
Macrophages and apoptotic clearance
Macrophages express a variety of receptors for pathogen

associated molecular pathways (PAMPs) such as li-
popolysaccharide (LPS) and mannose receptors. These en-
able the recognition and phagocytosis of a large repertoire
of pathogens, and the subsequent generation of inflamma-
tion to eradicate the infection. Interestingly, many of the same
receptors are also involved in the recognition and clearing
of self-apoptotic cells. Yet, instead of macrophage activa-
tion and production of pro-inflammatory cytokines, anti-in-
flammatory mediators are released, and clearing is quickly
and painlessly performed. However, mouse peritoneal mac-
rophages ingesting apoptotic T cells have been observed to
secrete the proinflammatory chemokine MIP-2, suggesting
that some degree of macrophage activation may occur un-
der certain circumstances (Uchimura et al., 1997).
If the rate of apoptosis exceeds the clearing capacity of mac-
rophages, apoptotic cells may become necrotic, resulting in
the release of harmful cellular contents and damage to sur-
rounding tissue (fig 1). Treatment of mice with anti-Fas an-
tibody triggered a massive wave of apoptosis in the liver,
leading to extensive hepatic necrosis and death (Ogasawara
et al., 1993). Hence, clearance is a crucial step in the resolu-
tion of apoptosis and containment of cell death.

The exact interactions between apoptotic cells and mac-
rophages have not been fully elucidated, but it appears to
involve multiple, partially redundant pathways. Apart from
the well-known phosphatidylserine (PS) ‘eat-me’ signal
(Fadok et al., 1992; Fadok et al., 2001; Schlegel and

Williamson, 2001), other surface markers of apoptotic cells
have not been well characterised. On the other hand, mac-
rophage receptors are better known, and several promising
candidates have been identified, including scavenger recep-
tors, CD36, CD14 and the PS receptor (fig 2).

Class A Scavenger Receptors
The scavenger receptors (SRs) are a structurally diverse

family of receptors with broad ligand specificities. SR-A
binds acetylated and oxidised low-density lipoprotein
(LDL), and polyanionic compounds such as maleylated
bovine serum albumin and polyinosinic acid (Pearson,
1996). The addition of monoclonal antibodies to SR-A, or
polyanionic ligands significantly inhibits the in vitro ph-
agocytosis of apoptotic thymocytes by thymus-derived
macrophages (Platt, 1996). Further studies with thymic
macrophages from SR-A null mice show that although ph-
agocytosis of thymocytes was inhibited by 50%, the rela-
tive number of apoptotic thymocytes in these mice was not
appreciably larger. This suggests that other receptors are
sufficient for normal apoptotic clearance in the thymus (Platt,
1998).

Class B Scavenger Receptors and the Vitronectin Re-
ceptor

The class B scavenger receptor CD36 recognises a range
of ligands, including typeI collagen, thrombospondin,
oxidised LDL and PS (Rigotti, 1995). It is observed that the
plasma protein thrombospondin 1 (TSP1) acts to bridge
apoptotic cells, CD36 (a TSP1 receptor) and the vitronectin
receptor (á

v
â

3
 integrin) (Savill et al., 1990; Savill et al., 1992;

Stern et al., 1996; Akbar, 1994). CD36 gene transfer to
amateur phagocytes such as melanoma cells boosts their
capacity for uptake of apoptotic neutrophils to near-profes-
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sional levels. Antibodies to á
v
â

3
 and TSP1 inhibit this im-

provement (Ren et al., 1995). Conflicting evidence exists
for the importance of CD36 in phagocytizing apoptotic cells
in vivo. On one hand, blood monocytes from SLE patients
demonstrate a decrease in CD36 levels paralleled by a defi-
ciency in the phagocytosis of apoptotic cells. On the other
hand, monocyte-derived macrophages from CD36-deficient
patients show no defect in the phagocytosis of apoptotic
neutrophils (Platt, 1998). This reflects the considerable re-
dundancy that underlies the uptake of apoptotic cells.

CD14
A monoclonal antibody that specifically inhibited

internalisation of intact ageing neutrophils (PMNs) by mono-
cyte-derived macrophages was found to recognise CD14, a
molecule also known to recognise LPS. Although apoptotic
cells bind to CD14 at a site close to the LPS-binding site,
they do not induce the severe inflammation produced by
LPS (Devitt, 1998). LPS normally binds CD14 in the pres-
ence of serum LPS binding protein (LBP). The complex
then interacts with macrophage toll-like receptor 2 (TLR2)
to result in macrophage activation (Yang, 1998). It is pos-
sible that CD14 does not interact with TLR2 during apoptotic
clearing due to the absence of LBP, thus triggering a differ-
ent response.

PS Receptors
It is widely accepted that phosphatidylserine (PS) expo-

sure on the outer leaflet of the plasma membrane is an im-
portant signal displayed by preapoptotic cells (Fadok et al.,
1992; Fadok et al., 2001; Schlegel and Williamson, 2001).
Macrophage phagocytosis of apoptotic lymphocytes was
inhibited, in a dose-dependent manner, by liposomes con-
taining phosphatidyl- L-serine, but not by liposomes con-
taining other anionic phospholipids, including phosphati-
dyl- D-serine (Fadok et al., 1992). Yet, the nature and iden-
tity of the macrophage PS receptor had remained a mystery.
A recent publication by Fadok et al reports the cloning of a
candidate receptor, identified using monoclonal antibodies
against human macrophages. Transfection of the gene into
Jurkat T cells (which are negative for the receptor) confers

the ability to bind and engulf apoptotic cells. PS liposomes,
but not phophatidylinositol (PI) nor phosphatidylcholine
(PC) liposomes, inhibit the binding, suggesting that the
cloned protein is a PS-specific receptor involved in the rec-
ognition and engulfment of apoptotic cells (Fadok et al.,
2000). Furthermore, stimulation of this receptor on differ-
ent types of phagocytes by apoptotic cells, PS- containing
liposomes or an IgM monoclonal anti-PS antibody initiates
release of TGF-â, known to be involved in the anti-inflam-
matory effects of apoptotic cells (Fadok et al., 2001).

Another protein implicated in PS recognition is milk fat
globule-EGF-factor 8 (MFG-E8) (Hanayama, 2002). A pu-
rified recombinant form, MFG-E8-L, binds to thymocytes
treated with dexamethasone, which induces apoptosis. This
interaction is reduced by pre-treatment of the cells by
Annexin V, which binds PS. MFG-E8-L was found to bind
to PS and PE, but not PC and PI. It also contains an argin-
ine-glycine-aspartate (RGD) motif, which can be recognised
by integrins. MFG-E8-L enhances phagocytosis of apoptotic
thymocytes by mouse NIH3T3 cells, especially those
NIH3T3 cells transformed to express a high level of á

v
â

3

integrin. Integrins have been suggested as receptors for
apoptotic cells in several systems (Savill et al., 1990; Albert
et al., 1998). However, because neither á

v
â

3
 or á

v
â

5
 integrin

can bind PS, it has not been clear how these integrins rec-
ognize apoptotic cells. MFG-E8-L seems to resolve this di-
lemma.

Multiple receptors appear to respond to PS exposure.
Pradhan et al demonstrated that both activated and
unactivated macrophages recognize PS, but with different
receptor systems. Phagocytosis of apoptotic lymphocytes
by activated (but not by unactivated) macrophages is inhib-
ited by pure PS vesicles as well as by N- acetylglucosamine,
implicating involvement of a lectin-like receptor in this case.

Fig 1. Neutrophil apoptosis and phagocytic clearance by macrophages
in the resolution of inflammation

Fig. 2. Phagocytosis of an apoptotic cell by a macrophage. Recognition of the
apoptotic cell is mediated by a variety of receptors including lectins, CD14, scav-
enger receptor A (SR-A), and CD36 in conjunction with the vitronectin receptor.
Recognition signals on the apoptotic cell include sugars, phosphatidylserine (PS),
and surface-bound thrombospondin (TSP).
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Conversely, uptake of apoptotic lymphocytes by unactivated
(but not by activated) macrophages is inhibited by PS on
the surface of erythrocytes as well as by the tetrapeptide
RGDS and cationic amino acids and sugars, implicating
involvement of the vitronectin receptor in this case. Recog-
nition by both classes of macrophages is blocked by the
monocyte-specific monoclonal antibody 61D3. The signal
recognized by activated macrophages appears to develop
on the lymphocyte prior to assembly of the signal recog-
nized by unactivated macrophages. Collectively, these re-
sults suggest that PS exposure on the surface of apoptotic
lymphocytes generates a complex and evolving signal rec-
ognized by different receptor complexes on activated and
unactivated macrophages (Pradhan, 1997).

Fadok et al proposes that the myriad of macrophage re-
ceptors may provide the strong adhesion needed to increase
the likelihood of contact between the PS Receptor and its
phospholipid ligand, which is required for uptake (Fadok et
al., 2001). Interestingly, PS is exposed on both apoptotic
and necrotic cells, and is not responsible for the differential
macrophage responses invoked upon phagocytosis. Necrotic
cells, when recognized, enhance proinflammatory responses
of activated macrophages, although they are not sufficient
to trigger macrophage activation. In marked contrast,
apoptotic cells profoundly inhibit phlogistic macrophage
responses; this represents a cell-associated, dominant-act-
ing anti-inflammatory signaling activity acquired
posttranslationally during the process of physiological cell
death (Cocco and Ucker, 2001).

Genetic parallels in C.elegans
Although apoptotic clearance in C. elegans is performed

by neighbouring, non-professional cells, genetic analyses
has revealed two partially redundant engulfment pathways
which might be applicable to macrophages. The two groups
are ced-1, ced-6 and ced-7, and ced-2, ced-5, ced-10 and
ced-12 (Ellis et al., 1991). ced-1, ced-6 and ced-7 encode a
scavenger receptor-like protein, a PTB-domain containing
adaptor protein and an ABC transporter, respectively. They
are components of a conserved signalling pathway in ph-
agocytic cells, required for the recognition of an unknown
cell-corpse signal (Hengartner, 2001). ced-7 also functions
in apoptotic cells, where it might be involved in the genera-
tion of this signal. ced-2, ced-5, ced-10 and ced-12 encode
homologues of mammalian CrkII, Dock180, Rac and
ELMO, which function to transduce another unknown cell-
corpse signal to the actin cytoskeleton of the phagocytic
cell (Conradt, 2001).

Phagocytes and the initiation of apoptosis
In most cases, blocking engulfment or eliminating ph-

agocytes does not prevent the demise of doomed cells. How-
ever, some exceptions have been observed. For example,
activated macrophages cocultured with myofibroblast-like
mesangial cells in vitro can cause these cells to die (Duffield
et al., 2000). In addition, macrophage elimination prevents
capillary regression in the rat’s eye in vivo, but reconstitu-

tion with unactivated macrophages restores the normal phe-
notype (Lang and Bishop, 1993; Diez-Roux and Lang,
1997). Finally, the death of the male-specific linker cell in
C. elegans is prevented by inactivating one of the two en-
gulfment pathways or by ablating the two neighbouring cells
normally responsible for the engulfment of this cell. Thus,
it appears that phagocytes are capable of inducing apoptosis.
In mammalian systems, mediators of macrophage cytotox-
icity in vitro include TNF-α (van de Loosdrecht, 1993) and
nitric oxide (Cui, 1994).

Positive feedback cycle between phagocytes and
apoptotic cells

Recent work in C. elegans has led to the discovery of a
positive feedback loop between the engulfment machinery
in phagocytic cells and the cell-death machinery in apoptotic
cells. It was demonstrated that mutations that block engulf-
ment strongly enhance the ability of partial lf (loss of func-
tion) mutations of pro-apoptotic genes (ced-3 [caspase], ced-
4 [CED-3 activator], egl-1 [CED-4 activator]), hence res-
cuing cells destined to die by apoptosis (Reddien et al., 2001;
Hoeppner, 2001). This is reversed upon expression of the
corresponding wild-type engulfment gene in the phagocytic
cell (Reddien et al., 2001). But engulfment mutations in
otherwise wild type, or ced-3 null worms do not enhance
cell survival. It suggests that the effect is dependent on the
induction of at least low levels of CED-3, and plays an im-
portant role only when the cell-death machinery is compro-
mised (Reddien et al., 2001).

Hence, it can be surmised that CED-3 is initially induced
to a level sufficient to induce morphological changes and
the exposure of eat-me signals, but not sufficient to ensure
the completion of apoptosis. The engulfment machinery then
positively feeds back to guarantee death of the cell (fig 1).
This means that cells in which only low levels of caspases
have been activated (and undergone morphological changes)
can still be rescued to form fully differentiated, functional
cells (Reddien et al., 2001; Hoeppner, 2001).

Blocks in apoptosis and engulfment are non-lethal in labo-
ratory-grown C. elegans, but can be detrimental in higher
organisms (Ren and Savill, 1998) as well, to ensure proper
functioning and control of apoptosis. More work has to be
done to elucidate the details of the feedback mechanism in
C. elegans, and to identify homologous pathways in higher
organisms.

Dynamic relationship between phagocytes and cells com-
mitted to die

Other experiments have shown that not only do phago-
cytes determine the fate of apoptotic cells, dying cells can
also affect the survival of phagocytes (Tepass et al., 1994).
In Drosophila, apoptotic clearance is performed by profes-
sional phagocytes, which are differentiated from
haemocytes. Mutants that lack haemocytes can still initiate
and complete apoptosis. But apoptosis-incompetent mutants
(due to elimination of important pro-apoptotic genes hid,
reaper and grim) fail to produce phagocytes from
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haemocytes, and do not express the CD36-like scavenger
receptor Croquemort. Conversely, the induction of ectopic
apoptosis results in an increased number of phagocytes
(Zhou et al., 1995; Franc et al., 1999). Therefore, the differ-
entiation of haemocytes into phagocytes in Drosophila is
dependent on the presence of apoptotic cells.

CONCLUSION
Macrophage clearance of apoptotic bodies is crucial in

higher organisms. It is efficient and non-inflammatory, hence
limiting and controlling cell death. Although the exact de-
tails of apoptotic eat-me signals and the engulfment ma-
chinery have not been elucidated, PS, the PS receptor, scav-
enger receptors, CD14 and integrins play central roles.
Drosophila and C. elegans provide useful models for work
in this field. Recent evidence suggests the presence of a
positive feedback loop between the cell-death and engulf-
ment machineries. It is increasingly evident that complex
interactions exist between phagocytes and apoptotic cells.
Not only might phagocytes initiate and regulate apoptosis,
apoptotic cells may also influence the fate of phagocytes.
More work is required before we can better understand the
nature of this relationship, and engineer possible therapeu-
tic applications.
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