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Review

Molecular mechanisms of late apoptotic/necrotic cell
clearance

IKH Poon'2, MD Hulett*">® and CR Parish*"?

Phagocytosis serves as one of the key processes involved in development, maintenance of tissue homeostasis, as well as in
eliminating pathogens from an organism. Under normal physiological conditions, dying cells (e.g., apoptotic and necrotic cells)
and pathogens (e.g., bacteria and fungi) are rapidly detected and removed by professional phagocytes such as macrophages and
dendritic cells (DCs). In most cases, specific receptors and opsonins are used by phagocytes to recognize and bind their target
cells, which can trigger the intracellular signalling events required for phagocytosis. Depending on the type of target cell,
phagocytes may also release both immunomodulatory molecules and growth factors to orchestrate a subsequent immune
response and wound healing process. In recent years, evidence is growing that opsonins and receptors involved in the removal
of pathogens can also aid the disposal of dying cells at all stages of cell death, in particular plasma membrane-damaged cells
such as late apoptotic and necrotic cells. This review provides an overview of the molecular mechanisms and the immunological
outcomes of late apoptotic/necrotic cell removal and highlights the striking similarities between late apoptotic/necrotic cell and
pathogen clearance.
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The immune system is constantly under pressure to accu-
rately distinguish foreign materials or pathogens (non-self)
from normal healthy tissues (self), and make an appropriate
immune response to non-self molecules through a range of
effector mechanisms. It is equally important for the immune
system to distinguish healthy viable cells (self) from dying
cells (altered-self) during the course of tissue remodelling or
tissue injury to prevent the release of intracellular molecules
that may damage neighbouring cells or stimulate an immuno-
genic response against self (i.e., an autoimmune response).
Professional phagocytes of the innate immune system use
a broad range of germline-encoded receptors and opsonins
to discriminate viable cells from pathogens and dying cells,
and aid the removal of non-self and altered-self through

phagocytosis.'? Not surprisingly, impairment of phagocytosis
due to a deficiency in key phagocytic components such as
C1q, one of the first components of the classical complement
cascade, has been implicated in an increased susceptibility
to bacterial infection® as well as in the development of auto-
immune diseases such as systemic lupus erythematosus
(SLE).* Therefore, understanding the molecular mechanisms
of phagocytosis will provide new insights into numerous
physiological and pathological processes.

Under normal physiological conditions, cells of a multi-
cellular organism predominantly die through the well-defined
process known as apoptosis or programmed cell death (see
Elmore® for an extensive review). During different stages of
apoptotic cell death, a precise set of morphological and
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biochemical changes occur within the dying cell.® Dying cells
can be characterized as early apoptotic cells, in which the
plasma membrane remains intact but exposes phosphatidyl-
serine (PS) on the cell surface to mediate its recognition by
phagocytes. Early apoptotic cells can become late apoptotic
cells, also known as secondary necrotic cells, when the
plasma membrane becomes permeabilized.? Alternatively,
direct exposure of healthy viable cells to trauma, such as
extreme temperature, mechanical, and chemical insults, can
lead to the generation of membrane-permeabilized necrotic
cells (i.e., primary necrotic cells).® Importantly, depending on
the type of dying cells (e.g., early apoptotic versus necrotic
cells), recognition and internalization by phagocytes can
result in an anti- or a pro-inflammatory response.’” In
addition, uptake of apoptotic cells by macrophages can
also promote cell growth® and wound healing® through the
release of vascular endothelial growth factor (VEGF) and
transforming growth factor-f (TGF-f), respectively. Thus, the
process of phagocytosis in mammals not only serves as
an effector mechanism to clear infectious agents, dying cells,
or unwanted materials, but also has a fundamental role in
determining the subsequent adaptive immune response
towards the phagocytosed materials as well as orchestrating
the processes of regeneration and angiogenesis at sites
of tissue injury. Furthermore, phagocytosis of dying cells,
especially early apoptotic cells in an anti-inflammatory
context, has a vital role in maintaining immunological
tolerance against cell-associated antigens.®

In recent years, significant progress has been made in
identifying the molecular and cellular components that are
involved in the removal of dying cells. The current review
will focus on (1) the complexity of phagocytosis of patho-
gens and dying cells, (2) the molecular mechanisms of
dying cell uptake, in particular the disposal of late apoptotic/
necrotic cells, (3) the immunological consequences of
late apoptotic/necrotic cell clearance and (4) the striking
similarities between pathogen and late apoptotic/necrotic cell
removal.

Recognition of Target Cells for Phagocytosis

Although phagocytosis can simply be viewed as the
engulfment of large particles (> 0.5 um) by cells through an
actin-dependent mechanism, molecular events that govern
different phases of phagocytosis are extremely complex'"
(Figure 1). To mediate efficient removal of target cells,
professional phagocytes such as macrophages, monocytes,
microglia, neutrophils and dendritic cells (DCs) are located at
high density in specific tissues (e.g., alveoli, spleen and brain),
in which there is an increased chance of encountering target
cells or being actively attracted to target cells through the
so-called ‘come-get-me’ signals.'® For example, generation
of C5a molecules after complement activation on microbial
surfaces can stimulate chemotaxis of neutrophils, macro-
phages and monocytes.'®'* Similarly, early apoptotic cells
can release chemotactic factors to attract phagocytes towards
sites of apoptotic cell death. The release of apoptotic blebs
from human tonsil germinal centre B cells that are dying
by apoptosis in culture has been shown to stimulate the
migration of human monocytes.'® In addition, the release of
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soluble molecules such as lysophosphatidylcholine (LPC),'®

endothelial monocyte-activating polypeptide 1l (EMAP 11)”
and fractalkine/CX3CL1'® by early apoptotic cells has also
been suggested to promote the recruitment of macrophages
and monocytes towards cells undergoing apoptosis. Interest-
ingly, apoptotic leukocytes (HL-60 cells) generated by heat
treatment can secret both S19 ribosomal homodimer and a
serine protease to promote and subsequently retard mono-
cyte migration, respectively, during the early and later stages
of apoptotic cell death.'® Besides facilitating the chemotaxis of
mononuclear phagocytes, induction of apoptosis can also
trigger the release of lactoferrin, an anti-inflammatory glyco-
protein that selectively inhibits the migration of neutrophils
towards early apoptotic cells, possibly to prevent any aberrant
inflammation at sites of physiological forms of cell death.2°
Although such an elegant phagocyte recruitment system may
be necessary in mediating efficient clearance of apoptotic
cells at certain tissues, it should be noted that non-profes-
sional phagocytes, such as fibroblasts, endothelial and
epithelial cells, can also contribute to removing adjacent cells
undergoing apoptosis (see Majai et al?' for an extensive
review).?!

When a phagocyte comes into close proximity to a target
cell, the target cell must expose a sufficient level of ‘eat-me’
signals to trigger phagocytosis. For phagocytes to discrimi-
nate pathogens from host cells, Janeway®? proposed that a
limited number of germline-encoded pattern recognition
molecules (PRMs) are used by the innate immune system to
detect conserved molecular structures known as pathogen-
associated molecular patterns (PAMPs) exposed on patho-
gens but absent from healthy host cells (Figure 1). PRMs that
are important in detecting PAMPs include the macrophage
mannose receptor, macrophage scavenger receptors, C1q,
mannose-binding lectin (MBL), C-reactive protein (CRP) and
serum amyloid protein (SAP), most of which recognize
specific carbohydrate or polyanionic structures exposed on
pathogens.2® Similarly, the ability of phagocytes to distinguish
dying cells, such as early apoptotic cells from viable cells,
also relies on the exposure of the so-called apoptotic-
cell-associated molecular patterns (ACAMPs) on apoptotic
cells®® (Figure 1). However, because of the complexity of
the molecular pathways that initiate cell death as well as
the continuous progression through different stages of cell
death,® it is not appropriate to use the term ACAMPs to
describe molecular structures exposed by all types of dying
cells. To illustrate the complexity of the phagocytic signals
exposed by self, altered-self and non-self cells, a number of
selected examples will be discussed below and are schema-
tically represented in Figure 2.

Besides insufficient levels of ‘eat-me’ signals on healthy
host cells, viable cells can actively expose ‘don’t eat-me’
signals (also known as self-associated molecular patterns
(SAMPs)) to prevent their uptake by phagocytes®® (Figure 1).
Expression of CD47, a ubiquitous member of the immunoglo-
bulin (Ig) superfamily, on viable cells can deliver a negative
engulfment signal through the immune inhibitory receptor
SIRP-2 on macrophages.?® Similarly, another member of
the Ig superfamily, CD31 (PECAM-1), can also mediate the
detachment of viable leukocytes from macrophages through
the homophilic interaction between CD31 expressed on both
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Figure 1 Schematic representation of the phases of phagocytosis and the recognition of target cells. The initial interaction between phagocytes and target cells involves
adhesion molecules as well as recognition receptors that can detect, either directly or indirectly through opsonins, various molecules exposed on target cells. Target cells may
also release soluble factors that either enhance or inhibit the migration of phagocytes towards the site of homoeostatic cell death, tissue injury or infection. Multiple interactions
between a phagocytic cell and a target cell will lead to the formation a ‘phagocytic synapse’, which triggers various intracellular signalling events and induces the reorganization
of the cytoskeleton to mediate target cell uptake. After the engulfment process, the internalized target cell is delivered into the phagosome, which will mature into the

phagolysosome for target cell killing and degradation. Phagocytic uptake of a target

cell can trigger the release of anti- and pro-inflammatory cytokines and growth factors, as

well as the presentation of peptides derived from the target cell to T cells through both major histocompatibility complex (MHC) class | and Il molecules. Depending on the type
of target cell, different levels and types of the so-called ‘don’t-eat-me’ and ‘eat-me’ signals will be exposed. Viable cells expose self-associated molecular patterns (SAMPs) to
prevent phagocytosis, whereas pathogens and dying cells (e.g., early and late apoptotic cells) expose pathogen-associated molecular patterns (PAMPs) and apoptotic cell-
associated molecular patterns (ACAMPs), respectively, to mediate their uptake by phagocytes. Note that plasma membrane-damaged cells (i.e., late apoptotic and necrotic
cells) and pathogens can also release or expose endogenous and exogenous ‘danger’ signals, known as alarmins and PAMPs, respectively, to alert the organism to tissue

injury and infection. TCR, T-cell receptor

cell types.?” Furthermore, the inhibition of the complement
cascade on viable cells by complement regulators such as
CD46 and factor H can prevent the recognition of viable cells
by complement receptors (CR) expressed on various phago-
cytic cells.™ Intriguingly, although the function of putative anti-
chemotactic factors in normal healthy tissues is not well

understood,?® they may also participate by preventing the
interaction between phagocytes and viable cells.

In contrast, when cells undergo apoptosis in response to
either extrinsic or intrinsic mediators, a distinct set of morpho-
logical (i.e., cell shrinkage and membrane blebbing) and
biochemical (e.g., activation of caspases) changes occur.®

Cell Death and Differentiation
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Figure2 Complexity of phagocytic, immunomodulatory and chemotactic signals exposed on target cells. Phagocytic cells are equipped with a variety of germline-encoded
detection mechanisms to distinguish self (viable cells), altered-self (dying cells) and non-self (pathogens) based on the combination of molecular signals exposed on the target
cell. For example, viable cells expose a combination of ‘don’t-eat-me’ signals such as CD47, CD31 and specific carbohydrate structures to prevent their uptake by phagocytes
through a variety of mechanisms. When cells undergo apoptosis, various ‘eat-me’ signals, such as PS and DNA, are rapidly exposed and several ‘don’t-eat-me’ signals are lost
or modified to formulate a specific combination of signals that enhance phagocytosis. When the plasma membrane of apoptotic cells becomes permeabilized (i.e., late
apoptotic cells), additional molecules are revealed to shape a new combination of ‘eat-me’ and ‘don’t-eat-me’ signals. Intracellular autoantigens can also be exposed once the
plasma membrane is damaged. It is important to acknowledge that the process of cell death is extremely complex and can lead to the exposure of different molecules
depending on the pathway of cell death. For example, necrotic cells will not expose molecules that are modified during apoptosis and thus will show a different combination of
phagocytic signals compared with late apoptotic cells. In addition, phagocytic cells can recognize unique structures carried by pathogens (e.g., LTA, PCh, flagellin and CpG
DNA). A variety of soluble factors are also released by the target cells to attract phagocytes (e.g., LPC) or to directly modulate the immunological outcome of phagocytosis
(e.g., TGF-B, HMGB1 and LPS). A, autoantigens; DNA, deoxyribonucleic acid; HMGB1, high-mobility group box 1 protein; LPC; lysophosphatidylcholine; LPS,

lipopolysaccharide; LTA, lipoteichoic acid; PCh, phosphocholine; PS, phosphatidylserine; TGF-#, transforming growth factor-f8

These include the release of ‘come-get-me’ signals, the
exposure of ‘eat-me’ signals, as well as the loss of ‘don’t
eat-me’ signals that collectively facilitate apoptotic cell
clearance.'® The loss of phospholipid asymmetry of the
plasma membrane during the early stages of apoptosis
can lead to the exposure of anionic phospholipids such as
PS, which can be recognized by a number of phagocytic
receptors and opsonins such as T-cell immunoglobulin mucin
(Tim-1) and Tim-4, Stabilin-2, brain-specific angiogenesis
inhibitor 1 (BAI1) and scavenger receptors, as well as the
opsonins fi>-glycoprotein | (f.GPI), milk fat globular-EGF
factor 8 protein (MFG-E8) and Protein S.2%%° It is also
important to note that phagocytosis of target cells (e.g.,
early apoptotic cells) is dependent on both the quantity
and quality of positive (i.e., ‘eat-me’) and negative (i.e., don'’t
eat-me’) phagocytic signals. For example, ‘eat-me’ signals
such as PS are not totally absent on viable cells, with
a sufficient threshold level of externalized PS being required
to initiate phagocytosis.31 In addition, activation of apoptotic
pathways can lead to the modification or loss of ‘don’t eat-me’
signals such CD47,%® CD3127 and CD46,3 which can further
favour the uptake of apoptotic cells. It is worth noting
that the significance of CD47 and CD31 in regulating phago-
cytosis of early apoptotic cells is only apparent under
specific conditions, for example, in the presence or absence
of serum opsonins,®334 indicating that certain positive or
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negative phagocytic signals may dominate over other
phagocytic signals.

If apoptotic cells persist due to an overload of dying cells
and/or an impairment in phagocytosis, early apoptotic cells
will progress into late apoptotic cells (i.e., secondary necrotic
cells), the states in which the cell membrane becomes more
permeable.” Similarly, generation of (primary) necrotic cells
by extreme trauma can also result in permeabilization of
the cell membrane.® Besides physical and chemical insults,
necrosis can also be induced by specific signals (e.g., tumour
necrosis factor-a (TNF-z) and double-stranded ribonucleic
acid (dsRNA)) and controlled by a set of signalling path-
ways, a process termed necroptosis.*® Importantly, the loss of
membrane integrity exposes intracellular molecules that are
previously hidden and may exert an effect as additional
‘eat-me’ signals to facilitate the clearance of membrane-
damaged cells. Although late apoptotic cells and necrotic
cells are often grouped together simply as permeabilized
cells (i.e., cells staining positive for PS-binding annexin V
and various membrane-impermeable dyes such as Trypan
blue, propidium iodine and Hoechst 33258), they are likely to
expose different combinations of phagocytic signals because
of differences in the molecular events that have occurred
before membrane damage (see Figure 2). Although many of
the intracellular ‘eat-me’ signals are not well characterized,
a growing number of opsonins and receptors have been



identified recently that can specifically aid the removal of
late apoptotic/necrotic cells (discussed in detail below).

Similar to the ‘immunological synapse’ formed between a
T-cell and an antigen-presenting cell, the interaction between
a phagocyte and a target cell also requires a combination
of both adhesion and recognition molecules to mediate the
formation of a ‘phagocytic synapse’," which has an important
role in initiating various signalling events that trigger cyto-
skeletal reorganization and the engulfment of the target
cell through an actin-based mechanism'" (Figure 1). After the
engulfment process, the internalized target cell is delivered to
a membrane-limited organelle known as the phagosome,
which will eventually mature into a phagolysosome through
a series of fusion and fission events with endosomes and
lysosomes.! Most importantly, phagocytic cells such as DCs
and macrophages are equipped with the necessary molecular
machinery to kill and degrade the internalized target cell, and
subsequently process and present antigens derived from the
target cell to the adaptive immune system through both major
histocompatibility complex (MHC) class | and Il molecules’
(Figure 1). Interestingly, besides simply mediating the uptake
of dying cells, evidence from Caenorhabditis elegans and
mammalian macrophage/microglia studies suggest that pha-
gocytes can also promote cell death during development and
tissue remodelling to ensure that certain types of cells are
eliminated and cleared appropriately.”

In addition to regulating various biological processes, such
as cell proliferation and differentiation, angiogenesis, tissue
remodelling and development, the recognition and uptake of
target cells can also have an important role in determining
the subsequent immunological response at the site in which
the phagocytosed material was initially identified. Whether an
anti- or a pro-inflammatory response may be initiated depends
largely on the type of immunomodulatory signals being
released or exposed by the target cell.?® For example, the
display of certain PAMPs (also known as exogenous ‘danger’
signals), such as lipopolysaccharide (LPS), lipoteichoic acid
(LTA), flagellin and peptidoglycans, on bacteria can activate
Toll-like receptors (TLRs) and trigger the release of pro-
inflammatory cytokines to alert the host organism to invading
pathogens.®®3” Similarly, the recognition of virus-derived
dsRNA and intracellular bacterial-derived peptidoglycans by
cytosolic PRMs, such as retinoic acid-inducible gene-l (RIG)-
like receptors and nucleotide-binding oligomerization domain
(NOD)-like receptors, can also induce the production of pro-
inflammatory cytokines.® In contrast, the uptake of early
apoptotic cells by phagocytes can inhibit the secretion of pro-
inflammatory cytokines and promote the production of anti-
inflammatory cytokines to mediate a nonphlogistic clearance
of dying cells. In addition, T cells undergoing apoptotic cell
death can also foster an anti-inflammatory response by
directly releasing TGF- and interleukin (IL)-10.'%2° Interest-
ingly, late apoptotic and necrotic cells can also release
endogenous molecules called ‘alarmins’, which function as
endogenous ‘danger’ signals and elicit a pro-inflammatory
response to indicate tissue injury.G Well-characterized alar-
mins include uric acid/monosodium urate (MSU) crystals
and high-mobility group box 1 (HMGB1) molecules.®® Both
exogenous ‘danger’ signals (i.e., PAMPs) and endogenous
‘danger’ signals (i.e., alarmins) belong to a subgroup of
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molecules known as danger-associated molecular patterns
(DAMPs) %40

Therefore, the initial interaction between the phagocyte and
the target cell may have a critical role in determining whether
an immunogenic or a tolerogenic adaptive immune response
will be raised against the internalized material. Although a
detailed discussion of how an immunogenic or a tolerogenic
immune response is developed and maintained is beyond
the scope of this review, it is important to note that the quality
and the types of immune response generated towards
the phagocytosed material is also influenced by a variety of
factors and regulatory mechanisms that are present at
different stages of the immune response. These include
maturation of DCs and antigen presentation, T- and B-cell
activation and clonal expansion as well as control of the
immune response by regulatory T cells.”'°

Molecular Mechanisms of Late Apoptotic/Necrotic Cell
Removal

According to the ‘waste disposal’ hypothesis*' and the
‘danger’ hypothesis,*? a failure in apoptotic cell clearance or
cell trauma can lead to the generation of plasma membrane-
damaged cells (e.g., late apoptotic and necrotic cells) and the
exposure of both immunostimulatory molecules and autoanti-
gens to the immune system. Subsequently, phagocytic
uptake of late apoptotic/necrotic cells by antigen-presenting
cells, such as DCs, can lead to the presentation of autoanti-
gens to autoreactive T cells in a pro-inflammatory context,
thus facilitating the onset of an autoimmune response. As
apoptotic cell removal is an important ‘check-point’ for
autoimmunity, a substantial amount of effort in the last decade
has been devoted to identifying the molecular mechanisms of
apoptotic cell uptake and is extensively reviewed else-
where.27:25% Recently, a number of studies have discovered
several novel phagocytic pathways of late apoptotic/necrotic
cell recognition and uptake (see Figure 3 and below). A better
understanding of the molecular mechanisms underpinning
these pathways may shed light on the differences observed in
the immunological outcomes after the clearance of early
apoptotic cells versus late apoptotic/necrotic cells by phago-
cytes. Some of the molecular mechanisms involved in late
apoptotic/necrotic cell clearance are summarized below.

Classical complement pathway. The complement system
has been known to have a critical role in providing the
first line of host defence against intruding pathogens.
Complement components can be activated on the surface
of pathogens through three different pathways: the classical
pathway, the lectin pathway and the alternative pathway.
Activation of the complement cascade serves three major
roles, namely (1) inducing inflammation through fragments of
complement components (e.g., C3a, C4a, C5a), (2) opsoni-
zation of pathogens for phagocytosis (e.g., through C3b)
and (3) direct killing of pathogens through the assembly of
the membrane-attack complex (MAC)."® In addition, recent
studies have implicated the complement system in dying cell
clearance, in particular the complement component C1q of
the classical pathway.

385
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C1q is a member of the collagen family and serves as a
key PRM of the classical complement pathway. C1q interacts
with pathogen surfaces either through direct interaction
with charged and hydrophobic structures or indirectly through
pathogen-binding I1gG or IgM and subsequently promotes the
activation of the serine proteases C1rand C1s.'® Initially, both
C1q and factor B were identified as key components in human
serum that can enhance the phagocytic uptake of early
apoptotic serum-starved human neutrophils and radiation-
treated murine thymocytes through CR3 and CR4 on human
monocyte-derived macrophages (HMDMs), suggesting that
the activation of both the classical and alternative pathways
are required to aid early apoptotic cell clearance.*® However,
it was subsequently shown that C1q alone can bind directly to
membrane blebs on the surface of UV-treated early apop-
totic Jurkat T cells,** possibly through PS,*® cardiolipin®*® or
deoxyribonucleic acid (DNA) recognition,’ and augment
early apoptotic cell removal through calreticulin and CD91
on HMDMs.** The importance of C1q and the classical
pathway in apoptotic cell disposal was further shown by the
impairment of dexamethasone-treated early apoptotic murine
thymocytes uptake in C1g-deficient mice in vivo as well as
UV-treated early apoptotic Jurkat T-cell removal in C1g-
deficient patients in vitro.* Interestingly, complement binding
and activation was later found to occur predominantly on
heat-killed necrotic peripheral blood lymphocytes (PBLs)
and subcellular fragments of radiation-treated late apoptotic
PBLs.*® Furthermore, the deposition of C3 and C4 (critical
components of the classical complement cascade) on etopo-
side-treated late apoptotic and heat-killed necrotic Jurkat
T cells was also found to be highly dependent on C1q.*”
Although phagocytic assays were not performed in these
studies to validate the role of complement in late apoptotic and
necrotic cell clearance, later studies by Gaipl et al.*® showed
that the presence of C1q can enhance the uptake of heat-
kiled necrotic PBLs by HMDMSs.*® Recent studies by
Gullstrand et al*® also showed that an intact classical
complement pathway is necessary to aid the phagocytic
removal of a mixture of staurosporine-treated early and late
apoptotic Jurkat T cells by HMDMs.*° It is worth noting that the
classical complement pathway can also be activated indirectly
by late apoptotic and necrotic cells through bridging molecules
such as IgG, IgM, HRG, CRP and SAP (discussed below).

IgM and IgG. Antibody has a fundamental role in the
adaptive immune response against foreign antigens (1) by
forming immune complexes that neutralize and mediate
the clearance of pathogen-derived toxins/substances, (2) by
opsonizing pathogens to prevent further infection and
facilitate their removal by professional phagocytes and (3)
by activating the classical complement pathway.*® In the
event of autoimmunity, autoantibodies can also be induced
against endogenous molecules, such as IgG, in patients
with rheumatoid arthritis®>" and nuclear components in SLE
patients.>? Interestingly, serum IgM antibodies have been
shown to have an important role in apoptotic cell removal
in vitro and in vivo by facilitating C1q binding and the
activation of the classical complement pathway on apoptotic
cells.>®*%% Importantly, activation of complement on cells at
all stages of cell death is largely dependent on IgM.47:53-5¢
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Initially, ‘natural’ IgM antibodies were found to bind speci-
fically to structures exposed on staurosporine-treated
late apoptotic and heat-killed necrotic peripheral blood-
derived T cells (PBTs),>* possibly by interacting with both
LPC®* and oxidized phospholipids.>” More recent studies
have also consistently shown that both plasma IgM,*"*® and
poly-reactive ‘natural’ IgM (3B4),%® bind preferentially to
late apoptotic etoposide-treated Jurkat T cells*”*¢ and
dexamethasone-treated murine thymocytes®® and mediate
complement activation.*”-%® These studies are in agreement
with others that show that complement binding occurs mainly
on membrane-damaged late apoptotic and necrotic cells.*®
Furthermore, it is worth noting that similar to C1qg-deficient
mice, mice lacking serum IgM also develop lupus-like
autoimmune diseases,®® which seems to be a result of
an impairment in dying cell clearance. In addition to a
complement-dependent mechanism, IgM can potentially
aid plasma membrane-damaged cell clearance through
Fc-o/i receptors, which have been shown to mediate
the endocytosis of IgM-coated microbes.®® Besides IgM,
both plasma 1gG*"**® and IgG autoantibodies from SLE
patients®'*®2 were found to bind largely to etoposide-/
radiation-treated late apoptotic and heat-killed necrotic
cells. However, the precise role of these ‘natural’ and ‘auto’
IgGs in the disposal of late apoptotic/necrotic cells through
both complement-dependent and Fcy receptor (FcyR)-
dependent pathways requires further analyses.

Mannose-binding lectin (MBL). MBL, a member of the
collectin family, functions as a PRM that can recognize
carbohydrates such as D-mannose and N-acetyl-D-glucos-
amine (GIcNAc) on microbial surfaces and mediate pathogen
removal through the activation of the lectin complement
pathway through MBL-associated serine protease (MASP).
Besides serving as a circulating innate defence protein
against infectious agents, MBL has been shown recently
to interact with a variety of endogenous ligands such as dying
cells, immunoglobulins, nucleic acids and phospholipids.®®
Similar to C1q, MBL was first shown to bind specifically to
UV-treated early apoptotic Jurkat T cells and facilitate
their removal through calreticulin and CD91 on HMDMs.**
However, later studies showed that MBL binds strongly to
radiation-treated late apoptotic and heat-killed necrotic
Jurkat T cells, but not early apoptotic cells, through the
lectin domain.®* Interestingly, in contrast to the diffuse bind-
ing pattern of MBL on certain live cells, such as thymocytes
and fibroblasts, MBL was found to cluster on the surface
of serum-starved apoptotic thymocytes, suggesting that
a clustering of MBL on dying cell surfaces is required for
MBL to trigger phagocytosis,®® possibly interacting with
fragmented dsDNA that are exposed on cells undergoing
apoptosis.®® Although both C1q and MBL compete for the
same or adjacent structures on late apoptotic cells,®* C1q
may dominate over MBL in enhancing dying cell clearance as
the concentration of circulating C1q in human plasma is
usually ~100-fold higher than that of MBL. Indeed, in vivo
studies showed that MBL-deficient mice have impaired apop-
totic cell clearance but do not develop severe autoimmunity
similar to the C1g-deficient mice.®® Nevertheless, as MBL
has been suggested to function as an acute-phase protein,®”
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MBL may have an important role in late apoptotic/necrotic
cell removal during the acute-phase response.

Ficolin-2 and Ficolin-3. Similar to MBL, other serum lectins
such as Ficolin-2 (L-Ficolin) and Ficolin-3 (H-Ficolin) have
also been shown to mediate the clearance of late apoptotic
and necrotic Jurkat T cells.®®%° In humans, three kinds of
ficolin have been identified (Ficolin-1, -2 and -3) that show
both structural and functional similarities to MBL and C1q.”®
Similar to MBL, ficolins can recognize specific carbohydrate
structures, such as GIcNAc exposed on the surface of
pathogens, and activate the lectin complement pathway
through association with MASP.”® Consistent with earlier
studies by Kuraya et al.,”" both Ficolin-2%® and Ficolin-3%° are
able to bind to etoposide-treated apoptotic cells, in particular
late apoptotic cells as well as heat-killed necrotic Jurkat
T cells, and function as opsonins to aid phagocytic uptake by
HMDMs. Furthermore, Ficolin-2 was also found to be an
important serum factor in activating complement on necrotic
cells but not on late apoptotic cells.?® Although it was
proposed that Ficolin-2 may exert an effect as an adaptor
molecule between exposed DNA on late apoptotic/necrotic
cells®®®° and calreticulin on phagocytes,”’ further studies
(e.g., using appropriate blocking antibodies) are necessary to
elucidate the underlying mechanisms.

Properdin. Besides the components of the classical and the
lectin complement pathways, properdin, the only known
positive regulator of complement activation, has been shown
recently to mediate activation of the alternative complement
pathway on cells at all stages of cell death, including necrotic
cells.”>"® Properdin, a single-chained glycoprotein that is
present in plasma as cyclic polymers, was proposed to have
an important role in the enhancement of complement
activation through its interaction with C3b and stabilization
of the C3 and C5 convertase complexes.”* Although
properdin is only present at the relatively low concentration
of ~5-15ug/ml in plasma, it can be stored in neutrophil
granules and released at sites of inflammation.” In addition
to binding C3b-coated surfaces, recent studies have also
shown that properdin can initiate complement activation
through direct interaction with microbial surfaces.”
Interestingly, studies by Xu et al.”® showed that properdin
binds exclusively to UV-treated late apoptotic and heat-killed
necrotic Jurkat T cells independently of C3b, possibly
through the recognition of exposed DNA at the later stages
of cell death.”® Although conflicting studies have reported
that properdin binds predominately to anti-Fas/staurosporin-
treated early apoptotic human primary T cells through cell-
surface sulphated glycosaminoglycans (GAGs) and aids
their uptake by human monocytes-derived dendritic cells
(HMDDCs) and HMDMs, either in the presence or absence
of complement activation,”® it has been suggested that
properdin may also have a critical role in regulating
complement activation through the alternative pathway on
late apoptotic and necrotic cells.”?

Pentraxin family. Pentraxins are a superfamily of proteins
characterized by the presence a 200 amino acid pentraxin
domain at the C-terminus. Pentraxins can be further
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subdivided into the classic short pentraxins, such as CRP
and SAP, and long pentraxins such as pentraxin-3 (PTX3).”®
In humans, CRP is a major acute-phase plasma protein, in
which the serum concentration can rapidly increase in
response to infection or tissue injury. Being one of the first
innate immunity molecules identified, it is well known that
CRP binds to phosphocholine (PCh). PCh is a major
constituent of many bacterial and fungal polysaccharides
and most biological cell membranes, with CRP aiding the
removal of pathogens by acting as an adaptor molecule that
binds PCh and activates the classical complement path-
way through its interaction with C1q. Although the literature
regarding the interaction between CRP and various FcyR has
been controversial, numerous studies have suggested that
CRP can also exert an effect as an opsonin by binding to
FcyR.”” In addition to the elimination of pathogens, studies
by Gershov et al.’® showed that CRP can also bind to
anti-Fas/staurosporin-treated early apoptotic Jurkat T cells
in a Ca®*-dependent manner and enhance apoptotic cells
uptake by HMDMs when C1g-containing serum is present.”®
The researchers also showed that the binding of CRP to
early apoptotic Jurkat T cells enhanced the activation of the
classical complement pathway but prevented the assembly
of the MAC,”® probably by tethering factor H (a complement
regulatory protein) to the surface of early apoptotic cells.”®7°
Similarly, CRP has also been proposed to mediate the
removal of UV-treated early apoptotic Jurkat T cells through
a FcyR-dependent mechanism, based on studies using
peritoneal macrophages from Fc receptor common y-chain-
deficient mice.®® Interestingly, recent studies showed that
CRP binds exclusively to aged membrane-damaged late
apoptotic neutrophils,®' possibly to nuclear structures’” or
oxidized phospholipids,®2 but had no apparent effect on the
phagocytosis of late apoptotic neutrophils by HMDMs in the
absence of serum.®' Thus, it is possible that CRP may
function predominantly through the classical complement
pathway to aid the clearance of dying cells, especially late
apoptotic cells, with the role of FcyR in this process still being
controversial. Besides binding directly to dying cells, recent
studies by Mihlan et al.®® showed that CRP can also be
recruited onto heat-killed necrotic cells by another necrotic
cell-binding protein, human complement factor H-related
protein 4 (CFHR4).83

SAP, another classic short pentraxin, is constitutively
present in human serum at ~30—40 ug/ml and represents a
major acute-phase reactant in mice. Similar to other pentrax-
ins, SAP was found to bind complement components,
bacteria, various carbohydrate determinants as well as
viruses. Interestingly, SAP can also bind chromatin subunits
and DNA.”® Similar to CRP, SAP can interact with various
FcyR®* and mediate the uptake of UV-treated early apoptotic
Jurkat T cells by peritoneal macrophages through a FcyR-
dependent mechanism.®° However, later studies showed
that SAP binds predominantly to permeabilized radiation-
treated late apoptotic Jurkat T cells in a Ca?"-dependent
manner and aids the phagocytosis of late apoptotic cells
by HMDMs in phagocytic assays containing serum.®® Thus,
SAP can potentially mediate the uptake of late apoptotic/
necrotic cells through both complement- and FcyR-dependent
pathways.



The long pentraxin, PTX3, is a cytokine-inducible innate
defence molecule that recognizes microbes and activates the
classical complement pathway to enable the removal of
pathogens.”® PTX3 binds predominately to UV-treated late
apoptotic Jurkat T cells but not to necrotic cells generated by
chemical, extreme temperature or mechanical treatments.2®
Unlike CRP and SAP, PTX83 binding to UV-treated late
apoptotic Jurkat T cells is independent of Ca?™,®¢ possibly
interacting with histones exposed on membrane-damaged
cells.”® Paradoxically, PTX3 inhibits the uptake of late apop-
totic Jurkat T cells by HMDDCs®® and dampens the ability of
HMDDCs to cross-present cell-associated antigens derived
from the ingested apoptotic cells, which may prevent the
activation of autoreactive T cells.8”38 Furthermore, PTX3 was
found to reduce C1g-enhanced clearance of UV-treated early
apoptotic HelLa cells by HMDDCs®® as well as SAP-mediated
phagocytosis of aged membrane-permeable late apoptotic
neutrophils by HMDMs.8® In contrast, recent studies by Jaillon
et al.®® showed that endogenous PTX3 translocates to the
surface of aged membrane-damaged late apoptotic neutro-
phils and aids their removal by HMDMs.®® Therefore, it is of
great interest to analyse whether PTX3-deficient animals are
more or less prone to autoimmunity and are able to
adequately dispose of late apoptotic cells. Interestingly, the
ability of PTX3 to bind directly to FcyRIII®* also suggests that
PTX3 may regulate the uptake of late apoptotic cells through
FcyR.

Histidine-rich glycoprotein (HRG). HRG, a member of the
cystatin supergene family, is an abundant multifunctional
protein that is present in the plasma of many vertebrates.
HRG has a multidomain structure that allows the molecule to
interact with many ligands including heparin, heparan
sulphate (HS), plasminogen, fibrinogen, thrombospondin-1
(TSP-1), IgG, FcyR, C1g, haem and Zn?*. The ability of
HRG to interact with various ligands simultaneously has
suggested that HRG can exert an effect as an adaptor
molecule that regulates numerous biological processes such
as immune complex and pathogen clearance, angiogenesis,
cell adhesion, coagulation and fibrinolysis.®' In addition,
studies by Gorgani et al.’® showed that HRG binds more
strongly to radiation-treated late apoptotic Jurkat T cells than
to viable or early apoptotic cells, possibly by recognizing
naked DNA exposed during apoptosis.®® Furthermore, HRG
binds to FcyRl on HMDMs and functions as a bridging
molecule to enhance the uptake of a mixture of early and late
apoptotic cells through a FcyRI-dependent mechanism.%?
Similarly, studies by Jones et al.?® also showed that besides
cell-surface HS, HRG binds strongly through its N-terminal
domains to cytoplasmic ligand(s) exposed on heat-killed
necrotic Jurkat T cells and enhances their phagocytic
removal by THP-1 monocytic cells.®® Interestingly, HRG
has also been shown recently to have a minor role in
regulating complement activation on heat-killed necrotic
Jurkat T cells, possibly by interacting with complement
components such as C1q, factor H and C8.%* As the role
of HRG in late apoptotic and necrotic cell clearance in vivo
has yet to be examined, further studies using the recently
generated HRG-deficient mouse would be of great
importance.
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Thrombospondin-1 (TSP-1). TSP-1 is a multifunctional
homotrimeric extracellular matrix (ECM) protein that has
been implicated in regulating a variety of biological
processes, including angiogenesis, chemotaxis, cell adhe-
sion, cell proliferation and apoptosis. TSP-1 has a modular
and multidomain structure that allows it to interact with
a variety of ligands and receptors such as heparin, Ca®*,
integrins, CD36, CD47, fibronectin, latent TGF-f1 and
several proteases.®® Interestingly, TSP-1 can also bind
directly to peptidoglycans on Gram-positive bacteria and
aid their adherence to host cells.®® Although TSP-1 was
originally characterized as an a-granule glycoprotein in
platelets, it can be synthesized and released by a variety
of cell types, including epithelial and mesenchymatous
cells,®® as well as macrophages®” and apoptotic mono-
cytes, neutrophils and fibroblasts.®®°° Importantly, studies
by Savill et al.®” and Ren et al.'® showed that TSP-1 has a
vital role in the phagocytosis of ageing human neutrophils
undergoing apoptosis, possibly by acting as a molecular
bridge between late apoptotic cells and CD36 and the
ayfs integrin (vitronectin receptor) on macrophages.®”:1%°
Although the apoptotic cell ligand(s) of TSP-1 remains
elusive, recent studies suggest that TSP-1 binds predo-
minately to serum-starved late apoptotic monocytes and
enhances their uptake by HMDDC.®® Furthermore, TSP-1
has also been shown to aid the clearance of heat-, methanol-
and ethanol-killed necrotic PBLs by HMDMSs. '

Heparan sulphate proteoglycans (HSPGs). HSPGs are
composed of a protein core and side chains of the complex
GAG, HS. HSPGs can be found within the extracellular
milieu, including cell surfaces of a variety of cells and tissues,
and have been implicated in numerous biological processes,
including organization of the ECM as well as cell adhesion,
migration, proliferation and differentiation. The ability of
HSPGs to regulate various processes often depends on
the interaction between the HS component of HSPG and a
range of protein ligands such as growth factors, cytokines,
chemokines, enzymes and cell-adhesion molecules.'%?
Furthermore, studies have also shown that HSPGs on
epithelial cells can mediate the phagocytosis of HSPG-
ligating antibodies-coated latex beads through an actin-
dependent mechanism.'®® Interestingly, invasive bacteria
such as Neisseria gonorrhoeae can hijack the HSPG-
dependent phagocytic pathway to facilitate their entry into
host epithelial cells through an interaction between HSPG
and a pathogen-derived opacity-associated protein.'%*
Recently, studies by Gebska et al.'® showed that heparin,
essentially a more sulphated form of the HS side chains of
HSPG, can bind more strongly to camptothecin-treated
apoptotic Jurkat T cells than to viable cells, especially to
late apoptotic cells. Confocal microscopy studies further
indicated that heparin may bind to nuclear materials
known as heterogeneous ectopic ribonucleoprotein-derived
structures (HERDS). On the basis of the ability of the
sulphated polysaccharide pentosan polysulphate to block
heparin-binding sites on late apoptotic cells and inhibit their
removal by HMDMs, the researchers suggested that HSPGs
on macrophages may have an important role in late apoptotic
cell clearance.'°® However, further studies are necessary to
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provide direct evidence that HSPGs have a role in mediating
late apoptotic/necrotic cell removal.

Molecular mechanisms of early apoptotic cell
clearance. As late apoptotic cells originate from uncleared
early apoptotic cells, it is not surprising that many of the
molecular mechanisms involved in early apoptotic cell
clearance are also involved in the phagocytosis of late
apoptotic and even necrotic cells. For example, the well-
characterized ‘eat-me’ signal PS on early apoptotic cells was
shown recently to promote the ability of macrophages to
recognize and phagocytosis late apoptotic and necrotic
cells.”?° Similarly, the glycosylphosphatidyl-inositol-linked
plasma-membrane glycoprotein CD14, a PRM that binds
the LPS-binding protein (LBP)-LPS complex, was found to be
an important receptor on macrophages for phagocytosing
dying cells at all stages of cell death and of different cellular
origin, possibly by binding to the modified ICAM-3 exposed
on dying lymphocytes.'®

Immunological consequences of late apoptotic/necrotic
cell clearance. The process of phagocytosis not only serves
as an effector mechanism to eliminate pathogens and dying
cells, but it also has a vital role in orchestrating multiple
biological processes, in particular the subsequent adaptive
immune response towards the phagocytosed materials. It is
often considered that early apoptotic cell uptake is anti-
inflammatory and induces a tolerogenic response, whereas
late apoptotic and necrotic cell removal is associated
with inflammation and promotes immunity/autoimmunity.
However, factors that determine the immunological conse-
quences of early apoptotic cell and late apoptotic/necrotic
cell clearance are extremely complex and sometimes
controversial. The immunological outcome of dying cell
removal is influenced by multiple factors such as the type
of cell undergoing death, the stages of cell death, the
recognition and uptake pathways used by the phagocytes,
the types of phagocytes as well as the location and
microenvironment of cell death. Owing to this complexity,
contrasting results have been reported in the literature,®
possibly due to differences in the experimental models being
used. Although the origin of the dying cell (e.g., pancreatic
islet cell, lymphocyte or infected cell) may influence the types
of cell-associated antigens (e.g., viral proteins in the case of
virus infection) being revealed to the immune system, the
combination of immunomodulatory signals being exposed by
the dying cells and the activation status of the different types
of phagocytic cells involved in clearance are key factors in
determining the quality and the types of immune response
induced.

Membrane integrity of dying cells has been used as one
of the key criteria to differentiate different stages of cell
death (e.g., early apoptotic versus late apoptotic cells).
Functionally, the loss of membrane integrity in late apoptotic
and necrotic cells also has a critical role in the release of
endogenous ‘danger’ signals (i.e., alarmins) that can induce
a pro-inflammatory response through a range of different
mechanisms.®*® The ‘Danger’ model, originally proposed
by Matzinger*?, suggests that the immune system has
evolved to focus on and respond to materials that are
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potentially ‘dangerous’, rather than on those that are simply
foreign or infectious. Initially, apart from various pathogens,
membrane-damaged necrotic cells were also found to directly
stimulate an immunogenic response (e.g., by promoting a
cytotoxic T-cell response and inducing DC activation) in the
absence of exogenous adjuvants.’®”'% |mportantly, the
immunostimulatory activity of membrane-damaged cells was
found to be constitutively present mainly in the cytoplasm but
not in the nucleus of cells, and can increase when certain
apoptotic pathways are activated.'® Later studies also
showed that intracellular components of necrotic human
neutrophils generated by freeze/thaw treatment, but not
freeze/thaw-treated Jurkat T cells or UV-treated early and
late apoptotic neutrophils, could stimulate the production of
pro-inflammatory cytokines such as IL-8, TNF-« and IL-10 by
HMDMs, possibly mediated through the release of proteoly-
tically active neutrophil elastase.'®® As described earlier, a
number of endogenous ‘danger’ signals or alarmins have
been discovered (see Kono and Rock® for an extensive
review), including uric acid/MSU crystals, HMGB1, dsDNA
and spliceosome-associated protein 130 (SAP130).%° For
example, HMGB1, an abundant chromatin-binding protein,
can be dissociated from the nucleus and released by necrotic
cells to trigger a pro-inflammatory and immunogenic
response.’ %" Although the molecular mechanisms under-
pinning the inflammatory effect of HMGB1 are controversial, it
was reported that HMGB1 could form complexes with DNA or
DNA-containing immune complexes and stimulate the release
of cytokines such as TNF-« and interferon y (IFN-y) by murine
plasmacytoid DCs through a TLR-9-dependent and receptor
for advanced glycation end-products (RAGE)-dependent
pathway.''? In contrast, recent studies by Urbonaviciute
et al''® showed that the formation and release of
HMGB1-nucleosome complexes by staurosporine-treated
late apoptotic Jurkat T cells could enhance the production of
pro-inflammatory cytokines such as TNF-o by macrophages
through a TLR-2- but not TLR-4-, TLR-9- and RAGE-
dependent mechanism."*® It is worth noting that the immuno-
stimulatory activity of HMGB1 could also be regulated by
direct oxidation of HMGB1 during UV-induced apoptotic cell
death'™ or by binding to serum factors such as anti-HMGB1
autoantibodies.'"®

Besides generating a pro-inflammatory response through
the stimulation of professional phagocytes, freeze/thaw-
treated or heat-killed necrotic cells of different cellular origin
have also been shown to induce inflammation through non-
bone-marrow-derived cells using an in vivo model that
measures the recruitment of neutrophils to the peritoneal
cavity.'"®""7 Elegant studies by Chen et al."'” and Eigenbrod
et al.""® showed that the influx of neutrophils towards necrotic
cell-derived materials is mediated through an IL-1¢-, IL-1R-
and MyD88-dependent mechanism,''®'"” possibly by
inducing IL-1R signalling in mesothelial cells through necrotic
cell-derived IL-1o and the release of CXCL1 to promote
neutrophil migration.''®

In addition to nuclear- and cytosol-derived molecules, the
materials originating from the mitochondria of freeze/thaw-
treated or heat-killed necrotic HepG2 epithelial cells were
found to trigger release of the pro-inflammatory cytokine IL-8
by human monocytes.''® Recent studies by Crouser et al.'*®



showed that mitochondrial proteins, such as N-formylated
peptides and mitochondrial transcription factor A (TFAM,
a structural and functional homologue of HMGB1), function
synergistically to stimulate the activation of monocytes
through a high-affinity formyl peptide receptor (FPR)-depen-
dent mechanism.'® Besides simply revealing intracellular
contents to the extracellular environment due to membrane
disruption, necrotic but not late apoptotic murine fibrosarcoma
cells (L929sAhFas cells) generated by specific treatments
(e.g., TNF-o, anti-Fas and dsRNA) can also actively produce
the pro-inflammatory cytokine IL-6, possibly mediated through
an NF-xB- and p38 MAPK-dependent pathway.''®

In addition to late apoptotic and necrotic cells, it is worth
noting that early apoptotic cells can also expose various
immunostimulatory signals. For example, the chemo-
attractant LPC, which is released by UV-, staurosprine- and
mitomycin C-treated early apoptotic cells,'® can also function
as a pro-inflammatory signal to induce the production of pro-
inflammatory cytokines such as macrophage inflammatory
protein-2 (MIP2)'2° and promote the maturation of DCs.'*!
Similarly, exposure of nucleic acids on the surface of
camptothecin- and UV-treated early apoptotic Jurkat T cells®?
can potentially deliver a ‘danger’ signal to phagocytes through
TLR-9 after apoptotic cell uptake. Thus, the exposure of
‘danger’ signals is not an exclusive event associated with late
apoptotic/necrotic cells, which further complicates predicting
the immunological consequences of dying cell removal.
Furthermore, it is equally important to note that, under certain
experimental conditions, recognition of membrane-damaged
cells, in particular late apoptotic cells, can promote an anti-
inflammatory response that is similar to that induced by early
apoptotic cells. For example, the presence of actinomycin
D-treated late apoptotic but not heat-killed DO11.10 cells (a
murine T-cell hybridoma) was found to inhibit the production of
TNF-o and IL-6 by LPS-stimulated J774A.1 macrophages.'*?
Similarly, freeze/thaw-treated necrotic Jurkat T cells and UV-
treated late apoptotic neutrophils, but not freeze/thaw-treated
necrotic neutrophils, induced production of the anti-inflam-
matory cytokine TGF-f by bone marrow-derived macro-
phages, an effect possibly mediated through membrane
components of dying cells.'® Later studies by Hirt et al.'®®
also showed that both staurosporine-treated early apoptotic
and staurosporine-treated ATP-depleted late apoptotic Jurkat
T cells could inhibit bacterial-induced production of TNF-« by
HMDMs and murine microglia-like BV-2 cells, whereas heat-
killed necrotic cells had no significant effect.'®® Consistent
with this view, both staurosporine-treated early and late
apoptotic BUMPT cells (a murine kidney proximal tubule
epithelial cell line) but not heat-killed BUMPT cells, induced
the same signalling events in murine bone marrow-derived
macrophages.’®* Collectively, it is clear from the above
examples that the type of cell death-inducing stimulus, the
stage of cell death and the origin of the dying cells (e.g., Jurkat
T cells versus neutrophils) are critical factors in determining
the quality and quantity of immunomodulatory signals being
exposed by a dying cell.

As discussed earlier, professional phagocytes, such as
DCs and macrophages, are the key antigen-presenting cells
that engulf dying cells and present the cell-associated
antigens to the adaptive immune system in either a pro- or
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anti-inflammatory context.’® To orchestrate an appropriate
immune response towards the phagocytosed materials,
DCs and macrophages are equipped with receptors that not
only aid dying cell uptake, but also sense the pro- and anti-
inflammatory signals revealed by cells undergoing different
forms and stages of cell death as described above. For
example, besides recognizing PAMPs, TLRs are a family
of cell surface and endosomal PRRs that has been shown
to have an important role in detecting endogenous late
apoptotic/necrotic cell-derived ‘danger’ signals such as
HMGBH1, uric acid/MSU crystals, heat shock proteins (HSPs)
and DNA.2%° TLRs are differentially expressed on a variety
of cell types, including DCs, macrophages and B cells, and
have a pivotal role in activating these antigen-presenting cells
to initiate an immune response towards both microbial- and
host-derived antigens.®®*” Indeed, TLR-4 and HMGB1 have
been implicated in the initiation of an immune response
against radiotherapy- and chemotherapy-generated dying
tumour cells in vivo, possibly by regulating the ability of DCs to
process and present tumour-associated antigens.'®® Simi-
larly, TLR-2 and TLR-4 have also been shown to have a minor
role in sensing heat-killed necrotic EL4 T cells using a sterile
inflammation model in vivo."'” In addition to TLRs, C-type
lectins such as Mincle and Clec9A have also been shown
recently to function as activating cell-surface receptors on
macrophages and DCs that sense late apoptotic and necrotic
cells.2527 Studies by Yamasaki et al.'2® showed that Mincle
(also known as Clec4e or Clecsf9), a C-type lectin receptor
expressed mainly by macrophages, can detect the exposure
of SAP130 (a small nuclear ribonucloprotein) on Fas-ligand-
treated late apoptotic 2B4 T cell hybridoma cells, with this
interaction aiding the macrophage recognition of these late
apoptotic cells through a Fc receptor common y-chain-
dependent mechanism.'2® Furthermore, Clec9A (also called
DNGR-1), a recently identified C-type lectin expressed
predominately on CD8x* DCs, was found to facilitate the
recognition of an unknown cytoplasmic ligand(s) exposed
on UV- and anthracyclins-treated or serum-starved late
apoptotic cells and freeze/thaw-treated necrotic cells of
different cellular origin."®” Interestingly, although neither
Mincle nor Clec9A modulated the rate of late apoptotic/
necrotic cell uptake,'?®'2” Sancho et al.'?” showed that
Clec9A has a key role in mediating cross-presentation of
cell-associated antigens (e.g., ovalbumin) derived from UV-
treated late apoptotic mouse embryonic fibroblasts to ovalbu-
min-specific T-cell receptor (TCR) transgenic CD8* T cells
in vitro, as well as cross-priming of antigens associated with
late apoptotic cells in vivo.'®” Besides Clec9A and Mincle,
triggering receptor expressed on myeloid cells-like 4 (Treml4)
was shown recently to bind specifically to radiation-treated
late apoptotic and heat-killed necrotic thymocytes. Although
the physiological role of Treml4 in detecting late apoptotic/
necrotic cells requires further analysis, the high level of
Treml4 expression in subsets of macrophages and CD8u "
DCs in the spleen suggests that Treml4, similar to other Trem
family members, may have an important role in regulating DC
and macrophage activation.2®

In addition to non-phagocytic receptors, formation of a
‘phagocytic synapse’ between a phagocyte and a dying cell
through various adhesion molecules, phagocytic receptors
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and opsonins can provide additional signals to shape the
subsequent immune response. For example, phagocytosis of
necrotic cells through a PS-dependent pathway may favour a
non- or an anti-inflammatory response.”?° Alternatively, the
potential of cross-linking FcyR on DCs and macrophages by
IgG-, CRP-, SAP-, PTX3- and HRG-opsonized late apoptotic
or necrotic cells is likely to induce the production of pro-
inflammatory cytokines as well as regulate antigen presenta-
tion.® It is also important to note that the repertoire of
receptors and opsonins used to recognize dying cells
depends mainly on the phagocytic cell type as well as their
tissue location. It is well known that different CR and FcyR are
differentially expressed by various phagocytes (e.g., mono-
cytes, and subsets of macrophages and DCs) and the
expression of these receptors may also vary depending on
the activation state of the phagocytic cells.'?®'%° Similarly,
delivery of ‘eat-me’ signals through the CD14-dependent
pathway may be limited solely to monocytes and macro-
phages.'%®

Collectively, the immune system can use a wide range of
receptors and opsonins to sense the presence of late
apoptotic/necrotic cells as well as pathogens, a process that
could result in the recruitment of additional phagocytes to
survey sites of tissue injury or infection and modulate the
quality of the resultantimmune response. As more recognition
mechanisms are being discovered and characterized, it would
be of great interest to determine how the downstream
signalling pathways induced by these different recognition
systems interact and whether certain signalling pathways
predominate.

Similarities between pathogen and late apoptotic/
necrotic cell recognition and phagocytosis. As more
recognition and phagocytic pathways are being identified, it
is becoming clear that the same germline-encoded PRMs,
such as C1qg, MBL, CRP, HRG and TLRs, are used by the
innate immune system to detect both pathogens and dying
cells, in particular plasma membrane-damaged cells such as
late apoptotic and necrotic cells (see above). Although it is
obvious that using the same molecular mechanisms may
provide an evolutionary advantage for the efficient removal of
both ‘non-self and ‘altered-self’ materials that could cause
harm to the organism, it is not clear which function originated
first or whether both functions co-evoluted together. What is
even more unclear is how pathogens and membrane-
damaged cells can reveal similar or the same ligands to
trigger recognition by the same repertoire of PRMs, possibly
due to the difficulties in characterizing and validating the
endogenous ‘eat-me’ and ‘danger signals specifically
exposed by late apoptotic and necrotic cells. Nevertheless,
these PRMs share a number of striking properties, in
particular the ligands they bind (see examples listed in
Table 1). Exploring such similarities may help to elucidate
why and how the same germline-encoded molecules can
recognize both pathogens and late apoptotic/necrotic cells.
One apparently common feature of these PRMs is their
ability to interact with a variety of negatively charged
molecules, such as DNA, RNA, phospholipids and sulphated
GAGs. A variety of pathogens, such as Escherichia coli
(0157:H7)"™®" and Helicobacter pylori,'® have been shown
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to possess a highly negatively charged surface, whereas
membrane-permeabilized cells may also expose an array of
negatively charged molecules that are usually hidden
intracellularly. Similarly, the ability of antimicrobial peptides,
such as neutrophil defensin, to recognize anionic phospholi-
pids exposed on pathogens'®® further highlights how the
innate immune system has evolved to target fundamental
differences in the surface charge density of host cells and
microbes. In a similar way, hydrophobic structures have also
been proposed to function as a unique molecular pattern
expressed by both pathogens and damaged host cells.*°
However, as late apoptotic and necrotic cells can potentially
expose all kinds of molecules, including positively and
negatively charged, hydrophobic, enzyme cleaved and
partially processed material, it is difficult to conclude whether
any of these are the common molecular pattern shared by
both pathogens and membrane-damaged host cells.
Alternatively, PRMs may recognize identical molecules that
are constitutively expressed by pathogens and exposed in
membrane-damaged host cells. As mitochondria are thought
to have originated from bacterial ancestors, and permeabili-
zation of the plasma membrane reveals intracellular orga-
nelles, it is not surprising that mitochondrial-derived
molecules are potential late apoptotic/necrotic cell ligands
for PRMs. For example, cardiolipin, an anionic phospholipid
found on the inner membrane of mitochondria as well as on
the outer cytoplasmic membrane of certain bacteria, has been
suggested to bind C1q and aid the activation of the classical
complement pathway.*® Similarly, the release of N-formylated
peptides from bacteria or disrupted mitochondria can also
stimulate chemotaxis and immune activation through FPR
and FPR-like receptors.'®'34 |nterestingly, studies by Ohta
et al."® also suggested that HRG could directly interact with
ATP synthase, a well-conserved enzyme found in the plasma
membrane of bacteria and in the inner membrane of
mitochondria.'®® Furthermore, recognition of the universal
genetic material DNA and RNA by TLR-3, TLR-7, TLR-8
and TLR-9,%637 SAP,”® Ficolin-2,%8%° C1q,'* MBL,%® HRG®?
and properdin”? further highlights the ability of these PRMs
to sense pathogen-derived nucleic acids and similar nucleic
acid structures revealed in late apoptotic/necrotic host cells.
It is also possible for these PRMs to detect modified struc-
tures on dying cells that are similar to pathogen-derived
molecules. For example, oxidation of phospholipids and low-
density lipoproteins during apoptotic cell death can generate
the PCh moiety that resembles the PCh headgroup of
bacterial and fungal polysaccharides, and that could be
recognized by CRP and certain natural antibodies.®”:%2
Similarly, Kuraya et al.”" also suggested that the glycosylation
of cytoplasmic and nuclear proteins with O-linked GlcNAc
during signal transduction may facilitate the binding of
Ficolin-2 to dying cells,”! possibly when the cell membrane
is disrupted.68 Thus, lectins such as MBL and Ficolins may
sense dying cells through the same molecular mechanism
that is used for recognizing GlcNAc exposed on microbial
surfaces. In addition to glycosylation, other post-translational
modifications, such as phosphorylation, are also essential
for a variety of cellular processes. Interestingly, the ability of
CRP to bind to pathogens, such as Leishmania donovani,
has been shown to be mediated through the recognition of



Mechanisms of late apoptotic/necrotic cell clearance @

IKH Poon et a/

393

Table 1 Proposed endogenous and exogenous ligands of selected PRMs that sense late apoptotic/necrotic cells and pathogens

PRMs Endogenous ligands Exogenous ligands
Ciq Cir, Cis, IgG, IgM, HRG, CRP, SAP, PTX3, «2f1 integrin, calreticulin, CD91, Various carbohydrate structures, viral
gC1qR, cardiolipin, PS, heparin, DNA envelope glycoproteins
Natural Ig LPC, oxidized phospholipids and LDL PCh
MBL MASP-1, -2 and -3, IgG, IgM, IgA, «2f1 integrin, calreticulin, CR1, CD91, GlcNAc, D-mannose,
phosphatidylinositol, phosphatidylcholine, exposed mannose once the sialic acid is lipooligosaccharides that lack sialic acid,
lost, DNA LPS
Ficolin-2 MASP-1 and -2, CRP, PTX3, DNA GlIcNAc, LTA, peptidoglycan, 1, 3-4-D-
glucan, f-1, 3- and f-1, 6-linked polymers
of glucose
Ficolin-3 MASP-1 and -2 GlcNAc, GalNAc, fucose, LPS
Properdin Sulphated GAGs, DNA ND
CRP C1q, factor H, C4BP, CFHR4, Ficolin-2, FGF2, laminin, fibronectin, FcyR, D protein PCh, C-polysaccharide, phosphorylated
of Sm, 70kDa protein of snRNPs, histones, phospholipids, DNA disaccharide
SAP C1q, C4BP, laminin, type IV collagen, fibronectin, FcyR, histones, 4, 6-O-(1-carboxyethylidene)-f-bD-
phosphatidylethanolamine, chondroitin sulphate, heparin, 6-phosphorylated galactopyranoside, LPS
mannose, 3-sulphated saccharides, DNA
PTX3 C1q, factor H, Ficolin-2, FcyR, TGS6, FGF2, histones galactomannan, OmpA
HRG C1q, C8, factor H, C4BP, IgG, TSP-1, plasminogen, fibrinogen, tropomyosin, FcyR, LPS
ATP synthase, HS, heparin, intracellular phospholipids, DNA, haem
TSP-1 Factor H, HRG, latent TGF-f1, fibronectin, elastase, cathepsin G, «3f1 integrin, peptidoglycans, HIVgp120
o441 integrin, o541 integrin, «Vf1 integrin, «ll3 integrin, CD47, CD36, syndecan,
decorin, sulphated glycolipids, heparin
HSPG HERDS, HS-binding chemokines and growth factors Opacity-associated protein
TLRs HMGB1, chromatin, nucleosomes, HSPs, defensins, fibrinogen, fibronectin, LTA, lipoarabinomannan,
HSPBS, «A crystalline, gp96, hyaluronate, HS, minimally modified LDL, uric acid/ glycosylphosphatidylinositol, porins,
MSU crystal, DNA, RNA zymosan, lipopeptides, HSP60, F protein,
hyphae, glycolipids, LPS, DNA, RNA
Mincle SAP130 o-mannose
Clec9A ND ND
FPR N-formyl peptides N-formyl peptides

Abbreviations: C4BP, C4b-binding protein; CFHR4, human complement factor H-related protein 4; CRP, C-reactive protein; DNA, deoxyribonucleic acid; FcyR, Fcy
receptor; FGF, fibroblast growth factor; FPR, formyl peptide receptor; GAG, glycosaminoglycan; GalNAc, N-acetylgalactosamine; GlcNAc, N-acetyl-D-glucosamine;
gp, glycoprotein; HERDS, heterogeneous ectopic ribonucleoprotein-derived structures; HMGB1, high-mobility group box 1 protein; HRG, histidine-rich glycoprotein;
HS, heparan sulphate; HSP, heat shock protein; HSPG, heparan sulphate proteoglycan; lg, immunoglobulin; LDL, low-density lipoprotein; LPC, lysopho-
sphatidylcholine; LPS, lipopolysaccharide; LTA, lipoteichoic acid; MASP, MBL-associated serine protease; MBL, mannose-binding lectin; MSU, monosodium urate;
ND, not determined; OmpA, outer membrane protein A; PCh, phosphocholine; PS, phosphatidylserine; PTX3, pentraxin-3; RNA, ribonucleic acid; SAP, serum
amyloid protein; SAP130, spliceosome-associated protein 130; snRNP, small nuclear ribonucleoprotein; TGS-6, the secreted product of tumour necrosis factor-

stimulated gene-6; TLR, Toll-like receptor; TSP-1, thrombospondin-1.

phosphorylated carbohydrates.'® As phosphorylated mole-
cules, such as signalling proteins and phosphoinositides, are
often hidden from the extracellular environment of mammalian
cells unless the plasma membrane is damaged, it is tempting
to speculate that intracellular phosphorylated molecules
exposed in late apoptotic/necrotic cells may provide novel
molecular patterns that can be recognized by the innate
immune system. Indeed, MBL'®” and HRG (IKH Poon et al.,
unpublished observations) can interact specifically with
specific intracellular phosphorylated phosphatidylinositol
molecules. Similarly, SAP binding to certain carbohydrates
is also dependent on phosphorylation.'3®

To date, the molecular mechanisms underpinning how
PRMs can interact with both pathogens and late apoptotic/
necrotic host cells remains poorly understood. First, few
studies provide direct evidence that the proposed PRM
ligands are indeed the endogenous ligands exposed by the
host cells, possibly because of the technical difficulties in
selectively blocking the ligand using antibodies, in removing
the ligand enzymatically or in generating a ligand-deficient cell
line. Furthermore, as many of the PRMs, especially the
opsonins, are multifunctional and have a modular domain
structure, they could potentially interact with many different
types of ligands, including proteins, lipids and carbohydrates.

Therefore, mapping the recognition sites on PRMs could help
to define the nature of the endogenous ligands and may
provide clues as to how the PRMs interact with late apoptotic/
necrotic cells. In addition, cross-blocking studies with a wide
range of endogenous and exogenous PRM ligands (Table 1)
may provide useful information as to whether similar or unique
molecular patterns are recognized by the different PRMs on
late apoptotic/necrotic cells.

Besides interacting with multiple cell-associated endogen-
ous and exogenous ligands, another apparent feature shown
in Table 1 is that most of the opsonins listed can also bind to
one another. As mentioned earlier, CRP, SAP, immunoglo-
bulin, PTX3 and HRG can all interact with C1q.'®"%°' HRG
and MBL can also bind immunoglobulin,®*°' whereas TSP-1
can form a complex with HRG.®! In addition, Ficolin-2 has
been shown recently to bind directly to both PTX3 and
CRP."3%140 Thys, it is of particular interest to analyse whether
these different PRMs can form multimers and function as
soluble recognition complexes that possess multiple pattern
recognition sites and receptor binding sites. Indeed, immu-
noprecipitation studies by Manderson et al.>* have shown that
HRG can form complexes with C1q, C4b-binding protein
(C4BP) and factor H in normal human serum and in synovial
fluid collected from rheumatoid arthritis patients.®* Similarly,
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Figure 4 Sensing pathogens and late apoptotic/necrotic cells through common and unique recognition pathways. The innate immune system uses a repertoire of common
recognition mechanisms to detect both pathogens and late apoptotic/necrotic cells. These common recognition pathways (e.g., detecting N-formylated peptides and PCh
headgroup by FPR and CRP, respectively) are essential for sensing and responding to infection or tissue injury efficiently but may not be able to discriminate between whether
the ‘danger’ signal is endogenous or exogenous. Thus, unique pathways (e.g., recognizing flagellin and PS by TLR-5 and CD24, respectively) are needed to gather more
information regarding the source of ‘danger. CRP, C-reactive protein; DNA, deoxyribonucleic acid; FPR, formyl peptide receptor; HMGB1, high-mobility group box 1 protein;
HRG, histidine-rich glycoprotein; PCh, phosphocholine; PS, phosphatidylserine; TIM, T-cell immunoglobulin mucin; TLR, Toll-like receptor

CRP and Ficolin-2 can also form complexes in human
serum and function cooperatively to aid the clearance of
Pseudomonas aeruginosa through a complement-dependent
mechanism."%°

As discussed above, there are numerous examples
showing that the same recognition systems are used to
detect both pathogen-derived and late apoptotic/necrotic cell-
derived molecules. However, the question remains whether
the immune system can differentiate between pathogens and
membrane-damaged self cells (Figure 4). Recently, elegant
studies by Chen et al."*' showed that endogenous ‘danger
signals, such as HMGB1, HSP70 and HSP90, can negatively
regulate their ability to activate the NF-«xB pathway and induce
pro-inflammatory cytokines production by bone-marrow
derived DCs, by interacting with CD24, which provides an
inhibitory signal by associating with immunoreceptor tyrosine-
based inhibitor motifs (ITIM)-containing Siglec-G. In contrast,
exogenous ‘danger signals, such as LPS and poly(l:C)
(a synthetic dsRNA), were unable to negatively regulate their
immunostimulatory effects through CD24- and the Siglec-G-
dependent pathway.'*' Therefore, although both endogenous
and exogenous ‘danger’ signals can activate the immune
system through PRMs, such as the TLRs,*”*° endogenous
molecules may be able to selectively finetune the immune
response such that the presence of pathogens can be
distinguished from tissue damage. Similarly, the extent of
complement activation on a target cell may allow the immune
system to differentiate between endogenous and exogenous
cells, with there being multiple mechanisms that can limit
complement activation on self cells, whether they are early
apoptotic, late apoptotic or necrotic.' Indeed, many of the
opsonins that can bind selectively to certain late apoptotic/
necrotic cells (see above and Table 1), such as CRP, PTX3,
HRG and TSP-1, have all been shown to bind to the com-
plement inhibitory factor H,”®94142.143 wjth CRP, SAP and
HRG also interacting with C4BP, another negative regulator of
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complement activation.'*°* In addition, C4BP can also bind
directly to heat-, ethanol- and freeze/thaw-treated necrotic
Jurkat T cells, possibly through DNA recognition, and inhibit
complement activation.'** Besides using a common recogni-
tion mechanism to sense both pathogens and late apoptotic/
necrotic cells, the immune system can also detect endogen-
ous and exogenous substances through unique recognition
pathways, such as sensing the exposure of PS on late
apoptotic cells through Tim-4 and possibly other PS-binding
opsonins/receptors,® as well as detecting bacterial flagellin
through TLR-5.%" Thus, it is likely that the immune system uses
common recognition pathways to efficiently sense invading
pathogens and tissue injury, whereas unique recognition
pathways are also needed to gather additional information to
determine whether or not an immune response is induced
and, if so, the quality and quantity of the ensuring immune
response (Figure 4).

Concluding Remarks

The uptake of dying cells has been shown to have a critical
role in development, tissue homeostasis and wound healing,
as well as in providing a source of cell-associated antigens
and immunomodulatory signals for immune activation, the
maintenance of immunological tolerance or inducing signals
that regulate the quality of any resultant immune response.
As late apoptotic and necrotic cells are generally considered
as activators of the immune system, elucidating the mole-
cular mechanisms underpinning the clearance of such cells
have important implications for our understanding of the
initiation and maintenance of autoimmune diseases such
as SLE. Conversely, such molecular mechanisms may be
harnessed to develop cancer immunotherapies by enhan-
cing the immunogenicity of dying cancer cells after their
uptake by phagocytes, such as DCs. Despite the recent
advances in defining the mechanisms and consequences of



late apoptotic/necrotic cell clearance, much more still needs
to be done before we fully understand this important and
complex process, especially its striking similarities with
pathogen recognition.
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