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Abstract
Exposure of phosphatidylserine on the outer leaflet of the
plasma membrane is a surface change common to many
apoptotic cells. Normally restricted to the inner leaflet,
phosphatidylserine appears as a result of decreased
aminophospholipid translocase activity and activation of a
calcium-dependent scramblase. Phosphatidylserine expo-
sure has several potential biological consequences, one of
which is recognition and removal of the apoptotic cell by
phagocytes. It is still not clear which receptors mediate PS
recognition on apoptotic cells; however, several interesting
candidates have been proposed. These include the Class B
scavenger and thrombospondin receptor CD36, an oxLDL
receptor (CD68), CD14, annexins, b2 glycoprotein I, gas-6 and
a novel activity expressed on macrophages stimulated with
digestible particles such as b-glucan. Whether PS is the sole
ligand recognizedby phagocytes or whether itassociated with
other molecules to form a complex ligand remains to be
determined.
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Recognition and removal by phagocytes is the final common
event in the lives of many apoptotic cells. Apoptotic cells are
removed prior to their lysis, suggesting that they express
specific surface changes that signal phagocytes to bind and
engulf them. These phagocytes can be professional (the
macrophages) or amateur (including such cells as fibroblasts,

epithelial cells and vascular smooth muscle cells). To date,
there have been a number of receptors described for
macrophages and other cells which bind to apoptotic cells
and mediate their uptake. These include lectin-like receptors
(Duvall et al, 1985, Dini et al, 1992; 1995; Hall et al, 1994;
Morris et al, 1994; Falasca et al, 1996), the vitronectin receptor
avb3 (Savill et al, 1990; Hall et al, 1994; Hughes et al, 1997),
CD36 (Savill et al, 1992), an uncharacterized phosphatidyl-
serine-recognizing receptor (Fadok et al, 1992a,b, 1993;
Pradhan et al, 1997), CD14 (Flora and Gregory 1994; Devitt et
al, 1998), and scavenger receptors (Sambrano and Steinberg,
1995; Fukasawa et al, 1996; Platt et al, 1996; Murao et al,
1997). The ABC1 transporter, also involved in uptake of
mammalian apoptotic cells, has recently been shown to
mediate anion transport (Luciani and Chimini, 1996; Becq et
al, 1997). It is homologous to the ced-7 gene associated with
phagocytosis of apoptotic bodies in C. elegans (Ellis et al,
1991). How any of these receptors mediate phagocytosis of
apoptotic cells is not known. In addition, the ligands for these
receptors are not well characterized; however, exposure of
phosphatidylserine on the external leaflet of the plasma cell
membrane appears to be common to many apoptotic cells
(Fadok et al, 1992a,b; Schlegel et al, 1993; Mower et al, 1994;
Koopman et al, 1994; Bennet et al, 1995; Homburg et al, 1995;
Martin et al, 1995a; Shiratsuchi et al, 1997), and this
phospholipid appears to be recognized in a stereospecific
fashion by subsets of macrophages (Fadok et al, 1992a,b,
1993; Pradhan et al, 1997), by melanoma cells (Fadok, 1995),
by smooth muscle vascular cells (Bennett et al, 1995), and by
Sertoli cells (Shiratsuchi et al, 1997).

Normally, the phospholipids of the plasma membrane
are distributed asymmetrically. Choline-containing lipids,
such as phosphatidylcholine (PC) and sphingomyelin, are
concentrated on the outer leaflet, whereas the aminopho-
spholipids, including phosphatidylethanolamine (PE) and
phosphatidylserine (PS), are present in highest abundance
on the inner leaflet. Phosphatidylserine, in fact, is restricted
exclusively to the inner leaflet in most cells. Loss of
phospholipid asymmetry and exposure of phosphatidylser-
ine was first demonstrated for apoptotic lymphocytes
(Fadok et al, 1992a; Schlegel et al, 1993; Mower et al,
1994); however, these findings have been confirmed for a
number of cell types, including neutrophils, tumor cell lines,
smooth muscle vascular cells, spermatogonia, and Jurkat T
cells and their cytoplasts (Fadok et al, 1992b; Bennet et al,
1995; Homburg et al, 1995; Martin et al, 1995a, 1996;
Shiratsuchi et al, 1997). Because exposure of phosphati-
dylserine appears to be a universal feature of apoptotic
cells, it is now used as a marker in flow cytometry assays
utilizing fluorochrome-labelled annexin V, which binds to PS
in a calcium-dependent manner (Vermes et al, 1995; Zhang
et al, 1997).
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Mechanisms for phosphatidylserine
exposure in apoptotic cells

The mechanisms for PS exposure on the surface of apoptotic
cells appear complex and will remain an active area of
investigation for some time. To determine these, an under-
standing of the maintenance of normal membrane phospho-
lipid asymmetry is required. Two mechanisms have been
proposed. A membrane protein termed the aminophospholi-
pid translocase transfers PS and to some extent, PE, from the
outer leaflet to the inner leaflet (Devaux, 1991; Zachowski,
1993; Williamson and Schlegel, 1994). This protein appears
to be a Mg2+-ATPase which is inhibited by Ca2+ at
concentrations achieved in many apoptotic cells (Daleke
and Huestis, 1985; Zachowski et al, 1986; Bitbol et al, 1987;
Bevers et al, 1989; Morrot et al, 1990; Comfurius et al, 1990;
Auland et al, 1994). Tang and coworkers recently cloned a
novel P-type ATPase with aminophospholipid translocase
activity (Tang et al, 1996). The second mechanism involves
the tethering of PS in the inner leaflet by its association with
membrane skeletal proteins such as fodrin (non-erythrocyte
spectrin), based on the known ability of PS to bind to spectrin
(Mombers et al, 1980; Williamson et al, 1987; Maksymiw et al,
1987; Middlekoop et al, 1988). The tethering mechanism fell
out of favor for a period of time (see Calvez et al, 1988;
Devaux, 1991; Williamson and Schlegel, 1994); for example,
Pradhan and coworkers labelled cytoskeletal proteins with a
photoactivable analogue of phosphatidylethanolamine (2-(2-
azido-4-nit robenzoyl)-1-acyl-sn-glycero-3-phospho
[14C]ethanolamine) and found no differences in spectrin
labelling between normal red cells and PS-expressing red
cells from patients with sickle cell anemia (Pradhan et al,
1991). However, the tethering hypothesis appears to be
enjoying a resurgence of interest, given the observation that
fodrin is cleaved during apoptosis. Other potential intracellular
tethering molecules for phosphatidylserine could include
annexins or polyamines (Chung et al, 1985; Meers et al,
1986; Bratton, 1994).

Loss of phospholipid asymmetry can be achieved in red
cells and platelets by treatment with calcium ionophores.
Externalization of PS is rapid, suggesting facilitated
transport rather than passive diffusion of lipids across the
bilayer. This activity is believed to be mediated by a protein
termed a scramblase, which is activated by calcium, is
ATP-independent, and is nonspecific with regard to the
phospholipids transported (Verhoven et al, 1995; William-
son et al, 1992, 1995). It is believed to be a protein-
mediated flip site for the rapid transbilayer movement of
phospholipids. The protein has been purified from red cell
and platelet membranes, and the gene has recently been
cloned (Basse et al, 1996; Comfurius et al, 1996; Zhou et
al, 1997). Abnormalities in the function of this protein in vivo
mediate the bleeding disorder known as Scott syndrome, in
which failure of coagulation results from lack of PS
expression on the surface of activated platelets (e.g. see
Sims et al, 1989; Kojima et al, 1994; Stout et al, 1997).

Verhoven and coworkers (Verhoven et al, 1995) studied
PS exposure in the T cell hybridoma DO11.10 which
undergoes activation-induced cell death following anti-CD3
treatment. They utilized NBD-labelled phospholipids to

study PS and PC transport during development of
apoptosis. They found that prior to the development of
nuclear condensation, PS translocation to the inner leaflet
was impaired. At the same time, the transport of PC was
increased. These data showed for the first time that during
apoptosis, aminophospholipid translocase activity was
impaired as the scramblase was activated. The net result
was PS exposure on the surface of the cell.

We have recently compared the roles of the aminophos-
pholipid translocase and scramblase in three additional cell
types known to express PS when undergoing apoptosis:
ultraviolet light (UV)-treated HL-60 cells, anti-Fas treated
Jurkat T cells, and UV-treated human peripheral blood
neutrophils (Bratton et al, 1997). Utilizing NBD-PS uptake
as a measure of aminophospholipid translocase activity in
both bulk uptake assays and flow cytometric assays, we
found that translocase activity was impaired in all three cell
types. The increase in NBD-PC uptake by all three cell
types supported the notion that scramblase was activated.
Changes in these activities preceded the expression of PS,
as determined by annexin V binding. Because both the
aminophospholipid translocase activity and the scramblase
are reported to be affected by alterations in calcium levels,
we studied the effects of Ca2+ depletion on PS exposure.
Chelation of intracellular Ca2+ with BAPTA had no effect on
PS expression, loss of aminophospholipid translocase
activity, or activation of nonspecific phospholipid flip-flop.
In contrast, depletion of extracellular Ca2+ was associated
with a marked decrease in annexin V binding (the annexin
assay however was done in the presence of Ca2+, as
annexin binding is calcium-dependent) and loss of
nonspecific phospholipid transport by apoptotic cells.
There was no alteration in the percentage of apoptotic
cells nor was there restoration of aminophospholipid
translocase activity, suggesting that loss of aminophos-
pholipid translocase activity was not sufficient for PS
expression on apoptotic cells. Restoration of extracellular
Ca2+ levels restored annexin binding and nonspecific
phospholipid transport, but the actual levels of PS
expressed appeared to be determined by the degree of
aminophospholipid translocase impairment. We therefore
concluded that nonspecific phospholipid transport (as
mediated by the proposed scramblase) is dependent on
extracellular Ca2+, which is in agreement with the findings
of Hampton et al (1996) in U937 cells. Activation of the
scramblase activity appears to be the driving force for PS
expression during apoptosis; however, the activity of the
aminophospholipid translocase ultimately modulates the
degree of PS expression.

The contribution of membrane skeletal changes to
exposure of PS remains to be determined. Fodrin is
cleaved early in the development of apoptosis (Martin et
al, 1995b, 1996; Vanags et al, 1996) by calpain or a similar
protease (Squier et al, 1994; Squier and Cohen, 1997). The
relationship of this finding to PS exposure is not known at
this time, as the inhibitors used in these studies appear to
inhibit the entire apoptotic process rather than just fodrin
cleavage. One of the central mechanisms believed to
mediate many of the changes of apoptosis is the activation
of ICE-like proteases termed caspases. The relationship of
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these proteins to apoptosis was first determined in the
nematode C. elegans, in which the ced-3 gene, which
encodes a caspase, was shown to be essential for cell
death (Yuan and Horvitz, 1990; Yuan et al, 1993). The role
of caspases in the eventual exposure of PS on the surface
of the apoptotic cell was first suggested by the findings of
Martin et al (1996). They found that the caspase inhibitors
ZVAD-FK, YVAD-CK and DEVD-FK prevented CPP 32
activation, fodrin cleavage, and PS expression in anti-Fas
treated Jurkat T cells and their cytoplasts. In contrast,
Schlegel recently reported that caspase inhibitors had no
effect on PS expression induced by glucocorticoids in
D010.11 T cell hybridoma cells, although they did inhibit PS
expression induced by anti-TCR antibodies (Schlegel et al,
1997). Vanags et al (1996) examined the kinetics of PS
exposure, fodrin cleavage, plasma membrane blebbing,
and nuclear fragmentation in TNFa-treated U937 cells and
anti-Fas-treated Jurkat T cells. They could not determine
which event occurred first and they were not able to
demonstrate uncoupling of the nuclear events from the
extranuclear events. They did observe, however, that all
events in U937 cells appeared more sensitive to calpain
inhibitors than to caspase inhibitors, whereas Jurkat cells
appeared more sensitive to caspase inhibitors.

Our own work with apoptotic human neutrophils
(Frasch et al, 1998) also supports the notion that
regulation of apoptosis and PS expression may be cell
and signal specific. Stressful stimuli such as exposure to
UV or hyperosmolarity induced DNA fragmentation and
PS exposure in neutrophils that was associated with
activation of p38 MAPkinase; a p38 MAPkinase inhibitor
was found to inhibit nuclear changes of apoptosis (Frasch
et al, 1998) PS expression (Frasch, unpublished data).
Neither anti-Fas nor spontaneous apoptosis in human
neutrophils was inhibited by the p38 MAPK inhibitor. In
contrast, caspase inhibitors inhibited nuclear apoptosis
and PS expression in stress-induced, anti-Fas, and
spontaneous neutrophil apoptosis (Frasch et al, 1998,
and unpublished data). If and how the caspases affect the
aminophospholipid translocase or the scramblase remains
to be determined; however, Schlegel has shown
preliminary evidence that the translocase is not cleaved
in apoptotic T cells (Schlegel et al, 1997). To summarize
then, it appears that caspases are involved in many but
not all cells in which PS exposure has been demon-
strated; clarification of caspase involvement in PS
exposure will require the step-by-step dissection of the
pathway between caspase activation and loss of
phospholipid asymmetry.

BCL-2 protein, as well as other family members such as
BCL-XL, are known to inhibit apoptosis in many systems.
Their role in regulating membrane changes is not clear. In
T and B lymphocytic tumor cell lines, overexpression of
BCL-2 appears to inhibit PS expression and prevent
recognition by macrophages, as well as inhibit nuclear
apoptosis (Martin et al, 1995a; Flora et al, 1996). Aged
neutrophils overexpressing BCL-2 do not show evidence of
nuclear apoptosis; however they are still phagocytosed by
macrophages (Lagasse and Weissman, 1994). Whether
they express PS remains to be determined, but the data

reinforce the notion that membrane changes can be
divorced from nuclear changes of apoptosis in some cells.

Recognition of phosphatidylserine by
phagocytes

It has been known for some time that macrophages appear to
recognize cells which have lost membrane asymmetry (Fidler
et al, 1980; McEvoy et al, 1986; Schlegel and Williamson,
1987; Pradhan et al, 1994); however, a large body of data
suggest that macrophages can recognize PS specifically.
Several groups of investigators have found that human and
rodent macrophages, as well as insect phagocytes, prefer-
entially take up negatively charged liposomes, particularly
those containing PS (e.g. Fidler et al, 1980; Schroit and Fidler,
1982; Mehta et al, 1982; Ratner et al, 1986; Allen et al, 1988;
Mietto et al, 1989). In addition, human and rodent
macrophages (including freshly isolated human alveolar and
splenic macrophages, 10 ± 14 day cultured human bone-
marrow-derived macrophages, cultured human monocytes,
resident and thioglycollate-elicited mouse peritoneal macro-
phages) can bind to and engulf symmetric red cell ghosts, red
cells with PS inserted externally, oxidized red cells, or sickled
red cells, all of which express PS externally (Tanaka and
Schroit, 1983; Hebbel and Miller, 1984; Schwartz et al, 1985;
Connor et al, 1994; Pradhan et al, 1994; Sambrano et al,
1994; Sambrano and Steinberg, 1995). Binding and/or
phagocytosis of these PS-expressing red blood cells could
be inhibited by preincubation of the macrophages with
liposomes containing PS.

This work inspired our search for exposure of PS during
apoptosis and for the mechanism by which this phospho-
lipid was recognized. We initially studied the phagocytosis
of apoptotic mouse thymocytes by thioglycollate-elicited
mouse peritoneal exudate macrophages, which had been

Figure 1 The binding of 3H-glycerophosphorylserine to macrophages is
inhibited by L, but not D, isomers of phosphatidylserine, glycerophos-
phorylserine, and phosphoserine. 3H-glycerophosphorylserine (1071 M in
HBSS +2 mg/ml bovine serum albumin) was added to thioglycollate-elicited
mouse macrophages adhered to tissue culture plastic in the presence or
absence of unlabelled ligands for 30 min at 378C, then washed and lysed. The
lysates were incubated overnight in scintillation fluid, then analyzed for
radioactivity in a b-counter. Ptd-D-serine=phosphatidyl-D-serine; Ptd-L-
serine=phosphatidyl-L-serine
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demonstrated previously to take up PS and to bind to PS-
expressing red cells (Tanaka and Schroit, 1983). Recogni-
tion and uptake of apoptotic cells appeared specific for PS:
liposomes containing PS inhibited phagocytosis in a dose-
dependent manner, whereas liposomes containing other
anionic phospholipids, such as phosphatidic acid, phos-
phatidylinositol, or phosphatidylglycerol, had very little
effect (Fadok et al, 1992a). More importantly, by utilizing
L and D isomers of PS and its structural analogues, we
found that inhibition was stereospecific, which supported
the notion that macrophages had receptors specific for PS.
We performed ligand binding assays on whole macro-
phages using tritiated glycerophosphorylserine (GPS), a
water soluble structural analogue containing the glycerol
backbone and phosphoserine head group without the fatty
acid side chains. This compound bound to macrophage
membranes and its binding was competed successfully by
L but not D isomers of PS, GPS and phosphoserine (Figure
1). These data lended further support to the hypothesis that
macrophages had a receptor specific for PS.

Savill and coworkers had established that human
monocyte-derived macrophages (HMDM) could recognize
apoptotic human neutrophils and lymphocytes by virtue of
their vitronectin (avb3) receptors (VnR) and their Class B
scavenger receptors (CD36, also a receptor for thrombos-
pondin) (Savill et al, 1990, 1992). These receptors bound to
thrombospondin (TSP), which served as a bridge between
the macrophage and the apoptotic cell. We wondered if the
differences in our systems related to the species we studied,
the type of macrophage, or the type of apoptotic cell. We did
not know the identity of the ligand on the apoptotic cell to
which the thrombospondin bound; however, the data were
most compatible with a negatively charged ligand (Savill et
al, 1989). Because PS has a negative charge, we
collaborated to determine if PS could be recognized by
both sets of macrophages (Fadok et al, 1992b). We
examined the uptake of apoptotic human neutrophils and
mouse thymocytes by mouse bone marrow-derived macro-
phages (BMDM) (similar in many respects to HMDM) and
thioglycollate-elicited macrophages. We found that regard-
less of apoptotic cell type, bone marrow cells were inhibited
by RGDS and anti-VnR antibody, but NOT by PS liposomes.
In contrast, the exudate cells were inhibited by PS
liposomes but not RGDS or anti-VnR antibody. This led us
to several conclusions: (1) that PS was probably not the
ligand recognized by thrombospondin, CD36, or VnR; (2)
that the differences in recognition mechanisms were not
determined by differences between mice and humans or
between types of apoptotic cells; (3) that recognition
appeared to be determined by macrophage phenotype not
the type of apoptotic cell. Since that time, however, evidence
is accumulating that the picture is, in fact, more complex,
and that the type of apoptotic cell may also contribute to
which mechanisms are used for its removal. For example,
Flora and Devitt with Christopher Gregory, have shown that
CD14 is involved in the recognition of apoptotic cells by
human monocyte-derived macrophages, but that this
mechanism appears to be more efficient for lymphocytes
compared to neutrophils (Flora and Gregory, 1994; Devitt et
al, 1998). They also have suggested that ICAM-3 plays a

role in the recognition of apoptotic lymphocytes by
macrophages (Gregory et al, 1995). Lastly, Hart et al
(1997) have demonstrated that ligation of CD44 increases
uptake of apoptotic neutrophils but not apoptotic lympho-
cytes.

Because thioglycollate is a proinflammatory stimulus, we
wished to test the hypothesis that inflammatory macro-
phages recognized PS. We also wondered if a macrophage
using the VnR-CD36-thrombospondin mechanism could be
stimulated to recognize PS. Laszlo et al (1993) had
demonstrated that stimulation of mouse BMDM with
digestible particulate stimuli such as b-glucan could induce
an increase in lysosomal hydrolases. Noble and coworkers
went on to show that these macrophages secreted TGFb,
which was essential to the maturation of the inflammatory
phenotype (Noble et al, 1993). We therefore stimulated
mouse BMDM with b-glucan and found that over the next
48 h, inhibition of phagocytosis by RGDS was lost whereas
inhibition by PS liposomes was acquired (Fadok et al,
1993). We confirmed these results using PS-expressing red
cells in a rosetting assay. PS recognition was induced by
digestible particulate stimuli and required the autocrine/
paracrine production of either TGFb or PAF (Fadok et al,
1993; Rose et al, 1995). We concluded that the PS
receptor was one component of the inflammatory pheno-
type. Interestingly, although these macrophages no longer
used the VnR receptor to bind and engulf apoptotic cells,
there was no decrease in VnR expression on the cell
surface (Fadok et al, 1993).

These findings raised several questions. Investigators
studying a variety of human macrophages have shown that
they could bind and phagocytose PS-expressing red cells,
yet Savill and coworkers were never able to inhibit
phagocytosis of apoptotic cells using phospho-L-serine by
HMDM or by macrophages isolated from inflammatory sites
(Ren and Savill, 1995, Savill, personal communication). We
found that human macrophages, like mouse macrophages,
required induction to recognize PS on apoptotic cells
(Figure 2). Treating HMDM with digestible particulate
stimuli such as b-glucan, zymosan, or even apoptotic cells
(Warner and Fadok, unpublished data) resulted in
phagocytosis of apoptotic cells that was inhibited stereo-
specifically by PS and its analogues, but not by other
anionic phospholipids and not by anti-VnR antibodies or
RGDS. As we found for the mouse bone marrow-derived
macrophages, the addition of exogenous TGFb plus latex
could also induce PS recognition by these macrophages.
The presence of a phagocytic stimulus was essential as
TGFb alone did not induce PS recognition (Ren and Savill,
1995). These data suggested to us that the PS receptor we
proposed for mouse macrophages could also be induced
on human macrophages, and led to the development of the
model shown in Figure 3.

It is difficult to reconcile the disparities between the
reports of human macrophage-mediated uptake of PS-
expressing red cells, which is inhibited by PS liposomes,
and uptake of apoptotic cells, which is not inhibited by PS
liposomes unless the macrophages are stimulated first.
One possible explanation is that macrophages do not see
PS on the surface of the red cell in the same way that they
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see it on an apoptotic cell. This hypothesis is supported by
the work of Terpstra et al (1997); they found that
macrophage binding of PS-expressing oxidized red cells
was inhibited by the presence of EDTA, whereas the
binding of apoptotic cells was not. Also, we have found that
PS-inhibitable uptake by stimulated human macrophages
(Figure 2) and thioglycollate-elicited macrophages (Fadok,
unpublished data) is not dependent on extracellular Ca2+ or
Mg2+; this is in contrast to the Ca2+ and Mg2+ dependence
observed for the VnR-CD36-thrombospondin mechanism
described by Savill et al (1990). Another possibility is
suggested by the work of Pradhan et al (1997); they have
attempted to synthesize all these findings in a series of
experiments comparing uptake of apoptotic cells by the
mouse macrophage cell line J774 with that by thioglycol-
late-elicited peritoneal exudate macrophages. They found
that uptake of apoptotic cells by J774 macrophages was
inhibited by RGDS and by symmetric red cell ghosts, but
not by PS liposomes. In contrast, uptake by the exudate
macrophages was inhibited by PS liposomes, but not by
symmetric red cell ghosts or RGDS. They proposed that
each macrophage type can recognize PS; the macro-
phages just see it in a different context or in association
with a different additional ligand.

The nature of the phosphatidylserine
receptor

It is clear that macrophages can recognize phosphatidylserine
in a dose-dependent and stereospecific manner (Mietto et al,
1989; Fadok et al, 1992a) which suggests that a PS receptor
exists. As mentioned above, we have identified macrophages

which phagocytose apoptotic cells in a manner inhibited
stereospecifically by PS and its structural analogues. Other
anionic phospholipids, including phosphatidylinositol, phos-
phatidylglycerol and phosphatidic acid were inactive (Fadok
et al, 1992a). Is this recognition mediated by a unique
receptor, or by receptors which have been identified
previously? Several receptors have been suggested to play
a role in mediating PS recognition, including scavenger
receptors, CD68 (an oxLDL receptor), CD14, annexins, b2
glycoprotein I and gas-6.

Scavenger receptors

Some (but not all) of the scavenger receptors (SR) are known
to mediate the uptake of PS liposomes (for a review, see
Pearson, 1996) and a variety of SR have been implicated in
the uptake of apoptotic cells (Savill et al, 1992; Sambrano and
Steinberg, 1995; Fukasawa et al, 1996; Platt et al, 1996).

Class A scavenger receptors

Platt and coworkers showed that the class A macrophage
scavenger receptor (SR-A) mediates the uptake of
apoptotic thymocytes by mouse thymic macrophages and
thioglycollate-elicited peritoneal macrophages. In fact,
thymic macrophages from SR-A deficient mice showed a
50% decrease in uptake of apoptotic thymocytes (Platt et
al, 1996). Terpstra and coworkers recently examined the
ability of resident peritoneal macrophages from SR-A
deficient mice to bind apoptotic thymocytes; they found a
21% decrease in binding (Terpstra et al, 1997). The ligand
recognized by this receptor, however, remains to be

Figure 2 PS-mediated phagocytosis of apoptotic neutrophils by human
monocyte-derived macrophages (HMDM) does not depend on extracellular
calcium. HMDM were stimulated or not with TGFb (10 ng/ml) and b-glucan
(10 mg/ml) for 48 h prior to the phagocytosis assay, which was performed in
RPMI (+EC Ca2+) or Ca2+, Mg2+ free RPMI with 5 mM EDTA (-EC Ca2+). The
preparation of PS-containing liposomes is described in Fadok et al (1992a);
total lipid concentration was 0.1 mM; RGDS was used at 1 mM. Control
indicates macrophage uptake in the absence of either inhibitor

Figure 3 Uptake of particulate stimuli induce the autocrine/paracrine release
of TGFb and promotes the switch to PS recognition. This simplified model
suggests that macrophages which utilize the VnR-CD36-TSP mechanism can
be induced to recognise PS by treatment with digestible particulate stimuli,
which can include zymosan, b-glucan, or even apoptotic cells themselves.
CD36 appears to be required for uptake by either mechanism. The role of other
receptors in this model has not yet been clarified. TSP=thrombospondin
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identified, as the class A SR do not bind phosphatidyl-
serine (Lee et al, 1992).

Class B scavenger receptors

The Class B scavenger receptors include SRB1 (and its
human homologue CLA-1 [CD36 and LIMPII analogous-1])
and CD36. SRB1 can bind to PS liposomes (Rigotti et al,
1995; Fukasawa et al, 1996) and when transfected into CHO
cells can phagocytose apoptotic cells (Fukasawa et al,
1996); however, SRB1 is expressed primarily in liver and
steroidogenic tissues (Acton et al, 1996), making it less likely
as a candidate for a general macrophage PS receptor. CLA-
1 is found in the liver and testis; however, it also has been
found on circulating monocytes (Murao et al, 1997). When
transfected into HEK 293 cells, it facilitated the binding of
apoptotic cells, which was inhibited by liposomes containing
either PS or PI (Murao et al, 1997). The most interesting
potential candidate for PS recognition is the other Class B
scavenger receptor CD36, which is also a thrombospondin
receptor. CD36 has been implicated in uptake of apoptotic
neutrophils by human macrophages (Savill et al, 1992) and
has been suggested to mediate the uptake of PS-expressing
photoreceptor outer segments (ROS) in retinal pigment
epithelium (Ryeom et al, 1996). Rigotti et al (1995) showed
that the binding of acLDL to cells transfected with human
CD36 was blocked by PS liposomes; however, phosphati-
dylinositol (PI) was more potent in this assay. The uptake of
ROS by retinal pigment epithelium was also inhibited by both
PS and PI liposomes, as would be expected for a CD36-
mediated mechanism (Ryeom et al, 1996). In contrast, we
have never observed significant inhibition of phagocytosis of
apoptotic cells by PI liposomes in either human or mouse
macrophages (Fadok et al, 1992a; and unpublished data).
Ren, Navazo and coworkers transfected human CD36 into
melanoma cells and COS cells, and showed that phagocy-
tosis of apoptotic cells was upregulated. However, phago-
cytosis was not inhibited by phospho-L-serine (Ren et al,
1995; Navazo et al, 1996), a ligand we have found effective
in both human and mouse macrophages stimulated to

recognize PS on apoptotic cells (Fadok et al, 1992a;
unpublished data). Unfortunately, the effects of PS lipo-
somes in the CD36-transfected melanoma and COS
systems were not examined.

We have attempted to determine the role of CD36 in PS
recognition by studying phagocytosis of apoptotic cells by
human macrophages stimulated to recognize PS with b-
glucan (Warner et al, unpublished data). Stimulation
resulted in a macrophage population whose phagocytosis
of apoptotic cells was no longer inhibited by RGDS or anti-
VnR antibodies, but was inhibited by PS liposomes.
Antibodies against C36 inhibited the phagocytosis of either
stimulated or unstimulated human macrophages. Flow
cytometric analysis showed that particulate stimuli caused
the downregulation of VnR on macrophages from 10 of the
12 donors we have examined; however, CD36 expression
remained the same. If macrophages were pretreated with
PS liposomes in an attempt to downregulate the PS
receptor, the binding of anti-CD36 monoclonal antibodies
was not decreased. PS liposomes also did not compete
with the antibody for binding to CD36. These data
suggested to us that CD36 was not the PS-recognizing
receptor in our system. If, however, CD36 was down-
regulated by incubating the cells on antibody-coated plates,
phagocytosis was reduced and PS inhibition was no longer
statistically significant. These data, together with our
observations that phosphatidylinositol-containing lipo-
somes did not inhibit phagocytosis, suggested to us that
CD36 did not recognize PS directly, but that it did
cooperate with our proposed PS receptor (see Figure 3),
perhaps in a fashion similar to that proposed for its
cooperation with VnR (Savill et al, 1992).

CD68 (oxidized LDL receptor)

Sambrano and Steinberg (1995) have shown that the 94 ±
97 kd oxLDL receptor found on resident peritoneal macro-
phages may mediate uptake of apoptotic cells. This oxLDL
receptor is identical to mouse macrosialin or its human
homologue CD68 (Ramprasad et al, 1995). The oxLDL

Table 1 Potential candidates for recognition of phosphatidylserine on apoptotic cells

PS-binding protein Bind PS

Ca2+

dependence
of PS binding

Bind other
anionic

phospholipids

Class A scavenger receptors No Not applicable No
Class B scavenger receptors Yes ?b Yes

CD36
CLA-1

Yes
Yes

?
?

Yes
Yes

CD68
CD14
Annexins
b2-GPI
Gas-6
Stimulated macrophage PSRa

Yes
?

Yes
Yes
Yes
Yes

Noc

?
Yes
No
Yes
No

Yes
Yesd

Yes
Yes
Yes
No

aPSR (phosphatidylserine receptor) indicates the PS-inhibitable uptake mechanism described by Fadok et al (1992a) in stimulated macrophages
(see text). The actual receptor has not been identi®ed. bCa2+ dependence was not assessed for the Class B scavenger receptors (Rigotti et al,
1995; Murao et al, 1997). cBinding of PS determined by ligand blotting in the presence of EDTA (see Sambrano and Steinberg, 1995). dOther
anionic phospholipids not assessed (Sambrano and Steinberg, 1995).
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receptor appeared to mediate the recognition of apoptotic
cells and phagocytosis was inhibited by PS liposomes
(Sambrano and Steinberg, 1995). Direct binding of PS
liposomes to a 94 ± 97 kd band from macrophage membrane
preparations was also demonstrated (Sambrano and Stein-
berg, 1995). In our studies of human macrophages, surface
expression of CD68 was not detectable by flow cytometry,
and anti-CD68 antibodies did not inhibit phagocytosis of
apoptotic cells (Warner et al, unpublished data). These data
suggest that, although CD68 may mediate binding to PS on
apoptotic cells, it is not the only receptor to do so, as CD68-
negative macrophages can also phagocytose apoptotic cells
in a PS-inhibitable manner.

CD14

The antigen identified by monoclonal antibody 61D3 has been
shown to be involved in phagocytosis of apoptotic lympho-
cytes by human macrophages, and has recently been
identified as CD14 (Flora et al, 1994; Devitt et al, 1998).
Soluble CD14 has been shown to bind directly to
phosphatidylinositol and to a fluorescent derivative of
phosphatidylethanolamine, and it has been suggested to be
a soluble shuttle for lipids (Yu et al., 1997). Two pieces of
preliminary evidence from the laboratories of Willamson and
Schlegel have suggested that CD14 might recognize PS on
apoptotic cells (Callahan et al, 1997). First, removal of CD14
from the surface of J774 cells (a mouse macrophage line) with
phospholipase C resulted in decreased phagocytosis of
apoptotic cells and lipid-symmetric red cell ghosts. Second,
an LPS-resistant variant of J774, which lacks functional
CD14, showed reduced capacity to phagocytose apoptotic
cells or symmetric red cell ghosts. Direct demonstration of PS
binding to CD14 is still required, particularly demonstration of
the ability of CD14 to mediate binding to PS on a cell surface.

Annexins

Annexins comprise a group of proteins which bind to
phospholipids in the presence of Ca2+ (Reutelingsperger
and van Heerde, 1997; Swairjo and Seaton, 1994). In fact, this
property has been exploited to develop a rapid and simple
assay for the assessment of PS exposure on apoptotic cells
(Vermes et al, 1995; Zhang et al, 1997). Pryzdial and
coworkers have some intriguing data to suggest that annexin
II can mediate the binding of herpes viruses to host cells. They
found that cytomegalovirus and herpes simplex types 1 and 2
expressed phosphatidylserine on their surfaces, which
facilitated the association of human annexin II to virus
particles within human fibroblasts (Sutherland et al, 1997;
Wright et al, 1995; Pryzdial and Wright, 1994). They were able
to inhibit viral infection of human fibroblasts with a rabbit
antiserum raised against human annexin II, suggesting that
annexin II might facilitate the uptake of these viruses. Is it
possible that annexins could mediate the binding of apoptotic
cells to phagocytes? Although primarily intracellular in
location, some annexins can be found in the blood and
extracellular spaces (Reutelingsperger and van Heerde,
1997). Our studies with human and mouse macrophages
suggest that annexins are unlikely candidates for mediating

the binding of apoptotic cells, as PS-inhibitable uptake is not
lost in the absence of Ca2+ (Figure 2). Furthermore,
preliminary experiments showed that anti-annexin V did not
inhibit uptake of apoptotic neutrophils by human monocyte-
derived macrophages, whether they were stimulated to
recognize PS or not (Fadok, unpublished data). Reuteling-
sperger and van Heerde (1997) have made the intriguing
suggestion that annexins, in fact, may help control coagula-
tion in inflammatory sites in vivo by binding to the
procoagulant surfaces of apoptotic cells.

b2-glycoprotein I

b2-glycoprotein I (b2-GPI) is a serum protein believed to
regulate coagulation. It binds to anionic phospholipids such as
cardiolipin, phosphatidylserine, phosphatidylglycerol, phos-
phatidylinositol, and phosphatidic acid (Balasubramanian et
al, 1997), and forms an important epitope for many of the `anti-
cardiolipin' and `anti-phospholipid' antibodies identified in
patients with the antiphospholipid antibody syndrome (aPL)
(Roubey, 1996). Price et al (1996) showed that anti-
phospholipid antibodies from patients with primary aPL or
aPL associated with systemic lupus erythematosus could
opsonize apoptotic cells in the presence of b2-GPI.
Subsequently, Balasubramanian et al (1997) showed that
the binding of b2-GPI to apoptotic cells or lipid-symmetric red
cells, followed by the binding of anti-b2-GPI, facilitated uptake
into macrophages. b2GPI alone was able to increase the
uptake of symmetric red cells by 50%; however, uptake of
apoptotic thymocytes was only slightly enhanced in the
absence of the opsonizing antibody. These data suggest
that PS on apoptotic cells could contribute to FcR-mediated
uptake in patients with the appropriate autoantibodies; this
would be expected to be a proinflammatory pathway which
would contribute to the disease process, as uptake of
opsonized apoptotic cells results in the release of proin-
flammatory cytokines and lipid mediators (Meagher et al,
1992; Stern et al, 1996; Fadok et al, 1998).

Gas-6

Gas-6, the product of growth arrest-specific gene 6
(Manfioletti et al, 1993), is the newest potential candidate for
mediating the binding of macrophages to PS on apoptotic
cells. It is a soluble protein related to protein S, a negative
regulator of coagulation, and has been shown to mediate the
binding of U937 cells (a human histiocytic line) to PS-coated
ELISA plates in the presence of Ca2+ (Nakano et al, 1997).
Nakano and coworkers have made the intriguing suggestion
that gas 6 might mediate the binding of PS-expressing cells to
phagocytes. Gas-6 binds to a set of unique receptor tyrosine
kinases (axl, sky and mer) which contain extracellular
domains similar to those found in cell adhesion molecules
(Varnum et al, 1995; Nagata et al, 1996). Axl mRNA
expression has been demonstrated by PCR in normal human
bone marrow and at low levels in peripheral blood monocytes;
treatment of human monocytes with IFNawas associated with
upregulation of message (Neubauer et al, 1994). Whether
gas-6 is involved in the uptake of apoptotic cells by
macrophages remains to be determined. If so, gas-6 may
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serve as a bridging molecule between the apoptotic cell and
the macrophage, in a manner similar to that observed for
thrombospondin.

To summarize our thoughts, then, on the nature of PS
receptor in macrophages, we believe that the phagocytic
activity we have described, the uptake of apoptotic cells
which is inhibited stereospecifically by PS and its structural
analogues, GPS and phospho-L-serine; which is not
inhibited by other negatively charged phospholipids,
polyanions, or acLDL; and which is expressed on
macrophages stimulated with digestible particulate stimuli,
is distinct from the currently described scavenger receptors
and CD14, and has not been identified to date. This activity
can be removed from the surface of the macrophages with
proteases. Incubation with PS liposomes inhibits its
function with maximal inhibition reached by 20 min after
addition of the liposomes, followed by recovery of
phagocytic activity 24 h later. We also believe that the
activity we have described is not likely to be mediated by
annexins or gas-6, as the binding of those proteins to PS
requires Ca2+ and phagocytosis by PS recognizing
macrophages (which we define strictly as inhibition by PS
liposomes) is not inhibited in the absence of calcium. We
think that b2-GPI would most likely facilitate phagocytosis
in diseased states where autoantibodies are produced,
rather than in the normal state. What seems likely is that
multiple PS-recognizing receptors exist; determining how
they may interact, what exactly they see and when they
operate, is a critical objective.

Lastly, there is also some evidence to suggest that
amateur phagocytes can recognize PS on apoptotic cells.
Vascular smooth muscle cells phagocytose their apoptotic
counterparts in a manner inhibited by preincubation with PS
liposomes or with annexin V (Bennett et al, 1995). Neither
PI liposomes nor anti-annexin V antibodies inhibited
phagocytosis in this system, suggesting that neither the
known scavenger receptors nor annexins were mediating
phagocytosis by vascular smooth muscle cells. In contrast,
the recognition of spermatogenic cells by Sertoli cells was
inhibited by PS-, PI- and CL-containing liposomes
(Shiratsuchi et al, 1997), suggesting the use of a different
receptor from that used by stimulated macrophages or
vascular smooth muscle cells. However, phagocytosis by
Sertoli cells was also inhibited by glycerophosphorylserine
and weakly by phospho-L-serine, whereas phospho-D-
serine had no effect, suggesting some stereospecificity.

The biological consequences of PS
expression

What does exposure of PS on the outer leaflet of an apoptotic
cell mean, from a biological point of view? We favor it as a
recognition ligand for rapid removal; however, it is not clear at
this point what the role of PS as a recognition ligand is in vivo
and whether all macrophages, in fact, see it. There must be
other ligands on the apoptotic cell in addition to PS. The early
work of Duvall and coworkers suggested changes in surface
carbohydrates (Duvall et al, 1985); most recently Falasca and
coworkers have shown increased expression of mannose, N-
acetylgalactose, and possibly galactose on the surface of

apoptotic cells (Falasca et al, 1996). However, the ligands
which mediate the binding of thrombospondin to apoptotic
cells remain to be determined. It is intriguing to speculate that
loss of membrane phospholipid asymmetry may facilitate
exposure of these ligands as well.

Exposure of PS on cell surfaces has other potential
biological consequences. It has been known for some time
that PS serves as a cofactor for the coagulation cascade
(Zwaal and Schroit, 1997), and there is a small but growing
body of evidence to suggest that PS can have a variety of
anti-inflammatory or immunosuppressive effects. In his
recent review, Kornbluth (1994) cited a number of instances
in which PS could inhibit macrophage parasiticidal activity
and cytokine production, as well as lymphocyte proliferation
and cytokine production. More recently, two different groups
of investigators (Aramaki et al, 1996; DiNapoli et al, 1997)
have shown that phosphatidylserine-containing liposomes
inhibited transcription of inducible nitric oxide synthase and
nitric oxide production in mouse macrophages stimulated
with LPS. Phagocytosis of apoptotic cells by non-FcR
mediated uptake mechanisms not only fails to stimulate
inflammatory mediator production in normal human macro-
phages (Meagher et al, 1992; Stern et al, 1996) but also
inhibits inflammatory mediator production stimulated by LPS
or zymosan (Voll et al, 1997; Fadok et al, 1998). Perhaps PS
is one of the inhibitory signals found on apoptotic cells.
Lastly, exposure of PS on the surface of apoptotic cells may
contribute to the inflammation and coagulation defects seen
in patients with systemic lupus erythematosus and primary
aPL by binding autoantibodies in the presence of proteins
such as b2GPI (see section on b2GPI above).

Conclusions

It seems clear that exposure of phosphatidylserine is a
common feature on apoptotic cells and that it serves as a
recognition signal for phagocytosis by at least a subset of
macrophages. Several questions remain. How is this
phospholipid recognized? In particular, how does the
macrophage get past the glycocalyx to access this lipid?
There are two potential clues. First, there appears to be
an alteration of surface carbohydrates on apoptotic cells
(Falasca et al, 1996). Second, Casciola-Rosen et al (1996)
have shown by confocal microscopy that annexin V
binding is strongest on the surface of small membrane
blebs, suggesting the appearance of domains. Is PS
recognized on its own merits or is it seen in conjunction
with another ligand, such as a protein or carbohydrate? If
PS expression is a critical recognition signal, why do not
all macrophages appear to recognize it? Is inhibition by
PS liposomes too strict a definition, as has been
suggested by the work of Pradhan et al (1997)? Perhaps
in addition to signalling phagocytosis on its own, loss of
phospholipid asymmetry promotes the exposure of other
apoptotic ligands. Is there a receptor specific for PS or are
multiple receptors (including the scavenger receptors)
capable of recognizing this lipid on apoptotic cells? It
seems most likely that multiple receptors could bind PS,
but whether they can recognize it on a cell surface
remains to be determined. How does PS exposure
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contribute to the biological effects of phagocytosis of
apoptotic cells, which include suppression of proinflamma-
tory mediator release? These questions will provide fruitful
research for us and other `phagocytophilic' investigators in
the coming years.
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