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ABSTRACT
Cell death by apoptosis is characterized by specific biochemical changes, including the exposure of multiple

ligands, expected to tag the dying cell for prompt recognition by phagocytes. In non-pathological conditions,

an efficient clearance is assured by the redundant interaction between apoptotic cell ligands and multiple

receptor molecules present on the engulfing cell surface. This review concentrates on the molecular inter-

actions operating in mammalian and non-mammalian systems for apoptotic cell recognition, as well as on

the consequences of their signaling. Furthermore, some cellular models where the exposure of the phos-

phatidylserine (PS) phospholipid, a classical hallmark of the apoptotic phenotype, is not followed by cell

death will be discussed.

Key words: cell death, apoptosis, apoptotic cell recognition, apoptotic mimicry, phagocyte, intracellular

signaling.

INTRODUCTION

Programmed cell death (PCD), as part of the nor-
mal cell physiology as are proliferation and differ-
entiation, has been recognized for more than three
decades. The concept of ‘‘programmed’’ cell death
was first utilized by development biologists who
used the term to refer to a predictable onset of cell
death during tissue remodeling in development and
metamorphosis. It referred to cellular changes in
response to hormone levels oscillation and growth
factor withdrawal, but did not refer at all to the pre
lethal changes that we now use to characterize the
different types of cell death (Zakeri 1998). Recently,
advances in the field of cellular and molecular biol-
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ogy has made possible the characterization of the
modulating genes, the signaling molecules and the
cellular and molecular responses that together play
fundamental roles in the recognition of the dying
cell and its clearance by phagocytes. Thirty years
ago, Schweichel and Merker (1973) described three
morphologically distinct types of cell death in de-
veloping mammalian tissues with no definition, at
that time, of the controlling genes implicated in the
phenomenon. Considering mainly the morpholog-
ical features attributed then to the dying cells, one
can make a parallel with the three recently described
types of PCD (Ogier Denis and Codogno 2003). At
least in two types of PCD, type I (apoptosis) and
type II (autophagy), the membrane remains intact
during the progression of cell death with no damage
to the neighboring cells. Classical type I apopto-
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sis is thus a morphological phenotype of PCD char-
acterized by rapid condensation of cytoplasm and
nuclear chromatin, resulting in DNA fragmentation
and membrane blebbing followed by fragmentation
of the cells in apoptotic bodies, constituted by con-
densed cytoplasm, nuclear material and/or whole
organelles surrounded by intact plasma membrane.
The concomitant biochemical changes experienced
by apoptotic cells, starting from their initial injury
by an appropriate stimulus to their recognition and
clearance by phagocytes, are not in the scope of this
review and have been widely reviewed elsewhere
(Hengartner 2000, Geske and Gerschenson 2001).
Type II autophagic or lysosomal cell death
starts with the sequestration of cytoplasmic material,
including organelles, by a multilayer membrane to
form an autophagosome, which in turn can receive
inputs from the cellular endocytic pathway to form a
hybrid organelle called amphisome. The expansion
of the lysosomal system followed by selective clear-
ance of specific cell organelles by the autophagic
vacuoles, plays an important role in cytoplas-
mic homeostasis (for reviews see Ogier Denis and
Codogno 2003, Wang and Klionsky 2003). It has
been suggested that autophagy can somehow mod-
ulate the intracellular pool of active mitochondria,
and thus be involved in mitochondria-dependent
processes such as the execution of type I apoptotic
cell death. A role of autophagy in helping cells to
escape from apoptosis via the sequestration of cy-
tochrome ¢ has been suggested in the maturation
2000).
The molecular machinery that regulates autophagy

of erythroid cells (Takano Ohmuro et al.

was first described in the yeast Saccharomyces cere-
visiae, with the discovery of the APG (autophagy)
and AUT (autophagocytosis) genes (Thumm et al.
1994), and is partially conserved in humans.

Type III PCD or cytoplasmic cell death is less
frequently observed and poorly understood at the
molecular level, but it has been related mainly to
the neuronal cell death (Cunningham 1982, Oppen-
heim 1991, Bursch 2001). Indeed it became clear
that the distinction between the three types of cell
death here described is not always clear-cut. Dying
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cells may display a mixture of some morpholog-
ical and/or molecular features associated to more
than one of the mentioned types of PCD (Amarante
Mendes et al. 1998, Sperandio et al. 2000). Further
characterization of the distinct forms of apoptotic
and non-apoptotic PCD will certainly lead to new
insight into cell death programs and their roles in
development and on the evolutionary relationship
between them.

During the last thirty years, since the first men-
tion of the apoptotic cell phenotype and its physio-
logical implications in tissue development by Kerr et
al. (1972), alot has been added to our current knowl-
edge about the molecular and cellular events that
contribute to the apoptotic morphological features
and to the exposure of cell-killing signals that shape
apoptotic cell to further phagocyte recognition. The
present review will mainly concentrate on the in-
teractions between the ‘‘eat-me’’ signals displayed
by apoptotic cells and their respective recognition
molecules on phagocytes, eventually mediated by
bridging molecules. The evolutionary conservation
of some apoptotic cell ligands, receptors and signal-
ing molecules will also be discussed.

APOPTOTIC CELL RECOGNITION
IN MAMMALIAN SYSTEMS: REDUNDANCY

The importance of apoptotic cell recognition and
clearance by phagocytes to tissue homeostasis is
corroborated by the vast redundancy of ligands and
receptors involved. Since the identification of the
macrophage vitronectin receptor (ay 83 integrin) as
the first receptor to recognize and engulf apoptotic
cells (Savill et al. 1990), several in vitro studies have
characterized the participating molecules, mainly by
inhibitory studies of the phagocytic process. The
apoptotic cell is capped by various ‘‘eat-me’’ sig-
nals, that are recognized simultaneous or alterna-
tively by distinct receptor molecules displayed by
phagocytes (Figure 1). Indeed, the same ligand
can be recognized by different receptors or bridg-
ing molecules, so that recognition possibilities are
widely amplified. This redundancy aims to assure
maximum clearance efficiency and explains the in-
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ability of some individual deletions to efficiently im-
pair apoptotic cell clearance in vivo. It has also been
observed some tissue-specific differences between
the recognition molecules. For example, the pres-
ence of the bridging molecule C1q, the first compo-
nent of complement, can be crucial for apoptotic cell
clearance in the kidney (Taylor et al. 2000) but not
in the skin (Pickering et al. 2001) of Clqg-deficient
mice. These findings point out to the need of detailed
in vitro studies of different tissues, from mouse with
genetic deletions of the different molecules involved
in apoptotic cell clearance.

The receptors involved in target cell recogni-
tion have been mainly characterized by inhibitory
studies of in vitro phagocytosis and the assays are
made with relatively purified populations of phago-
cytes. Some of the receptors can act in concert to
1997)
and can also interact with different ligands, trigger-

improve uptake efficiency (Pradhan et al.

ing distinct intracellular signaling. The membrane
glycoprotein CD14, present on the surface of mam-
malian macrophages, for example, can generate both
inflammatory or anti-inflammatory responses after
interaction with ‘‘non-self”” lipopolysaccharide
(LPS) or “‘self’” apoptotic cells, respectively (Devitt
et al. 1998). One of the most important questions
relates to the in vivo relevance of data obtained from
in vitro studies. One must have in mind that the
cell culture models used in apoptotic cell clearance
studies may not be physiological since they might
lack neighboring alternative phagocytes or bridging
molecules present in vivo. It has been suggested that
due to its high efficiency, one can only notice apop-
totic cell clearance in vivo when it is defective (P.M.
Henson, personal communication). Indeed, there
have been few descriptions of defective clearance of
apoptotic cells in vivo that corroborate in vitro stud-
ies (Botto et al. 1998, Taylor et al. 2000, Hamon
et al. 2000, Scott et al. 2001, Teder et al. 2002,
Vandivier et al. 2002). Taylor et al (2000) made
the first description of in vivo impairment of apop-
totic cell phagocytosis, analyzing the phagocytic ca-
pacity of Clg-deficient mouse macrophages. Other
Clg-related molecules, known as collectins, nor-

mally involved in non-self pattern recognition and
consequent host protection from infectious organ-
isms (Holmskov et al. 1994, Hansen and Holmskov,
1998), also play an important role in in vivo clear-
ance of apoptotic cells. The abundance of the col-
lectin surfactant protein D (SP-D) in the lung (Ma-
sonetal. 1998) probably justifies its role in the clear-
ance of apoptotic cells from the naive murine lung
(Vandivier et al. 2002). The transmembrane ad-
hesion protein CD44, receptor for the non-sulfated
glycosaminoglycan hyaluronan (HA) (Aruffo et al.
1990), was found to be also important for the reso-
lution of lung inflammation, which was impaired by
persistent accumulation of apoptotic neutrophils and
decreased activation of transforming growth factor
-B1 (TGF-B1) in CD-44 deficient mice (Teder et al.
2002). A very elegant combination of in vivo loss-
of-function and in vitro gain-of-function approaches
was made by Hamon et al. (2000), showing that the
ATP-binding-cassette transporter 1 (ABC1) modu-
lates the rearrangement of the phospholipid phos-
phatidylserine (PS) in both the dying cell and the
phagocyte membranes and also promotes engulf-
ment of apoptotic cells.The modulation of apoptotic
cell clearance has been shown to also be mediated
by the Mer receptor tyrosine kinase, in macrophages
from Mer-deficient mouse (Scott et al. 2001). How-
ever of course the in vitro studies allows for an in-
depth analysis of the molecular and cellular interac-
tions involved in apoptotic cell recognition, signal-
ing and clearance, as will be described below.

The characterization of receptor molecules and
the intracellular signaling displayed by and transmit-
ted to phagocytes from collectins and collectin-like
bridging molecules (denoted as defense collagens),
have progressed by virtue of some very elucidative
in vitro studies. It was elegantly shown that the
collectin mannose binding lectin (MBL) binds to
apoptotic cells in a clustered pattern and initiates
their uptake by phagocytes (Ogden et al. 2001). Its
close relative, Clq, can attach to both viable and
apoptotic cells, but only the latter are engulfed by
macrophages. This difference has been attributed
to the uniform distribution of C1q on the surface of
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Fig. 1 — Redundancy in apoptotic cell and phagocyte interplay. Both cells display the proteins CD31 and ATP-binding cassete
transporter (ABC A1) and the PS phospholipid on their external surface. Apoptotic cell PS can be recognized by a specific receptor
(PSR) displayed by phagocyte, and also by the bridging molecules milk-fat globule epidermal growth factor 8 (MFGES), growth
arrest specific gene 6 (Gas6), Br-glycoprotein I (8-GP 1) and protein S, which bind respectively to the 83 integrin, Merk, f,-GP
I and protein S receptor molecules. Annexin I and CD36 seem also to be involved in PS recognition. Several scavenger receptors
(oxidized low-density lipoprotein receptor 1 (LOX1), CD36, CD68 and SRA) recognize oxidized-LDL-like sites on apoptotic cell
surface. The Clq and Mannose Binding Lectin (MBL) collectins modulate the recognition of Apoptotic Cell Associated Molecular
Patterns (ACAMPs) via calreticulin (CRT) and CD91; Clq also participate in the interaction between lysophospholipids (lysoPLs)
exposed by the dying cell and the reactive C protein. iC3b molecules are distributed in patches on the dying cell are recognized by the
CR3/CD11b-CD18/Mac-1 and CR4/CD11¢-CD18/8; integrin glycoproteins. The oy, 83 /oty B5 integrins associate to CD36 and interact
with trombospondin 1 (TSP 1), which is recognized by still uncharacterized binding sites on apoptotic cell surface. The membrane
glycoprotein CD14 interacts with, but not only, the intercellular adhesion molecule 3 (ICAM-3). The surface protein CD31 signaling
is disabled in apoptotic cells, promoting their tethering to and engulfment by phagocytes. Still uncharacterized surface molecules are

indicated with a question mark. See details in the text.

non-apoptotic cells and the apparent need of high
local concentration of ligands in order to attain opti-
mal interaction with the phagocyte receptor (Ogden
et al. 2001). The surface ligands involved in apop-
totic cell binding to collectins are still uncharacter-
ized, although surface structures on membrane blebs
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have been implicated. Also, apoptotic cell treatment
with mannosidase or addition of high concentrations
of mannose in the culture medium decreased its up-
take by phagocytes. Inhibitory studies implicated
the collagenous tail for C1qreceptor (cC1qR) or cal-
reticulin (CRT) molecule as responsible for C1q and
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MBL binding on the macrophage surface, which in
turn is bound to the multifunctional receptor CD91,
also known as the a2-macroglobulin (¢2m) recep-
tor or LDL receptor related-protein (LRP). It has
been suggested that this molecular association sig-
nals for engulfment of apoptotic cells, through the
transmembrane domain of CD91 phagocyte recep-
tor. Furthermore, the phagocytic process occurs
with the concomitant uptake of extracellular fluid
originating spacious vacuoles, characterizing itself
as macropinocytosis (Ogden et al. 2001). The Clq
molecule has also been described to play an adjuvant
role in apoptotic cell clearance along with another
serum protein, the C-reactive protein (CRP); it has
been suggested that, in the presence of Clq, CRP
binds to lysophospholipids on apoptotic cells and
promotes an anti-inflammatory cytokine response.
Once necrosis occurs, or in the absence of Clq, ele-
vated serum CRP fails to opsonize and protect apop-
totic cells from lysis (Gershov et al. 2000). More
recently, CRP has been proposed to be part of an
innate immune response to the phosphorylcholine
motifs, exposed on apoptotic cells as a result of
phospholipid hydrolysis by phospholipase A, and
further oxidation; the authors (Chang et al. 2002)
suggested that the phosphorylcholine motifis a cryp-
tic epitope on viable cells and becomes available for
CRP binding, after disturbance of surface molecular
organization.

The defense collagens can thus function as op-
sonins to apoptotic cell recognition by phagocytes.
Beyond the described roles for the C1q, MBL and
SP-D molecules, others have to be considered as
contributors to the redundancy of the system (re-
viewed by Fishelson et al. 2001). Verbovetski et
al. (2002) showed that opsonization of apoptotic
Jurkat T cells by autologous iC3b increased signif-
icantly their clearance by immature dendritic cells.
To date, little is known about complement activat-
ing molecules on apoptotic cells or acceptors onto
which activated complement components are de-
posited. PS exposure has been associated to com-
plement activation and iC3b deposition on apoptotic
cells (Mevorach et al. 1998, Mevorach 2000). In-

deed both molecules are distributed in patches
on the dying cell surface, although they do not
seem to co-localize. CR3/CD11b-CD18/Mac-1 and
CR4/CD11c-CD18/8, integrin glycoproteins have
been described as receptors for phagocytosis after
efficient opsonization of apoptotic cells by iC3b
(Ross 2000).

The most well characterized system of apop-
totic cell recognition is the interaction between ex-
ternalized phosphatidylserine phospholipid (PS)
and its specific recognition molecules, present on
the phagocyte surface. PS was first characterized as
an ‘‘eat-me-signal’’ on the surface of apoptotic lym-
phocytes (Fadok et al. 1992). Since then, the impor-
tance of PS recognition has been shown in several
in vitro and in vivo systems. The milk fat globule-
EGF-factor 8 glycoprotein (MFG-E8), secreted
by thioglycollate-elicited peritoneal macrophages,
binds to apoptotic cells and tethers them to phago-
cytes for engulfment via the vitronectin integrin re-
ceptor. In this situation MFG-E8 carrying a point
mutation in the RGD motif inhibits the phagocytosis
of apoptotic cells in vitro and in vivo (Hanayama et
al. 2002). The 50-kDa serum B,-glycoprotein I (82-
GPI) also intermediates apoptotic cell and phago-
cyte interaction through PS recognition; antibodies
to putative macrophage PS receptors (CD36, CD68,
and CD14) were unable to inhibit target cell up-
take, suggesting the involvement of a still unchar-
acterized receptor molecule (Balasubramanian and
Schroit 1998). Another serum bridging protein that
can stimulate apoptotic cell phagocytosis is the pro-
tein S, a vitamin K-dependent plasma protein that
has been known for its anticoagulant activity. I It
has been described as a bifunctional protein, since
its binding property to anionic phospholipids allows
it to form complexes with activated protein C. This
protein complex inactivates coagulation factors Va
and VIIIa (Dahlback 2000), and binds in a calcium-
dependent manner to the externalized PS on the sur-
face of apoptotic cells (Anderson et al. 2003). The
suggestion that the product of a growth arrest spe-
cific gene (Gas6) may play a role in the recognition
of cells exposing PS on their surfaces by phagocytic
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cells (Nakano et al. 1997) was made almost imme-
diately after its identification as a ligand for the Mer
receptor tyrosine kinase (Chen et al. 1997). The
same authors were able to show that the uptake of
PS liposomes and of apoptotic cells by macrophages
was enhanced in approximately twofold in the pres-
ence of the Gas6 bridging molecule (Ishimoto et al.
2000).
tween PS and the phagocyte implicates a specific

The only described direct interaction be-

receptor molecule (PSR), present on the surface of
different cell types (Fadok et al. 2000). PS/PSR is
a low affinity interaction which may justify the ag-
gregated distribution of PS on apoptotic cell surface
prior to its recognition and engulfment (Henson et
al. 2001). The fact that only aggregated PS/PSR
interaction can trigger a functional response in the
phagocyte explains the failure of macrophage recog-
nition of PS evenly distributed on the surface of non-
apoptotic cells. In addition, a two-step mechanism
for the internalization of apoptotic cells by phago-
cytes has been described: first, the apoptotic cells
are tethered to phagocyte surface by different mem-
brane receptors, including CD36, «vB3 and avB5
integrins, CD14 and CD68 and then PS/PSR inter-
action promotes their uptake by macropinocytosis
(Hoffmann et al. 2001, Somersan and Bhardwaj
2001). This can prevent some inadvertent uptake
of many cell types that can transiently expose PS
on their external surfaces (Henson et al. 2001). It
has been proposed that distinct receptor complexes
for PS recognition exist on phagocytes to warrant
recognition of the different signals displayed by dy-
ing cells, during the progression of apoptotic cell
death (Pradhan et al. 1997). Unexpectedly, PS ex-
posure has also been reported to occur on the exter-
nal surface of phagocytes. Although pre-treatment
of macrophages with Annexin V inhibited apoptotic
lymphocytes uptake, it is still not clear if PS plays
the same role when exposed on the outer leaflets of
dying cells and/or phagocytes (Callahan etal. 2000).

The molecular and biochemical mechanisms
involved in PS exposure by apoptotic cells are just
beginning to be elucidated, but changes on the
activity of phospholipids transporters has been re-
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ported (Daleke 2003). The transbilayer distribution
of membrane phospolipids is asymmetric, with the
choline-containing ones (phosphatodylcholine (PC)
and sphingomyelin (SM)) preferentially exposed on
its external surface, and the amine-containing ones
(phosphatidylethanolamine (PE) and PS) on the
cytoplasmic leaflet. Loss of transmembrane phos-
pholipid asymmetry may occur in both normal and
pathological conditions, including activation of
blood clotting factors (Chiu et al. 1981) and cell
death by apoptosis. PS exposure is induced by the
activation of scramblase transporters, which en-
hances bidirectional lipid transport across plasma
membrane and is externally maintained as a con-
sequence of the inhibition of ATP-dependent fli-
pase aminophospholipid translocases, which nor-
mally brings PS back to the inner membrane (Fadok
etal. 1998, Daleke and Lyles 2000). Ithas been sug-
gested that, due to its accumulation in the plasma
membrane lipid rafts (Sun et al. 2002), the phos-
pholipid scramblase 1 (PLSCR1) may play a role
in apoptotic cell signaling in addition to its role in
membrane lipid distribution (Daleke 2003). The in-
volvement of floppase aminophospholipid translo-
cases has also been related to PS exposure, empha-
sizing the role of the adenosine triphosphate (ATP)-
binding cassette protein 1 (ABC Al) on the engulf-
ment of apoptotic cell corpses from C. elegans (Lu-
ciani and Chimini 1996).
may be additionally important for the modulation

Another pathway that

of PS exposure on apoptotic cells is the polyamine
metabolism. It is well known that polyamines are
essential for cell survival and proliferation and the
decrease of their intracellular levels correlates with
apoptosis (Nitta et al. 2002). Polyamines can also
modulate PS exposure in tumor cells lines (Bratton
et al. 1999, Fadok et al. 2001) as well as apoptotic
tumor cell fate when recognized by intra-tumoral
macrophages (Mills et al. 1992).

Annexin I, has been recently recognized as a
coadjuvant in apoptotic cell recognition and engulf-
ment by phagocytes (Arur et al. 2003). After anti-
Fas antibody treatment, Jurkat cells showed first the
sequestration of cytosolic Annexin I to the PS-rich
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inner leaflet of the plasma membrane and then PS
translocation occurred, with its gradual appearance
as discrete patches on the external cell surface. The
translocation of Annexin I requires caspase activa-
tion and elevation of intracellular calcium levels. It
is important to mention that the above cited ABC Al
floppase transporter has been related to the surface
exposure of Annexin I on pituitary folliculo-stellate
cells (Chapman et al. 2003). Furthermore, the au-
thors implicated the functional role of Annexin I and
PSR in the same pathway for apoptotic cell engulf-
ment. Three possibilities were suggested for PS, An-
nexin I and PSR interaction: first, Annexin I could
somehow modify PS structure for PSR recognition,
second, both ligand molecules could be recognized
as a complex by PSR and finally Annexin I could act
as a bridging molecule between PS and PSR (Fadok
and Henson 2003). Anyway, these very exciting
data open new insights and perspectives on the role
of Annexin I in apoptotic cell engulfment and on
its putative contribution to the generation of anti-
inflammatory signals in phagocytes.

The scavenger receptors (SRs) were described
in the context of lipoprotein metabolism, but can
be distinguish from other lipoprotein receptors by
their broad ligand binding properties (Platt et al.
1998). They bind to a wide range of anionic lig-
ands and, as a consequence, have been implicated in
functioning as pattern-recognition molecule in host
defense and innate immunity and in the clearance
of apoptotic cells (Pearson 1996, Platt et al. 1998,
Peiser et al. 2002). The oxidation and/or glyco-
sylation of membrane proteins, as well as the sur-
face exposure of anionic phospholipids such as PS,
can generate ligands for SRs. Six major classes
of SRs were characterized, according to their se-
quences and properties of the predicted proteins.
The Class B CD36 SR was the first one to be demon-
strated to play a role in apoptotic cell engulfment,
after being transfected into a vitronectin-expressing
phagocytically deficient cell (Ren et al. 1995). In-
deed CD36 has been described as a required acces-
sory molecule for the functional activity of some
of the phagocyte receptors and/or apoptotic bridg-

ing molecules (Fadok et al. 1998); the cooperation
between the vitronectin receptor (VnR) and throm-
bospondin 1 (TSP1) bridging molecule in phago-
cyte recognition of apoptotic neutrophils was found
to be CD36-dependent in some systems (Savill et
al. 1992) but not in others (Hughes et al. 1997).
These data suggests that it is the phagocyte rather
than the lineage of the apoptotic cell which defines
at least in vitro, which recognition mechanism will
be employed in dying cell clearance. On the other
hand, apoptotic cell ligands for TSP1 have not been
yet characterized. CD36 can also recognize oxi-
dized sites on apoptotic cells that mimic oxidized
low-density lipoproteins (0xLDL), in the same way
that others SRs do, like the Class E LOX-1 (oxidized
low-density lipoprotein receptor 1), the human ho-
mologue CD68 and the Class A SRs (Sambrano and
Steinberg 1995, Ramprasad et al. 1996, Platt et al.
1996). It has been suggested that the SRs family
can act sinergistically or alternatively for the in vivo
phagocytic activity, since the frequency of apoptotic
thymocytes in SR-A deficient mice is not different
than in control animals (Platt et al. 2000).

The glycosylphosphatidylinositol-linked plas-
ma-membrane glycoprotein CD14 is a multifunc-
tional receptor, first known to act in the response to
LPS (Ferrero et al. 1993). In this situation and in
the presence of the LPS-binding protein (LBP), it as-
sociates to the toll-like receptor 4 and its accessory
protein MD-2 (TLR4/MD-2 complex) and triggers
an inflammatory cytokine production by phagocytes
(Jiang et al. 2000, Viriyakosol et al. 2001). In a
complementary way, CD14 has been described to
bind specifically to minimally modified low density
lipoproteins (mmLDL), originated from the mild ox-
idation of LDL, inhibiting apoptotic cell uptake and
triggering TLR4/MD-2 signaling and macrophage
spreading (Miller et al. 2003). But the multi-
functionality of CD14 is underscored by its role in
apoptotic cell clearance when it induces an opposite
macrophage response (Devitt et al. 1998, Gregory
2000). In spite of binding to phospholipids, includ-
ing PS (Wang et al. 1998), it seems unlikely that
CD14 can function as a PS receptor, at least when
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judged by in vitro assays of the engulfment abil-
ity of inactivated macrophages (Devitt et al. 2003).
By contrast, a putative candidate for CD14 recog-
nition on apoptotic cell surface is the highly gly-
cosylated Ig-superfamily member, the Intercellular
adhesion molecule 3 (ICAM-3), constitutively ex-
pressed on leukocytes (Fawcett et al. 1992). It was
demonstrated that, when induced to undergo apop-
tosis, leukocytes display altered ICAM-3 molecules
so that they become able to be recognized by CD14
and cleared by phagocytes. However it seems that
the role of CD14 in dying cell clearance is not limited
to its interaction with the adhesion molecule ICAM-
3, since it also functions in the clearance of ICAM-3
negative apoptotic cells (Moffatt et al. 1999).

A recent work on other adhesion molecule,
made by Brown et al. (2002), showed us that phago-
cytes can not only recognize ‘‘eat-me’’ signals on
dying cells surface, butalso a ‘‘leave-me-away’’ sig-
nal, displayed by living cells. This property has been
attributed to the surface protein CD31, also known
as platelet endothelial cell adhesion molecule-
1 (PECAM-1), a member of the Ig gene super-
family normally expressed on the surface of leuko-
cytes, macrophages, platelets and endothelial cells.
CD31 plays an important role in vascular cell bi-
ology, including its participation in the adhesion
cascade leading to extravasation of leukocytes dur-
ing inflammatory processes (Newman 1997); ho-
mophilic interaction between two CD31 molecules
can operate as a molecular ‘‘handshake’” (Chimini
2002) and regulates leukocyte motility and active
movement across endothelial cell surfaces. The in-
tracellular signaling triggered on viable target cells
probably involves tyrosine phosphorylation of
CD31 cytoplasmic tail and further interaction with
the protein-tyrosine phosphatases SHP-1 and SHP-
2 (Jackson et al. 1997, Pumphrey et al. 1999) and
somehow ‘‘instructs’’ the phagocyte to let living
cells escape the phagocytic process. What has been
shown in addition, is that CD31 signaling is disabled
in apoptotic cells, promoting their tethering to and
engulfment by phagocytes. The interpretation of the
detachment signal on living cells may represent an
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important mechanism to prevent macrophage inges-
tion of viable self-cells (Brown et al. 2002).

It is relevant to mention that some, if not most,
of the molecules described above, as important to
allow apoptotic cells/ phagocytes interplay in mam-
malian systems, were identified from their homol-
ogy with genes and proteins first characterized in
non-mammalian systems, that will be discussed
below.

APOPTOTIC CELL RECOGNITION IN
NON-MAMMALIAN SYSTEMS

The evolutionary conservation of the apoptotic ma-
chinery among invertebrates and vertebrates allows
the use of genetic model systems, like Dictyostelium
discoideum, C. elegans and Droshophila melano-
gaster (D. melanogaster), as powerful tools towards
the understanding of apoptotic cell death and clear-
ance in mammals. Three genes act in a coopera-
tive manner to initiate apoptosis regulation in Dro-
sophila embryo, called reaper (rpr), head involution
defective (hid) and grim. They have been shown
to inhibit one of the three Inhibitors of Apoptosis
Proteins (IAPs) found in Drosophila, the dIAP1,
thus allowing the activation of five executional cas-
pases and the consequent cell death (Hawkins et
al. 1999, Bangs et al. 2000).
has been demonstrated in apoptotic cells present

Exposure of PS

on the proboscis of Drosophila pupa (Eijnde et al.
1998), but the molecules responsible for its recog-
nition are still unknown. Indeed Drosophila is a
very informative study model for phagocytosis of
apoptotic cells, since approximately 90-95% of their
embryonic blood cells (hemocytes) acquires phago-
cytic capacity (Tepass et al. 1994) and display sim-
ilar features to mammalian macrophages (Abrams
et al. 1993, White et al. 1994, Franc et al. 1999a).
The receptor Croquemort (Crq) is a CD-36 related
molecule (Franc et al. 1996) and can be a candidate
for PS recognition by Drosophila hemocytes. It is
expressed exclusively on embryonic macrophages,
where it contributes to the efficiency of apoptotic
corpse clearance (Franc et al. 1999b). Whether Crq
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requires other partners to assemble in a phagocytic
complex remains to be explored. Two other recep-
tors may play a role in the recognition of apoptotic
cells by Drosophila embryo: the PS receptor homo-
logue, which displays considerable homology with
the predicted protein sequences found in C. elegans
and mammals (Fadok et al. 2000), and the scavenger
receptor DSR-C1 (Pearson et al. 1995).

In C. elegans, there is still a black box be-
tween the activation of caspases (four of them have
been identified until now — CED-3, CED-9, CED-4
and CED-7), and the displaying of ‘‘eat-me’’ sig-
nals by the dying cells. CED-3 (caspase 3 homo-
logue) and CED-4 (Apaf-1 homologue) are execu-
tioner caspases, which activities can be inhibited by
CED-9 (BCL-2 homologue). The caspases seem
not to be entirely responsible for apoptosis trigger-
ing, since nematodes with inactivated CED-3 still
have very low levels of cells death (Gumienny et al.
1999). It has been suggested that CED-7 can par-
ticipate in PS exposure and recognition in worms
(Gumienny and Hengartner 2001), due to its homol-
ogy with the aminophospholipid translocase ABC1,
which promotes PS exposure in mammals (Hamon
et al. 2000). Differently from what is observed in
Drosophila, the clearance of dying cells in C. ele-
gans (Gumienny and Hengartner 2001), as well as
in Dictyostelium discoideum (Arnoult et al. 2001),
is performed by non specialized neighboring cells.
Only a few reports have been made on phagocytosis
of dying cells in the D. discoideum (Arnoult et al.
2001), the more recent being the involvement of the
adaptor complex-1 (AP-1), normally participating
in the budding of clathrin-coated vesicles from the
trans-Golgi network and endosomes (Lefkir et al.
2003); the authors generated Dictyostelium mutant
cells, disrupted for AP-1 medium chain, and found
impaired phagocytosis, mainly for large particles.
There are no evidences, until now, of circulating
molecules important for the process of engulfment
in C. elegans. The putative receptor displayed by the
engulfing cell is the transmembrane molecule CED-
1, with some similarity to the scavenger receptor
expressed by endothelial cells, SREC (Zhou et al.

2001a, Adachi et al. 1997). The predicted protein
sequence F29B9.4 (Fadok et al. 2000) had just been
identified as the open reading frame of the C. ele-
gans PSR homolog, the PSR-1 (Wang et al. 2003).
The intracellular signaling triggered on the engulf-
ing cells, by their recognition of non-mammalian dy-
ing cells, will be discussed in the next section, since
the molecules and pathways involved are equivalent
to the ones described for mammalian systems.

THE MEANING OF CELL DEATH:
FUNCTIONAL CONSEQUENCES OF APOPTOTIC
CELL SIGNALING AND OF ENGULFMENT
BY PHAGOCYTES

Several hallmarks of apoptosis have been described
in the last years (reviewed by Geske and Gerchen-
son 2001), but some of them — caspase activation,
loss of mitochondrial membrane potential or PS ex-
posure — are not specific in that they can also be
observed in viable cells and in various degrees of
necrotic cell death. Thus one must consider a range
of techniques to reach the diagnosis of in vitro apop-
tosis and the observation of cell morphology at the
electron-microscope level still remains as the best
parameter to be observed. But the most relevant
matter to consider relates to the in vivo diagnosis of
apoptosis. The crucial feature to be analyzed in vivo
is the capacity of the dying cell or apoptotic bodies
to be recognized and engulfed by phagocytes, with
still intact membranes (Savill et al. 2002). There-
fore it is the efficiency of apoptotic cell signaling,
recognition and uptake that will define the actual
meaning of cell death.

The intracellular signaling triggered by apop-
totic cells for their engulfment by mammalian
phagocytes is not completely understood, but some
advances have occurred in recent years, the major-
ity of them arising from discoveries made in the ne-
matode Caenorhabditis elegans (Ellis et al. 1991,
Horvitz 1999, Hengartner 2001, Gumienny and
Hengartner 2001). Seven genes involved in the dy-
ing cell recognition by the engulfing cell have been
cloned, further allowing the search for mammalian
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homologues. Worm mutants for any of these genes
showed non engulfed cell corpses remaining for
hours or even days. Double mutant studies in the
worm have resulted in the isolation of several muta-
tions that affect engulfment and the severity of their
phenotypic consequences defined two pathways for
phagocytosis of dying cells (Gumienny and Hen-
gartner 2001).

One group of genes includes ced-2, ced-5, ced-
10 and ced-12 (standing for Cell Death abnormal
genes), defined as members of the Racl GTPase
pathway (Wu and Horvitz 1998a, Chung et al. 2000,
Reddien and Horvitz 2000). Their mammalian
counterparts are, respectively, the small adaptor pro-
tein CrkII (Kiyokawa et al. 1997), its interactive
neighbor Dock180 (Hasegawaetal. 1996), the Rho-
like GTPase Racl (Van Aelst and D’Souza Schorey
1997) and ELMO1 and ELMO2 (Gumienny et al.
2001). The observed homology at protein level be-
tween these molecules is corroborated by the strict
correspondence of their roles on the modulation of
phagocytosis in worms and mammals (Figure 2).
The CED-2/CrKII protein is composed of three Src-
homology domains (one SH2 and two SH3) and
CED-5/Dock180 binds to the first SH3 domain of
CrkII (Hasegawa et al. 1996). It has been recently
shown that the evolutionary conserved CED-12/
ELMO protein physically interacts with CED-
5/Dock180, forming a ternary complex with CED-
2/CrKkII (Zhou et al. 2001b, Wu et al. 2001), that
in turn stimulates a Rac-GEF activity (standing for
Guanine nucleotide Exchange Factor) (Gumienny
2001). The activity of Rho GTPases cy-
cles between an inactive GDP-bound state and an
active GTP-bound state and the GEFs enhance the
exchange of bound GDP for GTP. Brugnera et al.
(2002) identified a specific domain within CED-
5/Dock180 (denoted Docker), able to mediate GTP
loading of CED-10/Racl in vitro; since the binding
of Dock180 to Racl was dependent of Dock180-
ELMOI interaction, the authors proposed that this
dimeric complex functions as an exchange factor
(GEF) for CED-10/Racl. Racl activation leads to
cytoskeletal rearrangements and affects engulfment

et al.
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and cell migration from worms to mammals (Gumi-
enny etal. 2001). What happens between the recog-
nition of apoptotic cells by specific phagocyte re-
ceptors and the recruitment and activation of the cy-
toplasmic molecular complexes described above is
stillablack box. On the other hand, we already know
some of the phagocyte receptors that function up-
stream of this black box. It has been suggested that
the mammalian PSR (Fadok et al. 2000) recruits the
CED-5/Dock180 — CED-2/CrkIl — CED-12/ELMO
protein complex before CED-10/Rac1 activation, in-
creasing apoptotic cell uptake by phagocytes (S.
Gardai and P.M. Henson, personal communication).
Indeed, this is the operating pathway in C. elegans
engulfing cells after PSR-1 triggering (Wang et al.
2003). The ayfs integrin present on the surface
membrane of a human epithelial cell line, is en-
dowed with the ability to capture apoptotic cells
in a manner akin to that of dendritic cells; addi-
tionally the integrin heterodimer uses a tyrosine-
kinase signaling pathway to recruit the tyrosine-
phosphorylated p130°® — CrkII — Dock180 com-
plex and trigger Rac1 activation and phagosome for-
mation (Birge et al. 1992, Albert et al. 2000).

The second group of evolutionary conserved
genes important for dying cell phagocytosis includes
ced-6/gulp, ced-1/CD91 and ced-7/abcl (Liu and
Hengartner 1998, 1999, Zhou et al. 2001a, Wu and
Horvitz 1998b). The CED-1 protein has been iden-
tified as a transmembrane receptor that mediates dy-
ing cells uptake in C. elegans (Zhou et al. 2001a),
similarly to the functional role played by CD91/LRP
(Low density lipoprotein Receptor-related Protein)
in mammals. Indeed CED-1 and CD91 were char-
acterized as homologue proteins based on the com-
parison of their functional motifs. Both receptor
proteins bind to the phosphotyrosine domain of the
adaptor protein CED-6/GULP (from engulfment
adaptor protein); in the case of CED-1, the specific
motif NPXY, present in its cytoplasmic tail, has been
implicated (Su et al. 2002). The CED-7 protein
displays sequence similarity with ABC transporters
and functions in both dying cells and engulfing cells
during the uptake process in C. elegans (Wu and
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uptake
(CED12)

D5)

Crkil Dd
black box (CED2)

> GULP
(CED7) 2 (ceos)s

(CED10)

Fig. 2 — Ligands and receptors involved in the ELMO/DOCK180/CrkII pathway. Still unidentified apoptotic cell associated molec-

ular patterns (ACAMPs) are recognized by Clq and MBL collectins, that in turn bind to calreticulin and transmenbrane protein

CD91. Following the interaction between CD91 cytoplasmic tail and the enGULfment adaPtor protein (GULP), the ternary complex

ELMO/DOCKI180/CrkII is recruited, as well as after the activation oy B5 integrin. ABC1 and PS receptor molecules seem also to be

engaged in the proteic complex activation, which converts inactive GDP bound-Racl in its active form (GTP bound-Racl). Activation

of the Rho-like GTPase Racl leads to cytoskeletal rearrangements and increased engulfment from worms to mammals. The homologue

proteins characterized in worms are shown in brackets. See details in the text.

Horvitz 1998b). It has been observed that ced-7 de-
fective mutants fail to show CED-1 membrane clus-
tering around neighboring cell corpses, suggesting
a role for CED-7 protein in dying cell recognition

by CED-1 (Zhou et al. 2001a). It seems that both
CED-1/CD91 and CED-7/ABCI1 can activate Racl
after interaction with CED-6/GULP, but this matter
still needs further studies to be clarified.
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The phagocyte receptors described above, as
well as the intracellular signaling pathways triggered
after their recognition of target cells, were character-
ized in macrophages and also in epithelial cell lines
(Savill et al. 2002, Albert et al. 2000). There are
only a few descriptions of the receptor molecules
used by dendritic cells (DCs) to interact with apop-
totic cells, and these relate mainly to a protein of
the integrin family. The participation of the avy Ss
integrin receptor in apoptotic cell engulfment dis-
tinguishes DCs (Albert et al. 1998a) from macro-
phages, which lack this integrin molecule and use
the vitronectin receptor ay 83 to the same end (Al-
bert et al. 1998b). On the other hand, the .y B3 inte-
grin heterodimer has been suggested to also mediate
apoptotic cell uptake by immature DCs (Rubartelli
et al. 1997), which may reflect the existence of
cell subpopulations using different integrin recep-
tors (Nouri Shirazi et al. 2000). DCs not only inter-
nalize the apoptotic material but also generate pep-
tide epitopes for presentation by MHC I and MHC
II molecules (Albert et al. 1998a, Inaba et al. 1998).
These data led to a very important aspect of inves-
tigation, towards the understanding of the differen-
tial behavior of both professional phagocytes in the
face of apoptotic material (Green and Beere 2000).
Apoptotic cell clearance by macrophages has been
related to anti-inflammatory and immunosuppres-
sive responses (Voll et al. 1997, Savill and Fadok
2000, Savill et al. 2002), although they can produce
pro-inflammatory mediators in transient experimen-
tal conditions (Kurosaka et al. 2001). It is clear
that in vivo, inflammation does not persists in tis-
sue in which cell turnover is high; two mechanisms
have been described to explain this fact (Geske et
al. 2002).
of late apoptotic and/or secondary necrotic cells,

One is the removal by macrophages

which carry potentially harmful intracellular con-
tents, without causing an inflammatory response
(Ren et al. 2001, Fadok et al. 2001). The other i
is the increase on the release of anti-inflammatory
mediators, such as interleukin-10 (IL-10) (Voll et al.
1997) and TGF-B; (Fadok et al. 1998, McDonald
et al. 1999). In addition, it has been suggested that
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the amount of TGF-g; produced by murine peri-
toneal macrophages correlates with the levels of PS
receptor (PSR) on the phagocyte surface, since
thioglycollate-elicited macrophages stain strongly
for the receptor molecule and produce 5 times more
TGF-8; than the resident ones, which display low
levels of PSR (Geske et al. 2002). Phagocyte re-
ceptors, others than PSR, can actually be involved
in TGF-B; releasing by macrophages and in their
autocrine anti-inflammatory suppression, like CD36
and ay B3 integrin (Voll et al. 1997, Freire de Lima
et al. 2000).

Dendritic cells loading with apoptotic cells was
first associated with the triggering of inflammatory
1998a).
same group gave more light to this matter, when they

responses (Albert et al. Soon after, the
showed that only immature DCs have the ability to
phagocytose apoptotic cells, via the oy 85 and CD36
receptors (Albert et al. 1998b); in this stage of de-
velopment, DCs express low levels of MHC and cos-
timulatory molecules needed for T cell stimulation
(Banchereau and Steinman 1998). After apoptotic
cell uptake, if exposed to maturation signals (Sauter
et al. 2000) and to CD4* T helper cells, DCs are
able to cross-prime antigen-specific CD8* T cells,
which produce IFN-y and develop into effector cy-
totoxic T lymphocytes (CTLs). On the other hand,
DCs also mediate T cell tolerance in the absence of
CD4* T cells: in this situation even mature DCs do
not do cross-prime, but instead they recognize apop-
totic cell via CD40 and further mediate CD8* T cells
tolerization (Albert et al. 2001). Thus it is clear that
there exists, in different situations, a balance be-
tween signals from the anti- and pro-inflammatory
receptors; Fadok et al. (1998) have some evidence
to suggest that signaling through the immunoglob-
ulin Fc receptor in macrophages can override sig-
naling via the PSR, that in turn appears to override
that derived from the Toll-like receptor 4 (TLR4)
(Geske et al. 2002). The hierarchy of responses to
apoptotic cell recognition seems to be determined
by each type of cellular interaction, as well as by the
microenvironment, when different phagocyte recep-
tors or combination of receptors will be triggered.
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APOPTOTIC MIMICRY: UNCOUPLING PS EXPOSURE
AND RECOGNITION FROM CELL DEATH

The molecular machinery involved in programmed
cell death has now been investigated in four phyloge-
netic branches of metazoans (cnidaria, nematodes,
insects and mammals) and also in four groups of
unicellular eukaryotes (protozoans parasites, flagel-
lates, yeasts and the slime mold Dictyostelium dis-
coideum) (Williams and Smith 1993, DosReis and
Barcinski 2001, Arnoult et al. 2002, Al Olayan
et al. 2002, see Ameisen 2002 for a complete re-
view). It is however not yet established what pur-
poses PCD serves on all those different species. In-
deed, PS exposure has been observed in several uni-
cellular organisms (Table I), but only in the case
of the protozoan parasite Leishmania amazonensis
(L. amazonensis), it has been related to recogni-
tion, signaling and inhibition of microbicidal ac-
tivity of host cells (De Freitas Balanco, Moreira et
al. 2001). As a matter of fact, Leishmania spp is
the only microorganism included in Table I that is
an obligatory intramacrophagic parasite. Indeed al-
most 20 years ago Gilbreath et al. (1985) observed
that lipid molecules could somehow downregulate
macrophage effector function against Leishmania
major amastigotes. We have shown that the anti-
PSR specific monoclonal antibody (previously de-
scribed by Fadok et al. 2000 and kindly donated
to us) actually inhibits the interaction between the
amastigote form of L. amazonensis and its only host
cell within vertebrates, the macrophage; the major-
ity of amastigote population displays PS on the outer
leaflet of its plasma membrane and the consequences
of signaling by this phospholipid are exacerbation of
infection and upregulation of the production by in-
fected macrophages of anti-inflammatory cytokines
such as TGF-8;1 and IL-10 (Balanco, Moreira et al.
2001). When maintained in axenic in vitro cultures,
lesion-derived amastigotes display oligonucleosso-
mal DNA degradation while their plasma membrane
remains intact (Figure 3). Since this parasite sur-
vives when inside the cell, these data suggest that a)
Leishmania amastigotes possesses the PCD machin-

ery and b) host macrophages have the potential for
rescuing parasites from apoptotic cell death. Leish-
mania promastigotes have been also shown to dis-
play PS exposure, loss of mitochondrial transmem-
brane potential loss, cytochrome C release, caspase-
3-like activity, oligonucleossomal DNA degradation
and nuclear chromatin condensation and fragmenta-
tion (Moreira et al. 1996, De Freitas Balanco et al.
unpublished data, Arnoult et al. 2002). These find-
ings implicate in the evolutionary conservation of
components of the apoptotic machinery and of apop-
totic cell recognition between unicellular and mul-
ticellular organisms. The importance of PS recog-
nition to the establishment of parasitic diseases has
been recently corroborated by the characterization
of a specific interaction between the lysophos-
phatidylserine (lyso-PS) present in the worm Schis-
tosoma mansoni and the Toll-like receptor 2 (TLR2)
on mammalian host DCs; the S. mansoni lyso-PS
triggers DCs maturation via TLR2, resulting in the
development of IL-10-producing regulatory T cells
(Van der Kleij et al. 2002).

It is also well known that significant amount of
apoptotic tumor cells can be found in growing tu-
mor sites and that their presence can dramatically
increase tumor transfer efficiency (Kornbluth et al.
1994). Since tumor cell destruction induced by most
current cancer treatment regimes predominantly re-
sults in tumor cell apoptosis, surviving cells, instead
of being recognized and eliminated by surrounding
phagocytes, they accumulate as the malignant pro-
cess proceeds. Malignant transformation is a dy-
namic process, involving cells resistant and suscep-
tible to apoptosis, as well as phagocytic cells, be-
ing the latter of tumor and/or non-tumor origins.
Tumoricidal phagocytes are supposed to undergo
a kind of maturation process, in order to be able
to recognize and discriminate transformed (apop-
totic and non-apoptotic) from non-transformed cells
and efficiently clear the first ones without damaging
normal surrounding cells, probably using different
recognition patterns. Unfortunately, they are not
always successful performing this task and indeed,
on the contrary, there are several situations in which
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TABLE I

Phosphatidylserine exposure in the plasma membrane outer leaflet of single-celled eukaryotes.

Species Inducing agent

Reference

Peridinium gatunense

CO; depletion / ROS

Vardi et al. 1999

Blastocystis hominis

Cytotoxic antibody

Nasirudeen et al. 2001

mAb (1D5)
Dictyostelium discoideum starvation Arnoult et al. 2001
Tatischeff et al. 2001
Leishmania amazonensis none De Freitas Balanco, Moreira et al. 2001
Leishmania major staurosporine Arnoult et al. 2002

Plasmodium berghei

none (cell suicide)

Al Olayan et al. 2002

Trichomonas vaginalis staurosporine

Chose et al. 2002

S days

PI+/AnV+ 27 26 68
PI-/AnV+ 68 67 25

(%)
(%)

Fig. 3 — DNA analysis of Leishmania (L) amazonensis amastig-
otes. Parasites were purified from Balb/c mice footpad lesions
and incubated axenically for 1, 2 or 5 days at 34°C. After the in
vitro culture, the parasite samples were incubated for 15 minutes
with or without 0.5g/ml Annexin V-FITC (AnV) and 0.74g/ml
propidium iodide (PI) and analysed by flow cytometry (FACScan,
Becton and Dickinson). DNA were extracted from the incubated
parasites and analysed by electrophoresis in a 1.8% % agarose

gel. S: molecular size standard: 123bp ladder (Invitrogen).
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macrophages even support tumor growth and angio-
genesis (Crowther et al. 2001, Bingle et al. 2002),
displaying suppression of inflammatory responses
(Reiter et al. 1999, Fadok et al. 2000) and pro-
ducing increased amounts of non-inflammatory cy-
tokines (Fadok et al. 2000, Hoffmann et al. 2001,
Voll et al. 1997).

As well as the mentioned parasites, tumor cells
certainly display different and efficient mechanisms
of escaping from innate immune response and we
can suggest that apoptotic tumor cells and probably
PS phospholipids may be important pieces of this
game. PS molecules ability to downregulate phago-
cyte responses is well known (Aramaki 2000); Mat-
suno et al. (2001) showed that PS-liposomes de-
crease NO production by macrophages through the
induction of TGF-8;. We have evidences that malig-
nant melanoma cells expose PS when viable and pro-
duce high amounts of PS-positive vesicles in vitro
and in vivo; furthermore these vesicles play a sig-
nificant role in tumor establishment in vivo (Lima
LG, Geske FJ, Fadok VA and Moreira MEC, un-
published data). Utsugi et al. (1991) have previ-
ously shown that malignant melanoma cells fail to
regulate plasma membrane phospholipid asymme-
try thus exposing PS while still viable. In addition,
vesiculation of tumor cells has been related to in-
creased invasiveness (Ginestra et al. 1998, 1999). It
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is also clear that melanoma cells express PSR, can
ingest apoptotic cells and can secrete TGF-8; in re-
sponse to apoptotic cells or to triggering PSR with
the anti-PSR receptor antibody (Geske FJ and Fadok
VA, unpublished data). We can suggest that malig-
nant tumor cells have learned to subvert immune
response exploiting, like some unicellular parasites,
the PS/PSR interaction and that the process of vesic-
ulation could function as an amplifying mechanism
to phagocyte inactivation after PS recognition and
signaling.

CONCLUSIONS

Our take-home message is that the apoptotic cell and
phagocyte interplay does not necessarily end with
the death of the former; instead, cells, like parasites
or tumors, can benefit from apoptotic cell phenotype
to inactivate phagocytes and subvert host immune
response against them.

We propose that several alterations on target
cells surface are phylogenetically conserved, al-
though there may be differences in molecular dis-
tribution and/or associations among different cell
types. Furthermore, the vast number of receptor
molecules, which way-of-action is already well
characterized in mammalian phagocytes, may as-
sociate differentially or act synergistically to im-
prove the recognition of and signaling from non-
mammalian target cells.

In this context, we think that further studies on
the evolutionary aspects of PS exposure, recognition
and signaling mechanisms will be of extreme impor-
tance to clarify the fate of inflammatory, infectious
and tumoral processes, the establishment of para-
sitic infections (Freire de Lima et al. 2000) and the
suppression of antitumor local reactions (Reiter et
al. 1999).
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RESUMO

A morte celular por apoptose € caracterizada por alte-
racdes bioquimicas e moleculares especificas, incluindo
a exposi¢do de diversos ligantes, responsdveis pelo seu
reconhecimento imediato por fagdcitos. Em situagdes
ndo patoldgicas, a remocao eficiente da célula apoptdtica
¢é assegurada pela redundancia do sistema, onde ocorre
a interac@o dos diversos ligantes por ela expostos com
as moléculas receptoras presentes na superficie da célula
fagocitica. A presente revisdo enfatisard as interagdes
moleculares operantes em sistemas celulares de mami-
feros e ndo mamiferos, assim como as consequéncias do
seu reconhecimento e sinaliza¢do. Além disso, serdo dis-
cutidos alguns modelos celulares nos quais a exposicéo do
fosfolipideo fosfatidilserina (PS), caracteristica do fend-
tipo apotdtico, ndo é obrigatoriamente seguida da morte
celular.

Palavras-chave: morte celular, apoptose, reconhecimen-
to da célula apoptética, mimetismo apoptdtico, fagdcito,
sinaliza¢do intracelular.
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