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A pivotal role for innate immunity in the clearance of
apoptotic cells
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Mohamed R. Daha’, and Cees van Kooten'

'Department of Nephrology, Leiden University Medical Center, Leiden, the
Netherlands; ? Tissue Typing laboratory-7631, Department of Clinical Immunology,
Rigshospitalet, Copenhagen, Denmark

Summary

Apoptotic cells can be recognized and taken up by both macrophages and
dendritic cells. Phagocytosis of apoptotic cells generally leads to active
suppression of cytokine production by professional phagocytes. This is different
from the response towards cells died by necrosis, which induce a pro-inflammatory
cytokine profile. Uptake of apoptotic cells involves a large number of receptors and
opsonins, which bind to cellular ligands exposed during the various stages of
apoptotic cell death. Among the opsonins of apoptotic cells, complement factors,
including C1q, and complement-activating members of the pentraxin family play an
important role. This is indicated by in vitro phagocytosis studies and supported by
the susceptibility to systemic autoimmunity in carriers of genetic deficiencies for
early complement proteins. The present review summarizes the role of molecules
of innate immunity in the handling of apoptotic cells by macrophages and dendritic
cells. It is proposed that C1g and other opsonins prevent autoimmunity and
maintain self-tolerance by supporting the efficient clearance of apoptotic material,
as well as by actively modulating phagocyte function.
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Introduction

The innate immune system is of key importance in primary recognition of invading
pathogens. In this respect, a large number of so-called pattern recognition
molecules have been identified, including soluble molecules, such as complement
factors, members of the collectin family and the pentraxin family, as well as
membrane-bound receptors, such as members of the family of Toll-like receptors
(TLR) and the family of C-type lectins. Pattern recognition molecules are not only
involved in pathogen elimination but also in the clearance of apoptotic cells. The
rapid and early removal of apoptotic cells by phagocytosis is directed by early
changes of the apoptotic cell surface that precede the release of its intracellular
contents. Apoptotic cells are phagocytosed by professional phagocytes, such as
macrophages and immature dendritic cells, but also non-professional phagocytic
neighbor cells may participate. Identification of molecules and mechanisms
involved has revealed important parallels between innate host defense against
pathogenic intruders and clearance of self debris, thereby shedding a new light on
mechanisms of tolerance and immunity.

The present review summarizes recent data on the role of pattern recognition
molecules in the recognition and clearance of apoptotic cells, and will elaborate on
the way these molecules might direct differential cellular responses upon apoptotic
cell phagocytosis.

Molecules involved in recognition and clearance of apoptotic cells

A well-recognized and early event in the apoptotic process is the loss of
phospholipid asymmetry of the cell membrane. This leads to exposure of
phospholipids such as phosphatidylserine (PS), phosphatidylethanolamine (PE)
and phosphatidylcholine (PC) on the outside of the cell membrane. Exposure of
phospholipids is a major factor in the recognition of apoptotic cells by phagocytes,
involving membrane-bound receptors, such as the PS-receptor 2 and several
scavenger receptors %4 as well as a number of soluble opsonins that can bridge
apoptotic cells with phagocytes (Table 1 and references therein). Mice deficient for
the membrane receptor for PS show a profound defect in the clearance of
apoptotic cells, causing abnormal development and neonatal death °,

Important insight into mechanisms involved in removal of apoptotic cells has been
generated by studies in Caenorhabditis elegans (reviewed in 6’7). In this organism,
two genetic pathways have been defined, involving the molecules CED-1, CED-6
and CED-7 in the first pathway, and CED-2, CED-5, CED-10 and CED-12 in the
second pathway, which are involved in the engulfment of dying cells. A worm
homolog of the PS receptor, psr1, appeared to be involved in the recognition of cell
corpses, and was shown to mediate its function via interaction with the signaling
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proteins CED-5 and CED-12 8 However, in contrast to observations in humans and
mice, disruption of cell engulfment pathways in worms did not lead to overt
disease.

Table 1. Opsonins involved in bridging apoptotic cells with phagocytes

Cell surface receptors Opsonin Ligand on apoptotic cell Ref.

involved

CD91/calreticulin C1q ? 1912

Scavenger receptor- } MBL ? 1213

Alcalreticulin ? SP-A ? 14,15

Other collectin receptors SP-D ? 15

Via C3b receptors?? C4b Covalent binding upon activation® "%

Complement receptor-3 }

Complement receptor-4 (i)C3b Covalent binding upon activation® %"

Pentraxin receptor(s)? CRP PC 1819

Via collectin receptors?® SAP component PE, chromatin, DNA 2

Via C3b receptors?® Pentraxin 3 ? 12122

Via collectin receptors?® } IgM PC 2324

Via C3b receptors??

c-Mer growth arrest- PS 2526
specific gene 6°

Tyro3?° Protein S PS o

owPs milk fat globule- PS, PE 28
EGF-factor 8

avPs / CD36 thrombospondin-1 ~ ? 2930

? B2 glycoprotein PS 8132

a. Collectin receptors and C3b receptors can mediate phagocytosis following C1q binding and

activation of the classical complement pathway, respectively

b. C3b and C4b can bind to complement-activating surfaces via a covalent thiol-ester linkage

c. GASEG can also bind to other receptors related to c-Mer (Tyro-3, Axl)

d. It is not sure whether human protein S may bind to human Tyro-3 ***

In mice and humans, impaired clearance of apoptotic cells and material derived
from these cells is associated with the development of a systemic SLE-like
autoimmune disease. Systemic autoimmunity was observed in mice deficient for
serum amyloid P-component (SAP), c-Mer, C1q, C4, and IgM, all molecules
potentially involved in such clearance processes (Table 2 and references therein).
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Furthermore, there is a striking association between genetic deficiencies of the
components of the classical complement pathway (C1q, C1r, C1s, C4, C2) and
SLE in humans **%. This association is hierarchical, and the association of C1q
deficiency with SLE is almost 100 %. Several groups have established that
complement components (C1qg, mannose-binding lectin (MBL), C4, C3) directly and
indirectly interact with apoptotic cells (Table 1), as is further discussed below.

Involvement of the complement system in the opsonization and clearance of
apoptotic cells

The complement system can be activated via three different pathways, namely the
classical pathway (CP), the alternative pathway (AP), and the lectin pathway (LP),
which converge at the level of C3 activation (Figure 1). Whereas the LP and the AP
primarily use a direct target recognition mechanism, the CP is mainly activated via
binding of the initiating factor C1q to target-bound IgG or IgM antibodies. C1q is
able to directly bind to apoptotic cells via its globular head domain """, which may
induce complement activation with subsequent deposition of C4b and C3b !
Moreover, C1q can also indirectly bind to apoptotic cells via several intermediates.
Binding of IgM autoantibodies to apoptotic cells may be responsible for the major
part of C1q binding and complement activation by apoptotic cells exposed to
normal human serum **?**. The pentraxin family members C-reactive protein
(CRP), pentraxin-3 (PTX3), and SAP bind to apoptotic cells '®***", which can lead
to a direct interaction with phagocyte receptors 4 as well as to secondary C1q

. C_ 1822
binding and complement activation .
Classical pathway
C4b2a c3 C3b C5b-C9
C1g, C1r, C1s, C4, C2) \ (MAC)
Lectin pathway T> Terminal pathway °°°°
(MBL/L-ficolin/H-ficolin, C4b2a —» (C5, C6, C7, C8, C9) °°o

MASP-2, C4, C2)

C3a

C5a

Alternative pathway

C3bBbP
C3, factor D, B, P

i

Figure 1. The three pathways of complement activation. Each complement activation pathway
generates a C3 convertase (C4b2a / C3bBbP), which mediate cleavage of C3, followed by
activation of the terminal complement pathway and formation of the membrane attack complex
(MAC).

C1q, being the recognition molecule of the CP, is functionally and structurally
related to MBL, a major recognition molecule of the LP %, MBL belongs to the
family of collectins, soluble multimeric pattern recognition molecules, characterized
by C-type lectin domains that serve for ligand recognition and collagenous domains
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that interact with receptors. MBL can bind to apoptotic cells via its lectin domains
123 However, this interaction does not lead to complement activation 3. Not only
MBL but also L-ficolin, a member of the ficolin family that is able to activate the LP
% 'is able to bind to apoptotic cells (M. Lund Jensen and P. Garred, unpublished
observation). Other members of the collectin family include the lung surfactant
proteins A and D (SP-A, SP-D). These molecules mediate phagocytosis of
apoptotic cells by human and rat macrophages 15 A direct interaction with
apoptotic cells has been demonstrated for SP-A " which was reported to be lectin
domain-independent ™, suggesting that the mechanism involved is different from
that used by MBL.

The cellular receptors for C1q have been a matter of debate for a long time. Via
peptide sequencing, the endothelial receptor for C1q, called cC1gR, was shown to
be identical to calreticulin (CRT). CRT can not only bind to C1q, but also to MBL,
SP-A, and SP-D *. CRT, as well as several host-derived heat shock proteins
(gp96, HSP70, HSP90), can bind to the a2-macroglobulin receptor CD91 ¥ cD91
is a transmembrane receptor that can mediate phagocytosis, and is homologous to
the C. elegans protein CED-1. Indeed, a complex of CD91 and CRT serves as a
collectin receptor on the surface of macrophages and can mediate the
phagocytosis of apoptotic cells opsonized with C1q, MBL, SP-A or SP-D 1215
Furthermore, scavenger receptor A has now been reported as a second receptor
involved in binding and internalization of CRT and gp96 *°. Scavenger receptor A is
prominently expressed not only on macrophages but also on dendritic cells and
therefore might also be involved in the uptake of apoptotic material opsonized with
C1q and collectins.

Opsonization in relation to the stage of cell death

Depending on the ligand on the apoptotic cell, opsonins may support clearance of
apoptotic cells in early or later stages of the apoptotic process. Molecules that bind
to exposed phospholipids, such as the PS receptor, several scavenger receptors,
as well as a number of opsonins for apoptotic cells (Table 1) presumably interact
with early apoptotic cells. For other opsonins, such as C1q, MBL, SP-A, and PTX3,
the ligand on the apoptotic cell surface is currently unknown, but, in case of C1q
and MBL "', probably distinct from PS. Accordingly, C1q and MBL binding to
apoptotic cells are rather late events in the cell death process: C1q binding to early
apoptotic cells is much weaker than to late apoptotic cells and binding of MBL and
PTX3 was exclusively demonstrated to late apoptotic cells "'*?'. Furthermore,
SAP, an opsonin binding to PE, is able to bind to early apoptotic cells, but again
the binding to late apoptotic cells is of much higher affinity 2 Also deposition of C4
and C3 on apoptotic cells, as a consequence of activation of the complement
cascade, is a late event during apoptosis 2441,
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C1q, MBL and PTX3 do not only bind to intact apoptotic cells, but also to
microparticles that are released from the cell during apoptosis 13, Noteworthy,
whereas we found that C1q, MBL and PTX3 always bind to a subpopulation of
these microparticles, SAP showed strong binding to the complete population of
microparticles collected from the supernatant of apoptotic Jurkat cells (Fig. 2),
suggesting that this molecule, which is constitutively present in human serum in a
high concentration, may play a prominent role in the clearance of such apoptotic
debris.

Figure 2. Binding of SAP to cell-
+ SAP derived microparticles generated
during induction of apoptosis.
Jurkat cells were induced to apoptosis
by treatment with 40 pM etoposide
during 48 hours in the presence or
absence of purified human SAP (20
pg/ml). Microparticles were isolated
from the culture supernatant as
described ' and stained for the
binding of SAP using a monoclonal
antibody directed against SAP,
followed by PE-conjugated goat anti-
mouse antibodies for detection. SAP
and mAb anti-SAP were a kind gift of
Dr. Hack and Dr. Familian.

.

SSC
107 107

10!

100

Together, these data suggest that C1q, MBL and the pentraxins are primarily
important in the clearance of apoptotic cells in later stages of the cell death
process, after they have become leaky and/or have fallen apart in membrane-
enclosed apoptotic bodies. Therefore, in the normal clearance of early apoptotic
cells, other clearance mechanisms may prevail, involving molecules such as the
PS receptor. It is difficult to estimate how often late apoptotic cells do occur in vivo.
Furthermore, in vitro and in vivo phagocytosis experiments use a mixture of early
and late apoptotic cells, since these cells progress into late stages during handling.
Therefore, the role of opsonins in the uptake of early apoptotic cells remains to be
established. However, since C1g-deficient mice show impaired clearance of
apoptotic cells *2and since both C1qg-deficient mice and humans are strongly
susceptible to autoimmunity, the contribution of C1q to the clearance system is
apparently important. Complement-dependent clearance mechanisms could be
especially relevant during e.g. trauma or inflammation, resulting into an increased
load of apoptotic material.

Noteworthy, MBL ¥ and C1qg (W. Xu et al. unpublished) do not only directly bind to
late apoptotic cells but also to cells dying via necrosis. Necrotic cells activate the
classical complement pathway, largely via an IgM-dependent mechanism [Ciurana
et al. submitted for publication, *']. Also necrotic cells expose phospholipids that
may serve as ligands for receptors and opsonins. Therefore, the clearance
mechanisms for apoptotic cells are presumably also involved in the clearance of
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necrotic material and therefore these molecules may function as general
scavengers of cellular debris.

Opsonization modulates the uptake of apoptotic cells

Opsonization generally increases the efficiency of the interaction between
phagocyte and apoptotic cell and induce receptor-mediated phagocytosis, which
accelerates the kinetics of the phagocytosis process and thus enhances the
capacity of the phagocytic system. Most of the molecules implicated in apoptotic
cell clearance have been shown to contribute to the uptake of apoptotic cells by
macrophages in vitro. In vivo support for their role in clearance of self debris is in a
number of cases available by studies in knockout mice, as presented in table 2.

Table 2. In vivo support for a role of receptors and opsonins in the clearance of self
debris

Molecule Phenotype of knockout mice Ref.

C1q Systemic autoimmunity with autoantibodies and glomerulonephritis 1042
Increased numbers of apoptotic cells in glomeruli
Delayed clearance of apoptotic cells from the peritoneal cavity

SP-D Delayed clearance of apoptotic cells from the lung

C4 Systemic autoimmunity with autoantibodies and glomerulonephritis 1043
Delayed clearance of apoptotic cells from the peritoneal cavity

SAP Systemic autoimmunity with autoantibodies and glomerulonephritis 4

Accelerated chromatin degradation, enhanced immune response

against chromatin
45,46

IgM Autoimmunity to nuclear antigens, renal IgG and complement
deposition

c-Mer Autoimmunity to nuclear antigens, renal IgG and complement B47
deposition
Defect in clearance of apoptotic cells in the thymus and spleen

PS Accumulation of apoptotic cells in brain and lungs °

receptor Abnormal development and neonatal lethality

Opsonins can contribute to the clearance of apoptotic cells in a tissue-specific way.
Mice deficient for SP-D show decreased uptake of apoptotic cells that are
administered into the lung ® Mice deficient for C1q and C4 show a delayed
clearance of apoptotic cells that are injected into the peritoneal cavity % However,
C1q'/' mice show a normal uptake of apoptotic cells in the lung 2 Similarly, despite
the fact that C1q is able to bind to apoptotic keratinocytes ° it does not seem to
contribute to the uptake of apoptotic cells in the skin 8, C1q supports the uptake of
apoptotic cells by macrophages but not by renal mesangial cells 9, indicating that a
defect in clearance by mesangial cells cannot explain the increased numbers of
apoptotic cells in glomeruli from C1g-deficient mice 2
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The data available indicate that deficiency of apoptotic cell opsonins such as
complement factors delays the in vivo uptake of apoptotic material by professional
phagocytes % This may result into a prolonged exposure of the immune system to
apoptotic cells and to a progression of these apoptotic cells into later stages of cell
death, thereby increasing the risk of induction of autoimmunity. Apoptotic cells are
a rich source of autoantigens that are known targets of autoantibodies in systemic
autoimmune diseases such as SLE. Uptake of these autoantigens by dendritic cells
(DC) may lead to professional presentation to naive T cells and thereby to a loss of
tolerance. DCs are professional antigen presenting cells that are responsible for
induction of primary immune responses. It is now clear that DCs, depending on
their state of maturation, also play a critical role in induction and maintenance of
tolerance *°. Walport and colleagues have introduced the waste disposal
hypothesis to explain the role of C1q in the prevention of systemic autoimmunity %,
In this hypothesis, the main role of C1q is to promote the uptake of apoptotic debris
by macrophages. Without C1q, the efficiency of this process is too low, leading to
an overload of apoptotic cells which will then be taken up also by immature
dendritic cells.

Recent data obtained by our group indicate that C1q and MBL do not only enhance
the uptake of apoptotic material by macrophages, but also by immature dendritic
cells (A.J. Nauta et al., submitted for publication). Therefore, it seems that these
apoptotic cell opsonins do not make a distinction between macrophages and
immature DCs, but allow uptake of apoptotic cells in both cell types. A potential role
for C1q in antigen uptake by immature DCs is also strongly supported by our
recent observation that immature DCs, but not mature DCs, are strong producers
of C1q, even stronger than macrophages °'.

Not only C1q and MBL, but also complement activation products promote the
uptake of apoptotic cells by DC, involving the complement receptors CR3 and CR4
752 Data obtained from complement-deficient mice and humans indicate that C1q
and complement are involved in maintenance of tolerance. Since C1q and
complement components promote apoptotic cell uptake by both macrophages and
immature DC, we hypothesize that these apoptotic cell opsonins have important
immunomodulatory effects.

Opsonization may direct the cellular response to apoptotic cells

Phagocytosis of apoptotic cells by professional phagocytes not only prevents the
release of their harmful intracellular contents, but also actively modulates
phagocyte function “°°. Phagocytosis of apoptotic neutrophils by human
macrophages was shown to inhibit production of cytokines and chemokines,
whereas production of TGF-B1 was increased *_ The addition of apoptotic cells to

macrophages also modulates cytokine production induced by TLR ligands 5458
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which partially involves production of TGF-B1. Apoptotic cell-induced release of
TGF-B1 in vivo was shown to require exposure of PS %,

With respect to dendritic cells, it has been shown that DC can engulf both apoptotic
and necrotic cells *"*°. Similarly to macrophages, DC show suppressed cytokine
production upon their exposure to apoptotic cells 7% " Furthermore, antigens
delivered to DC via apoptotic cells induced tolerance in vivo ®  However, under
certain circumstances, exposure of DC to apoptotic cells can also induce DC
maturation and immunity °*°2. This might be dependent on the amount of apoptotic
cells, as well as on the presence of pro-inflammatory signals and opsonizing
antibodies.

At this moment, there is only little information available about how the known
apoptotic cell opsonins interfere with the modulation of phagocytic responses by
apoptotic cells. Apoptotic cells opsonized with CRP and complement induced
expression of TGF-B by macrophages '® Furthermore, stimulation of the iC3b
receptor was shown to inhibit cytokine production by DC " In contrast, the
interaction of SP-A and C1q with the CD91/CRT complex on macrophages was
recently demonstrated to be a pro-inflammatory interaction %, However, this has
not been studied in the context of these opsonins present on apoptotic cells, which
could make a crucial difference.

Contrary to the phagocytosis of apoptotic cells, which is in most cases described
as a non-inflammatory process, phagocytosis of necrotic cells leads to DC
maturation and macrophage activation 570064 The pro-inflammatory effects of
necrotic cells have been linked to the release of heat shock proteins % the
chromosomal protein HMBG1 (high mobility group box chromosomal protein 1) %,
and high concentrations of uric acid o, Strikingly, heat shock proteins and HMBG1
were not released from cells dying by apoptosis, also not in a late stage of cell
death.

Heat shock proteins are now described as endogenous ligands of several
members of the TLR family, including TLR2 and TLR4 %8, Interestingly, SP-A was
recently also shown to bind to TLR4 % Furthermore, heat shock proteins can
signal towards phagocytic cells via CD91 and via scavenger receptor A **°. This
involves an interaction between heat shock proteins and these receptors in a
similar way as described for calreticulin, the molecule proposed to be involved in
the binding of C1q and collectins 1283 Therefore, it is presently unclear whether
and how phagocytic cells may distinguish between signals coming from heat shock
proteins, derived from necrotic cells, and signals coming from calreticulin bound to
C1q, present on the surface of apoptotic cells. It has been proposed that the PS
receptor is an important "molecular switch" in this respect, determining whether or
not the phagocytic cell should mount a pro-inflammatory or a tolerogenic response
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® This hypothesis includes the premise that necrotic cells are somehow able to
prevent signaling via the PS receptor.

Concluding remarks

Opsonization of apoptotic cells is required for their safe elimination. Whereas
appropriate opsonization will direct a rapid and anti-inflammatory clearance of
apoptotic material by macrophages and DC, inappropriate opsonization, either in a
quantitative or qualitative way, may lead to disturbed uptake and phagocyte
modulation, finally resulting in a loss of self tolerance (Figure 3).

Appropnate
opsomzatlon

Modulation towards Mfalntenance

E—
Rapld uptake anti-inflammatory response

self-tolerance

Persistence of

~

apoptotic material
Disturbed uptake Progression of
\ cell death process self-tolerance
Modulation towards

Lo,
Inappropnate o 0
opsomzatlon §

4 O°

Figure 3. The role of opsonins in the handling of apoptotic cells. Appropriate opsonization of
apoptotic cells leads to their rapid uptake by macrophages (M¢) or immature dendritic cells (iDC),
and to a modulation of these phagocytic cells, leading to an anti-inflammatory response and
maintenance of tolerance. In contrast, quantitatively or qualitatively inappropriate opsonization may
disturb the apoptotic cell uptake, leading to a loss of tolerance, as illustrated in the lower panel.

pro-inflammatory response

Dendritic cells are well recognized as the central mediators of both immunity and
tolerance. Recent studies have revealed that also for the induction of tolerance
immature DC need to reach a certain stage of maturation " In this respect we
hypothesize that a combination of stimuli, such as opsonins, membrane-associated
ligands, cytokines and TLR ligands, will determine whether the DC will induce
immunity or tolerance upon encountering dying cells. Further definition of these
signals and their effect on phagocyte responses towards apoptotic cells are
required to understand why deficiencies in molecules involved in the handling of
apoptotic cells are associated with systemic autoimmunity.
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