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Recognition of apoptotic cells by phagocytes
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Abstract. Effective removal of dymg cells is crucial to a variety of processes in health and diséase. Cells undergomg
apoptosis aré recognized and mgested intact by phagocytes, which are not stimulated to release 1nﬂammatory
mediators. The alternative uncontrolled formn of céll death, necrosis, is associated with releasé of cell contents with
the potential to cause tissue damage and inflammation. Four distinct moléculat mechanisins have been identifiéd
to date which mediate recogmtlon by phagocytes of mammalian cells undergomg apoptos1s but furthet mecha-
nists remain to be discovered. The capacity for phagocyte femoval of cells urdefgoing apoptosis may be closely

regulated, for example by local cytokines.
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Introduction

Although apoptotic cell death occurs continuously
within tissues, isolated apoptotic cells with their characs
teristic appéarance are rarely visualized in tissue sec-
tions by light microscopy. It is now well established that
cells undergoing apoptosis are recognized and rapidly
ingested by neighbouring phagocytes. In contrast to
phagocytosis of microbes and other foreign material,
phagocytosis of apoptotic cells occurs independently of
antibody or complement and does not induce tissue
injury or inflammation [1]). Removal of senescent cells
plays a vital role in many fundamental biological pro-
cesses, including normal tissue turnover (2], remodelling
of embryological tissues [3], development of the im-
mune system [4] and resolution of inflammation [5, 6].
For example, pneumococcal pneumonia in humans and
experimental animals is associated with massive emigra-
tion of inflammatory leukocytes, particularly polymor-
phonuclear neutrophils, from the blood into the lungs,
such that the alveolar air spaces become almost com-
pletely filled with neutrophils. Neutrophils contain
many toxic molecules (e.g. oxidants, enzymes, cationic
proteins and inflammatory mediators) with the poten-
tial for causing tissue damage, propagation of in-
flammation, and subsequent fibrosis should the cells
undergo necrosis, lose membrane integrity and disinte-
grate [7]. Despite this, during the resolution of pneumo-
coccal pneumonia billions of neutrophils which die in
situ are removed intact from the lungs by macrophages,
resulting in preservation of the normal delicate lung
architecture [8] (fig. 1).

Phagocytosis of senescent cells was first reported in the
late 19th century by the Russian biologist Elie Metch-
nikoff who, using a simple light microscope, observed
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that ‘microphages’ (neutrophils) were ‘englobed’ by
mactophages in injured tadpole fins. Light microscopy
of human pathology specimen sections may also re-
veal apoptotic cells inside other cells (é.g. Reitér’s cells
are mactophages conitaining apoptotic neutrophils in
joint aspirates from patients with inflimmatory
arthritis). [t is thought that in mammals tissue
macrophages are the key cells that remiove apoptotic
cells. However, cells of other lineages (e.g. hepatocytes
[9], endothelial cells [10], glomerular mesangial cells
{11}, and fibroblasts [12]) may also act as ‘honprofes-
sional’ phagocytes and remove apoptotic cells, con-
tributing to the regulation of apoptotic cell load within
tissues.

An in vitro assay of phagocyte recognition of apoptotic
cells

In an attempt to understand how inflammation re-
solves, Newman and colleagues developed an in vitro
model of the interaction between human monocyte-
derived macrophages and neutrophils [13] which has
served as the basis for many subsequent studies of
phagocytosis of apoptotic cells. Monocyte-derived
macrophages, grown adherent to culture plastic wells,
were overlaid with a suspension of either freshly iso-
lated neutrophils or neutrophils aged for 24 h in culture,
Non-ingested neutrophils were washed away, the in-
gested intact neutrophils were selectively stained for
myeloperoxidase, and the proportion of macrophages
ingesting neutrophils was quantified by light mi-
croscopy (fig. 2). This study demonstrated that
macrophages recognized and ingested intact neutrophils
that had been aged in culture, but that fresh neutrophils
were not recognized. A limitation of methods based on
direct counting of cells by light microscopy is that it is
difficult (and often impossible) to distinguish between
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Figure 1. Schematic representation of the fate of neutrophils. Polymorphonuclear neutrophils and monocytes are recruited from the
blood to an inflammatory site. Neutrophils may undergo necrosis, which is associated with loss of membrane integrity and release of
damaging granule contents. Alternatively, neutrophil apoptosis results in recognition and ingestion of the intact leukocyte by
monocyte-derived macrophages, so favouring resolution of inflammation [8].

binding and ingestion of the apoptotic cell by the phago-
cyte (although attempts have been made to dissect the
relative prevalence of the two processes; see fig. 3). In this
review we use the term ‘recognition’ to describe the
interaction between apoptotic cells and phagocytes.

Phagocytes ingest apoptotic cells but not healthy cells

In 1989 Savill and colleagues extended "the-studies of
Newman et al. and demonstrated that it was the process
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Figure 2. Photomicrograph of the in vitro interaction between
macrophages and apoptotic neutrophils [13). Six-day-old human
monocyte-derived macrophages have been overlaid with a suspen-
sion of apoptotic neutrophils, and the interaction allowed to
proceed for 30 min. Ingested neutrophils have been stained for
myeloperoxidase. Note that macrophages are myeloperoxidase-
negative.

of apoptosis in the aging human neutrophil that leads to
its recognition in vitro. Neutrophils isolated from the
blood of healthy human subjects were found to undergo
apoptosis spontaneously over a period of up to 24 h in
culture. Separation of aged neutrophils by elutriation
into fractions containing different proportions of apop-
totic cells demonstrated that macrophage recognition
was directly correlated with the proportion of apoptotic
cells present [6]. Similarly, human joint-derived inflam-
matory macrophages preferentially recognize apoptotic

R
4®

Figure 3. Three intact apoptotic neutrophils (stained for
myeloperoxidase) are demonstrated within phagocytic vacuoles
inside a macrophage (counterstained with Diff-Quik). Following
the interaction the macrophages were detached from the plastic
wells and cytocentrifuged onto a glass slide before staining.
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Table 1. Molecular mechanisms of recognition of apoptotic cells by phagocytes.

Apoptotic cell Phagocyte

Mechanism Animal species
Lectin-like molecule [14] mouse
Asialoglycoprotein receptor/ rat
mannose receptor [9, 10]
A mannose/fucose receptor [12] human
Vitronectin receptor, CD36, TSP [23, 12, 16] human
mouse
Phosphatidylserine receptor [22] mouse
human
Scavenger receptor [26] mouse
61D3 antigen [19] human

thymocyte peritoneal macrophage
liver cell liver cell
liver sinusoid endothelial cell
neutrophil fibroblast
neutrophil monocyte-derived macrophage
fibroblast
lymphocyte bone marrow-derived
macrophage
lymphocyte peritoneal macrophage
bone marrow-derived
macrophage (simulated with
digestible particles)
THP-1 cell
thymocyte peritoneal macrophage
thymic macrophage
lymphocyte monocyte-derived macrophage
neutrophil

rather than non-apoptotic neutrophils, suggesting that
this mechanism can function in vivo.

Phagocytosis of apoptotic cells does not cause tissue
damage or inflammation

Ingestion of antibody-coated particles by macrophages
results in the acquisition of an inflammatory phenotype
and release of a variety of mediators that potentiate
inflammation (e.g. cytokines and arachidonic acid
metabolites). Phagocytosis of apoptotic cells does not
provoke this response [1], which is consistent with the
existence of a distinct mechanism for identification and
removal of senescent cells.

Phagocyte mechanisms for recognition of cells undergoing
apoptosis

Non-apoptotic cells are not ingested by phagocytes,
which suggests that phagocytes can recognize changes
on the surface of cells as they undergo apoptosis which
identifies them as ‘senescent self”. The nature of the
surface changes involved in identifying apoptotic cells
for removal has been investigated using a variety of
animal species, cell types and experimental methods
(table 1). The different mechanisms by which phago-
cytes may recognize cells undergoing apoptosis are dis-
cussed below.

Lectin-like receptors

Mouse thymocytes can be induced to undergo apoptosis
by exposure to corticosteroids, and they are then recog-
nized by isologous peritoneal macrophages. This inter-
action was specifically inhibited by the carbohydrates

N-acetylglucosamine and N,N-diacetylchitibiose [14]. In
contrast, macrophage recognition of immunoglobulin-
opsonized erythrocytes was unaffected, excluding a non-
specific inhibition of phagocytosis. These experiments
led to the first suggestion that lectin-like molecules may
mediate macrophage recognition of changes in the sur-
face carbohydrates on apoptotic cells. In support of this
suggestion, neonatal rat liver cells form apoptotic en-
velopes which react with labelled lectins indicating expo-
sure of surface carbohydrates that have lost sialic acid
residues. Apoptotic rat liver cells are ingested by neigh-
bouring liver cells which express the asialoglycoprotein
receptor (ASGPR), an interaction that can be inhibited
by antibodies against the ASGPR and by sugars (N-
acetylgalactosamine and D-galactose) and glycoproteins
(lactosylated bovine serum albumin and asialofetuin)
that are ligands for the ASGPR [9]. Inhibition by N-
acetylglucosamine and mannose suggests additional par-
ticipation by the mannose receptor. Both in vivo and in
vitro studies have shown that recognition of labelled rat
liver apoptotic bodies by rat hepatic sinusoid endothelial
cells is inhibited by pre-exposure of the endothelial cells
to a mixture of sugars which bind to the ASGPR and the
mannose receptor [10]. Mannan (a mannose-rich glyco-
protein) and fucoidin (a sulphated fucose polysaccha-
ride) were found to inhibit recognition of apoptotic
neutrophils by human fibroblasts, suggesting that a
novel lectin-like molecule may be involved, distinct from
the mannosyl-fucosyl receptor which is not expressed by
fibroblasts or neutrophils [12].

The vitronectin receptor/CD36
The integrin o, B; (vitronectin receptor, VnR) is one of
a family of heterodimeric cell surface receptors involved
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in adhesion of cells to extracellular matrix compo-
nents (e.g. laminin, fibronectin, vitronectin). A possi-
ble role for integrins in the recognition of apoptotic
cells by phagocytes was suggested by the observation
that aminosugars and basic amino acids, which irthibit
ligand binding to integrins, inhibited recognition of
apoptotic cells [15]. Further evidénce for the role of
an integrin was demonstrated by the dependence of
recognition on divalent cations (Ca** and Mg?*). In
experiments using human monocyte-derived macro-
phages and human neutrophils which undergo apop-
tosis in culture, Savill and colleagueés demonstrated
that macrophage recognition of apoptotic neutrdphils
was specifically inhibited by monoclonal antibodies
against either the « or f subunits of the VaR [16].
Ligand binding by a,f; 1s depéndent on the sequence
of amino acids arginine-glycine-aspartic acid (RGD)
in the ligand. The RGD-bearing proteins vitronectin
and fibronectin and the synthetic tetrapeptide RGDS
were found to inhibit macrophage recognition of
apoptotic neutrophils, whereas the control peptide
RGES had no effect. These agents were shown to act
on the macrophage rather than on the apoptotic neu-
trophil.

It was subsequently demonstrated that throm-
bospondin (TSP), an adhesive RGD-bearing glyco-
protein which binds to the macrophage surface
receptor CD36, cooperates with the VnR in the recog-
nition of human neutrophils undergoing apoptosis [17].
TSP could be measured in the supernatant from the
macrophage/apoptotic neutrophil interaction, and
recognition was inhibited by pretreatment of macro-
phages with the protein synthesis inhibitor cyclohex-
imide or by the addition of anti-TSP antibodies, and
‘rescued’ by addition of exogenous TSP. Exogenous
TSP also enhanced the basal level of recognition if
preincubated with either the macrophages or the apop-
totic neutrophils, suggesting that it may function as a
‘molecular bridge’ between the two cell types, com-
parable to its role in platelet aggregation. A role for
the TSP receptor CD36 was suggested by inhibition of
recognition by anti-CD36 antibodies [17], and in recent
studies in which transfection of melanoma cells with
CD36 conferred capacity for phagocytosis of a variety
of cell types undergoing apoptosis [18]. Recognition of
neutrophils by human fibroblasts in culture may also
be mediated by the VnR, with the possible additional
involvement of a lectin-like receptor (see above). How-
ever, the VnR mechanism for human macrophage
recognition of apoptotic cells does not appear to be
universal. In some subjects the VnR mechanism cannot
be demonstrated, although an alternative mechanism
involving the macrophage 61D3 antigen appears to be
involved (see below), in contrast with other subjects in
whom both VnR and 61D3-ligand mechanisms can be
shown to be involved [19].
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The phosphatidylserine receptor and the scavenger
receptor ;

Phosphatidylserine 1s a negatively tharged membraite
phospholipid which is normally confined to the innher
half of the plasma membrane bilayer. Recent evidence
has shown that phosphatidylserine appears on the sur-
face of cells at an eafly stagé during apoptosis. Loss of
phospholipid asymmetry of the intact plasma mem-
brane is independent of cell type or stimulus to apopto-
sis, and altéred activity of an adenosine triphosphate-
dependent phospholipid translocase or a non-specific
lipid scramblase have been postulated to be responsible
[20, 21]. Following the observation that macrophages
bind to resealed red blood cell ghosts which have in-
ereased amounts of phosphatidylserine on the outer
surface of the plasma membrane, it was shown that
thioglycollate-elicited peritoneal murine macrophages
recognize apoptotic cells by a phosphatidylsérine recep-
tor (PSR)-dependent mechanism. In an in vitro model,
macrophage binding of apoptotic lymphocytes was
stereospecifically inhibited by L-isoforms of phos-
phatidylserine, and inhibited by liposomes containing
phosphatidylserine but not by liposomes containing
other anionic phospholipids [22]. Fadok and colleagues
subsequently demonstrated that the mechanism used by
phagocytes for recognizing cells undergoing apoptosis
depends upon the subpopulation of macrophages, and
is independent of the type of apoptotic cell. Whereas
murine elicited peritoneal macrophages and phorbol
ester-stimulated THP-1 cells {a human monocyte-like
cell ling) utilize the PSR mechanism, murine bone mar-
row-derived macrophages utilize the VnR mechanism,
as demonstrated for human monocyte-derived macro-
phages [23, 16]. Exposure of murine bone marrow-
derived macrophages to 1,3 glucan (a digestible parti-
cle which induces an inflammatory phenotype) resulted
in a switch from VnR-mediated to PSR-mediated recog-
nition of apoptotic cells, with no associated change in
VnR expression on the plasma membrane [24]. Expres-
sion of the PSR was mediated by macrophage secretion
of transforming growth factor-§ (TGF-f), a cytokine
which acts in an autocrine and paracrine fashion to
prime the macrophage for development of the inflam-
matory phenotype.

One possible candidate for the PSR is a member of the
scavenger receptor family. The term ‘scavenger recep-
tor’ was initially used to describe the macrophage sur-
face binding site for chemically modified (acetylated or
oxidized) forms of low density lipoprotein (LDL), a
package of cholesteryl ester, phospholipid and protein
that allows hydrophobic lipids to circulate in the blood.
The original scavenger receptor (class A scavenger re-
ceptor, previously called the acetyl-LDL receptor) was
demonstrated to mediate endocytosis of modified LDL
independently of specific LDL receptors, and was impli-
cated in the pathogenesis of atherosclerosis [25]. Unlike
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most cell surface receptors, class A scavenger receptors
bind with high affinity to a range of different ligands,
such as modified LDL and other proteins, polyribonu-
cleotides, polysaccharides, anionic phospholipids (such
as phosphatidylserine) and a variety of synthetic
molecules [25]. The monoclonal antibody 2F8, which
binds specifically to murine class A scavenger recep-
tors, partially blocks ingestion of apoptotic thymocytes
by murine thymic macrophages or peritoneal
macrophages [26]. Almost complete inhibition of
recognition can be achieved when macrophages are
preincubated with the scavenger receptor ligand polyi-
nosinic acid, but not by related polyribonucleotides.
Interestingly, CD36, which has been shown to cooper-
ate with the VnR and TSP in recognition of apoptotic
cells, may also bind to anionic phospholipids [27].
Scavenger receptors may have a role in atherosclerosis,
cell adhesion, host defence and possibly recognition of
apoptotic cells [28, 25]. Oxidatively damaged human
red blood cells (a model for ageing red cells in vivo)
are recognized and ingested by murine peritoneal
macrophages in an antibody-independent fashion using
a scavenger receptor which binds oxidized LDL but
not acetylated or native LDL [29]. Oxidized LDL also
inhibits macrophage binding of eythrocytes damaged
by glutaraldehyde or malondialdehyde, which cause
cross-linking of plasma membrane proteins. Red blood
cells are enucleate and do not undergo apoptosis, but
further studies demonstrated that macrophage binding
of apoptotic mouse thymocytes (and oxidized erythro-
cytes) is specifically but incompletely inhibited by oxi-
dized LDL and phosphatidylserine liposomes, and that
the VnR is not involved [30]. Ligand blotting studies
demonstrated that both phosphatidylserine and oxi-
dized LDL bound to the same 94-97 kDa membrane
protein which is identical to macrosialin, the mouse
homologue of human CD68 [31]. However, when com-
pared with murine resident peritoneal macrophages,
elicited macrophages have higher macrosialin expres-
sion and bind oxidized LDL more avidly, but they
bind oxidatively damaged erythrocytes less well. In ad-
dition, the mouse macrophage cell line RAW264.7 ex-
presses macrosialin and binds phosphatidylserine
liposomes and oxidized LDL, but does not bind oxida-
tively damaged red blood cells. These findings suggest
that although macrosialin may be involved in recogni-
tion of phosphatidylserine on murine apoptotic cells,
there may be additional complexity in receptor specific-

ity.

The 61D3 antigen

Recognition of a variety of apoptotic cell types by
human monocyte-derived macrophages can be specifi-
cally inhibited by the monoclonal antibody 61D3 [19].
The 61D3 antigen has not been fully characterized,
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but preliminary results suggest it is a 75-kD single-
chain polypeptide (i.e. distinct from the VnR), expres-
sion of which is restricted to cells of the mononuclear
phagocyte lineage. Pretreatment of macrophages with
intact 61D3 or F(ab’), fragments inhibited recognition
of apoptotic BL cells (a human lymphoma cell line),
neutrophils, T lymphocytes and B lymphocytes, but
pretreatment of the apoptotic cells with 61D3 had no
effect on the interaction. Although some human sub-
Jects utilize both the VnR and the 61D3 antigen for
macrophage recognition of apoptotic cells, total inhi-
bition of recognition cannot be demonstrated even
when both anti-VnR and 61D3 antibodies are used in
combination. The implication of this observation is
that further unidentified molecular recognition path-
ways may be involved in the removal of apoptotic
cells.

Control of removal of apoptotic cells

Removal of effetc neurophils from an inflamed site
would be expected to be subject to control mechanisms.
VnR-mediated phagocytosis of cells undergoing apop-
tosis is specifically augmented in vitro by pro-inflamma-
tory cytokines {(GM-CSF, interleukin-18 interferon-y,
tumour necrosis factor-o) and by TGF-18 (which may
exhibit pro-inflammatory and anti-inflammatory effects
in different situations). Preincubation of macrophages
with any of these agents for 6 h increased the propor-
tion of macrophages that recognized apoptotic neu-
trophils, and also increased the phagocytic capacity of
individual macrophages. However, there was no associ-
ated change in expression of the VnR or CD36 on the
surface of the macrophage, no change in macrophage
expression or secretion of TSP, and no recruitment of
a PSR-dependent recognition mechanism [32]. During
inflammation the effect of proinflammatory cytokines
to potentiate resolution by hastening removal of apop-
totic neutrophils may seem paradoxical, but it may be
a way of exerting negative feedback to control the
inflammatory response. GM-CSF also plays a role in
monocyte-macrophage maturation, and may prolong
the life span of neutrophils at a site of inflammation by
inhibiting the rate of apoptosis, and so regulate the
number of neutrophils available for recognition by
macrophages. .

Recent experiments in our laboratory suggest that the
adhesive state of the macrophage regulates the capacity
for removal of apoptotic cells by an «, f;-independent
mechanism. Elevation of intracellular cyclic adenosine
monophosphate in macrophages rapidly and specifically
inhibits recognition of apoptotic neutrophils, and is
associated with changes in the localization of the cy-
toskeletal proteins actin and talin within the macro-
phages suggestive of altered adhesion (unpublished ob-
servations).
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Conclusion

Removal of apoptotic cells by phagocytes is crucial to
many processes in health and disease, but the mecha-
nism by which cells undergoing apoptosis are recog-
nized as ‘senescent self’ are only just beginning to be
understood. In Caenorhabditis elegans (a nematode
worm which has become a principal model for develop-
mental genetics) seven different genes have been iden-
tified which are involved in removal of dying cells by
phagocytes [33]. In mammals, too, there appears to be
significant redundancy in the mechanisms used by
phagocytes to recognize cells undergoing apoptosis.
Four distinct molecular mechanisms have been iden-
tified thus far in humans and rodents («, f5/CD36, 61D3
antigen, lectin-like receptors, and the PSR). Whilst re-
moval of apoptotic neutrophils by human monocyte-
derived macrophages failed to induce release of
proinflammatory mediators (e.g. thromboxane B,), sim-
ilar studies have yet to be performed for other recogni-
tion mechanisms. The phenotype of the phagocyte
population may determine which mechanism is utilized
for removal of apoptotic cells. Modulation of
macrophage phenotype by inflammatory cytokines may
result in recruitment of previously unresponsive cells, or
alter which recognition mechanism is used.
Furthermore, although all human monocyte-derived
macrophages express «,f; and CD36, under normal
conditions less than half of the macrophage population
are able to ingest apoptotic cells. Moreover, simulta-
neous blockade of both «,f, and CD36 fails to inhibit
recognition completely. In all experimental systems ex-
amined to date, no single mechanism can account for all
the observed recognition of apoptotic cells, raising the
possibility of the existence of further recognition mecha-
nisms.

It is possible that multiple recognition mechanisms op-
erating in parallel may provide a fail-safe to ensure that
clearance of apoptotic cells occurs effectively. The ca-
pacity for phagocytic removal of apoptotic cells was
apparently overwhelmed in mice treated with anti-Fas
antibody, which resulted in necrotic cell death and
severe tissue damage [34]. The recognition mechanism
that is employed may be determined by changes associ-
ated with progression of the inflammatory response.
This might account for the observed switching between
apparently mutually exclusive removal mechanisms. In
addition, different removal pathways may be employed
depending upon the apoptotic cell stimulus. Thus, early
membrane alterations associated with apoptosis such as
exposure of phosphatidylserine may signal phagocytosis
via the PSR pathway, whereas changes that occur later
in the apoptotic process, for example altered acetylation
or glycosylation of membrane proteins, would recruit
scavenger receptor-dependent removal mechanisms.
Thus, there would be multiple opportunities for apop-
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totic cell recognition by phagocytes that would ensure
their complete removal prior to cellular necrosis and
associated tissue damage. In support of this suggestion,
we have recently demonstrated that apoptotic cells
defined by exposure of an antigen as undergoing ‘late’
apoptosis are recognized and removed by a different
mechanism than that used during ‘early’ apoptosis (un-
published observations).

During the host defence response any perturbation in
the balance between neutrophil recruitment from the
circulation, their life span at the site of inflammation,
and their removal intact by macrophages may deter-
mine whether inflammation terminates by resolution or
progresses to chronic inflammation and scarring. Neu-
trophil-mediated tissue damage has been implicated in
the pathogenesis of a variety of diseases, such as
rheumatoid arthritis, idiopathic pulmonary fibrosis, and
adult respiratory distress syndrome [35]}. More informa-
tion about the mechanisms controlling removal of
apoptotic cells by phagocytes may lead to development
of therapies that modulate the inflammatory response
such that resolution is favoured rather than tissue de-
struction and scarring.
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