. Nature. 411:207–211. doi: 
10.1038/35075603

Truman, L.A., C.A. Ford, M. Pasikowska, J.D. Pound, S.J. Wilkinson, 
I.E. Dumitriu, L. Melville, L.A. Melrose, C.A. Ogden, R. Nibbs,  
et al. 2008. CX3CL1/fractalkine is released from apoptotic lymphocytes 
to stimulate macrophage chemotaxis. Blood. 112:5026–5036. doi:10 
.1182/blood-2008-06-162404

Tyurin, V.A., Y.Y. Tyurina, P.M. Kochanek, R. Hamilton, S.T. DeKosky, 
J.S. Greenberger, H. Bayir, and V.E. Kagan. 2008. Oxidative lipidomics 
of programmed cell death. Methods Enzymol. 442:375–393. doi:10.1016/ 
S0076-6879(08)01419-5

Venegas, V., and Z. Zhou. 2007. Two alternative mechanisms that 
regulate the presentation of apoptotic cell engulfment signal in 
Caenorhabditis elegans. Mol. Biol. Cell. 18:3180–3192. doi:10.1091/
mbc.E07-02-0138

Wang, Z., A.T. Larregina, W.J. Shufesky, M.J. Perone, A. Montecalvo, A.F. 
Zahorchak, A.W. Thomson, and A.E. Morelli. 2006. Use of the inhibi­
tory effect of apoptotic cells on dendritic cells for graft survival via T-cell 
deletion and regulatory T cells. Am. J. Transplant. 6:1297–1311. doi:10 
.1111/j.1600-6143.2006.01308.x

Wang, X., J. Wang, K. Gengyo-Ando, L. Gu, C.L. Sun, C. Yang, Y. Shi, T. 
Kobayashi, Y. Shi, S. Mitani, et al. 2007. C. elegans mitochondrial fac­
tor WAH-1 promotes phosphatidylserine externalization in apoptotic cells 
through phospholipid scramblase SCRM-1. Nat. Cell Biol. 9:541–549. 
doi:10.1038/ncb1574

Wang, Z., W.J. Shufesky, A. Montecalvo, S.J. Divito, A.T. Larregina, and 
A.E. Morelli. 2009. In situ-targeting of dendritic cells with donor-derived 

Imachi, H., K. Murao, C. Hiramine, Y. Sayo, M. Sato, H. Hosokawa, T. 
Ishida, T. Kodama, O. Quehenberger, D. Steinberg, and J. Takahara. 
2000. Human scavenger receptor B1 is involved in recognition of 
apoptotic thymocytes by thymic nurse cells. Lab. Invest. 80:263–270. 
doi:10.1038/labinvest.3780029

Kinchen, J.M., and M.O. Hengartner. 2005. Tales of cannibalism, suicide, 
and murder: Programmed cell death in C. elegans. Curr. Top. Dev. Biol. 
65:1–45. doi:10.1016/S0070-2153(04)65001-0

Kinchen, J.M., and K.S. Ravichandran. 2008. Phagosome maturation: go­
ing through the acid test. Nat. Rev. Mol. Cell Biol. 9:781–795. doi: 
10.1038/nrm2515

Kinchen, J., and K.S. Ravichandran. 2010. Identification of two evolution­
arily conserved genes in processing of engulfed apoptotic cells. Nature. 
In press.

Kinchen, J.M., J. Cabello, D. Klingele, K. Wong, R. Feichtinger, H. 
Schnabel, R. Schnabel, and M.O. Hengartner. 2005. Two pathways 
converge at CED-10 to mediate actin rearrangement and corpse re­
moval in C. elegans. Nature. 434:93–99. doi:10.1038/nature03263

Kiss, R.S., M.R. Elliott, Z. Ma, Y.L. Marcel, and K.S. Ravichandran. 2006. 
Apoptotic cells induce a phopshatidylserine-dependent homeostatic re­
sponse from phagocytes. Curr. Biol. 16:2252–2258.

Kobayashi, N., P. Karisola, V. Peña-Cruz, D.M. Dorfman, M. Jinushi, S.E. 
Umetsu, M.J. Butte, H. Nagumo, I. Chernova, B. Zhu, et al. 2007. TIM-1 
and TIM-4 glycoproteins bind phosphatidylserine and mediate uptake of 
apoptotic cells. Immunity. 27:927–940. doi:10.1016/j.immuni.2007.11.011

Lauber, K., E. Bohn, S.M. Kröber, Y.J. Xiao, S.G. Blumenthal, R.K. 
Lindemann, P. Marini, C. Wiedig, A. Zobywalski, S. Baksh, et al. 
2003. Apoptotic cells induce migration of phagocytes via caspase-3-
mediated release of a lipid attraction signal. Cell. 113:717–730. doi:10 
.1016/S0092-8674(03)00422-7

Lauber, K., S.G. Blumenthal, M. Waibel, and S. Wesselborg. 2004. Clearance 
of apoptotic cells: getting rid of the corpses. Mol. Cell. 14:277–287. 
doi:10.1016/S1097-2765(04)00237-0

Lemke, G., and C.V. Rothlin. 2008. Immunobiology of the TAM recep­
tors. Nat. Rev. Immunol. 8:327–336. doi:10.1038/nri2303

MacDonald, J.M., M.G. Beach, E. Porpiglia, A.E. Sheehan, R.J. Watts, and 
M.R. Freeman. 2006. The Drosophila cell corpse engulfment receptor 
Draper mediates glial clearance of severed axons. Neuron. 50:869–881. 
doi:10.1016/j.neuron.2006.04.028

Mevorach, D. 2000. Opsonization of apoptotic cells. Implications for uptake 
and autoimmunity. Ann. N. Y. Acad. Sci. 926:226–235. doi:10.1111/
j.1749-6632.2000.tb05615.x

Miyanishi, M., K. Tada, M. Koike, Y. Uchiyama, T. Kitamura, and S. 
Nagata. 2007. Identification of Tim4 as a phosphatidylserine receptor. 
Nature. 450:435–439. doi:10.1038/nature06307

Monks, J., C. Smith-Steinhart, E.R. Kruk, V.A. Fadok, and P.M. Henson. 
2008. Epithelial cells remove apoptotic epithelial cells during post-lacta­
tion involution of the mouse mammary gland. Biol. Reprod. 78:586–594.

Nagata, S., R. Hanayama, and K. Kawane. 2010. Autoimmunity and the clear­
ance of dead cells. Cell. 140:619–630. doi:10.1016/j.cell.2010.02.014

Park, D., A.C. Tosello-Trampont, M.R. Elliott, M. Lu, L.B. Haney, Z. Ma, 
A.L. Klibanov, J.W. Mandell, and K.S. Ravichandran. 2007a. BAI1 is an 
engulfment receptor for apoptotic cells upstream of the ELMO/Dock180/
Rac module. Nature. 450:430–434. doi:10.1038/nature06329

Park, S.Y., M.Y. Jung, H.J. Kim, S.J. Lee, S.Y. Kim, B.H. Lee, T.H. Kwon, 
R.W. Park, and I.S. Kim. 2007b. Rapid cell corpse clearance by stabilin-2, 
a membrane phosphatidylserine receptor. Cell Death Differ. 15:192-201. 
doi:10.1038/sj.cdd.4402242

Park, D., A. Hochreiter-Hufford, and K.S. Ravichandran. 2009. The phos­
phatidylserine receptor TIM-4 does not mediate direct signaling. Curr. 
Biol. 19:346–351. doi:10.1016/j.cub.2009.01.042

Prasad, D., C.V. Rothlin, P. Burrola, T. Burstyn-Cohen, Q. Lu, P. Garcia 
de Frutos, and G. Lemke. 2006. TAM receptor function in the reti­
nal pigment epithelium. Mol. Cell. Neurosci. 33:96–108. doi:10.1016/ 
j.mcn.2006.06.011

Ravichandran, K.S. 2003. “Recruitment signals” from apoptotic cells: invitation 
to a quiet meal. Cell. 113:817–820. doi:10.1016/S0092-8674(03)00471-9

Ravichandran, K.S., and U. Lorenz. 2007. Engulfment of apoptotic cells: signals 
for a good meal. Nat. Rev. Immunol. 7:964–974. doi:10.1038/nri2214

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/207/9/1807/1747622/jem
_20101157.pdf by guest on 09 February 2026

dx.doi.org/10.1038/35004000
dx.doi.org/10.1038/35084096
dx.doi.org/10.1038/35084096
dx.doi.org/10.1007/978-3-642-03858-7_12
dx.doi.org/10.1007/978-3-642-03858-7_12
dx.doi.org/10.1073/pnas.0910359107
dx.doi.org/10.1016/j.cell.2007.10.034
dx.doi.org/10.1016/j.immuni.2007.11.008
dx.doi.org/10.1016/j.immuni.2007.11.008
dx.doi.org/10.1038/35037722
dx.doi.org/10.1378/chest.99.3_Supplement.6S-a
dx.doi.org/10.1378/chest.99.3_Supplement.6S-a
dx.doi.org/10.1172/JCI116019
dx.doi.org/10.1172/JCI116019
dx.doi.org/10.1016/0167-5699(93)90215-7
dx.doi.org/10.1016/0167-5699(93)90215-7
dx.doi.org/10.1038/nri957
dx.doi.org/10.1038/35075603
dx.doi.org/10.1038/35075603
dx.doi.org/10.1182/blood-2008-06-162404
dx.doi.org/10.1182/blood-2008-06-162404
dx.doi.org/10.1016/S0076-6879(08)01419-5
dx.doi.org/10.1016/S0076-6879(08)01419-5
dx.doi.org/10.1091/mbc.E07-02-0138
dx.doi.org/10.1091/mbc.E07-02-0138
dx.doi.org/10.1111/j.1600-6143.2006.01308.x
dx.doi.org/10.1111/j.1600-6143.2006.01308.x
dx.doi.org/10.1038/ncb1574
dx.doi.org/10.1038/labinvest.3780029
dx.doi.org/10.1016/S0070-2153(04)65001-0
dx.doi.org/10.1038/nrm2515
dx.doi.org/10.1038/nrm2515
dx.doi.org/10.1038/nature03263
dx.doi.org/10.1016/j.immuni.2007.11.011
dx.doi.org/10.1016/S0092-8674(03)00422-7
dx.doi.org/10.1016/S0092-8674(03)00422-7
dx.doi.org/10.1016/S1097-2765(04)00237-0
dx.doi.org/10.1038/nri2303
dx.doi.org/10.1016/j.neuron.2006.04.028
dx.doi.org/10.1111/j.1749-6632.2000.tb05615.x
dx.doi.org/10.1111/j.1749-6632.2000.tb05615.x
dx.doi.org/10.1038/nature06307
dx.doi.org/10.1016/j.cell.2010.02.014
dx.doi.org/10.1038/nature06329
dx.doi.org/10.1016/j.cub.2009.01.042
dx.doi.org/10.1016/j.mcn.2006.06.011
dx.doi.org/10.1016/j.mcn.2006.06.011
dx.doi.org/10.1016/S0092-8674(03)00471-9
dx.doi.org/10.1038/nri2214


JEM VOL. 207, August 30, 2010� 1817

Perspect ive

apoptotic cells restrains indirect allorecognition and ameliorates allograft 
vasculopathy. PLoS One, 4:e4940.

Wong, K., P.A. Valdez, C. Tan, S. Yeh, J.A. Hongo, and W. Ouyang. 2010. 
Phosphatidylserine receptor Tim-4 is essential for the maintenance of 
the homeostatic state of resident peritoneal macrophages. Proc. Natl. 
Acad. Sci. USA. 107:8712–8717. doi:10.1073/pnas.0910929107

Wu, Y.C., and H.R. Horvitz. 1998a. C. elegans phagocytosis and cell-
migration protein CED-5 is similar to human DOCK180. Nature. 
392:501–504. doi:10.1038/32195

Wu, Y.C., and H.R. Horvitz. 1998b. The C. elegans cell corpse engulf­
ment gene ced-7 encodes a protein similar to ABC transporters. Cell. 
93:951–960. doi:10.1016/S0092-8674(00)81201-5

Yu, X., S. Odera, C.H. Chuang, N. Lu, and Z. Zhou. 2006. C. elegans 
Dynamin mediates the signaling of phagocytic receptor CED-1 for the 
engulfment and degradation of apoptotic cells. Dev. Cell. 10:743–757. 
doi:10.1016/j.devcel.2006.04.007

Zagursky, R.J., D. Sharp, K.A. Solomon, and A. Schwartz. 1995. 
Quantitation of cellular receptors by a new immunocytochemical flow 
cytometry technique. Biotechniques. 18:504–509.

Zhou, Z., E. Caron, E. Hartwieg, A. Hall, and H.R. Horvitz. 2001a. The 
C. elegans PH domain protein CED-12 regulates cytoskeletal reorgani­
zation via a Rho/Rac GTPase signaling pathway. Dev. Cell. 1:477–489. 
doi:10.1016/S1534-5807(01)00058-2

Zhou, Z., E. Hartwieg, and H.R. Horvitz. 2001b. CED-1 is a transmem­
brane receptor that mediates cell corpse engulfment in C. elegans. Cell. 
104:43–56. doi:10.1016/S0092-8674(01)00190-8

Ziegenfuss, J.S., R. Biswas, M.A. Avery, K. Hong, A.E. Sheehan, Y.G. 
Yeung, E.R. Stanley, and M.R. Freeman. 2008. Draper-dependent glial 
phagocytic activity is mediated by Src and Syk family kinase signalling. 
Nature. 453:935–939. doi:10.1038/nature06901

Zitvogel, L., O. Kepp, and G. Kroemer. 2010. Decoding cell death sig­
nals in inflammation and immunity. Cell. 140:798–804. doi:10.1016/j.cell 
.2010.02.015

Züllig, S., L.J. Neukomm, M. Jovanovic, S.J. Charette, N.N. Lyssenko, M.S. 
Halleck, C.P. Reutelingsperger, R.A. Schlegel, and M.O. Hengartner. 
2007. Aminophospholipid translocase TAT-1 promotes phosphatidyl­
serine exposure during C. elegans apoptosis. Curr. Biol. 17:994–999. 
doi:10.1016/j.cub.2007.05.024

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/207/9/1807/1747622/jem
_20101157.pdf by guest on 09 February 2026

dx.doi.org/10.1073/pnas.0910929107
dx.doi.org/10.1038/32195
dx.doi.org/10.1016/S0092-8674(00)81201-5
dx.doi.org/10.1016/j.devcel.2006.04.007
dx.doi.org/10.1016/S1534-5807(01)00058-2
dx.doi.org/10.1016/S0092-8674(01)00190-8
dx.doi.org/10.1038/nature06901
dx.doi.org/10.1016/j.cell.2010.02.015
dx.doi.org/10.1016/j.cell.2010.02.015
dx.doi.org/10.1016/j.cub.2007.05.024



