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1

Introduction
Multicellular organisms depend on a balance of the generation of new cells and the

degradation and removal of unwanted, unneeded or injured cells. Cell deletion is especially
eminent during embryonic development but is also prominent in the adult, where most cells
have a limited life span. It has been estimated that a human body consisting of 1014 cells has a
daily turnover of 1012 cells1. Whereas cells are generated by mitosis, they are degraded by
programmed

cell

death,

apoptosis,

and

subsequently removed

by phagocytosis.

Consequently, a potent machinery of phagocytosing cells is required that recognize, engulf
and digest apoptotic cells before lysis occurs. Thus, the feature finally defining apoptotic, i.e.,
physiological cell death, is the non-inflammatory and non-immunogenic removal of dying
cells.

1.1

Modes of cell death: an overview

1.1.1

Physiological cell death: apoptosis

The term ‘apoptosis’ was introduced in 1972 by Kerr and co-workers in analogy to the
Greek word for leaves falling from a tree. They observed that programmed cell death follows
conserved morphological patterns in various tissues and cell types2. Moreover, subsequent
work has shown that this process seems to be conserved from the nematode Caenorhabditis
elegans (C. elegans) to mammals3,4. Prominent morphological features of classical apoptotic
cell death are shrinkage of the cell by loss of cytoplasmic volume and subsequent detachment
from neighboring cells. Probably the most remarkable morphological feature of apoptosis
occurs in the nucleus where the chromatin condenses and forms compact lumps near the inner
nuclear leaflet. Separation of genomic DNA from apoptotic cells on agarose gels shows the
appearance of large (50 kbp) and sometimes distinct oligonucleosomal fragments
(laddering)5,6. Morphological features of apoptosis are accompanied by biochemical events
which mainly involve the coordinated degradation of structural and functional components by
proteases. Such are degradation of cytoskeletal components to facilitate membrane blebbing
and the formation of ‘apoptotic bodies’, containing cellular components including nuclear
fragments and organelles (zeiosis) and degradation of chromatin. Finally, membrane
alterations lead to the presentation of recognition molecules, which are normally masked or
confined to the inner membrane7,8.

1
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Although apoptosis is referred to as physiological cell death it can also occur in
pathological situation including Alzheimer’s, Parkinson’s and Huntington’s disease where an
excess of neurons die9 or in HIV-infections where viral components induce the apoptotic
elimination of non-infected CD4+ T cells10. In contrast, during some forms of cancer the
apoptotic machinery can be brought to a standstill in cells that normally would die, leading to
a surplus of cells11.

1.1.2

Pathological cell death: necrosis

In contrast to apoptosis, necrosis (also referred to as accidental cell death) occurs
exclusively in pathological settings. It typically takes place after exposure to high
concentrations of endogenous or exogenous toxins or high intensities of pathological
insults12,13. Whereas apoptosis represents a more or less conserved sequence of events,
necrosis is a fast, uncontrolled phenomenon leading to swelling of the cytoplasm (oedema)
and consequently rapid lysis of the cell. Leakage of noxious contents from dying cells can
cause injury to neighboring cells and initiates the activation or potentiation of proinflammatory reactions like the release of cytokines thus leading to the disturbance of tissue
structure and function. In addition, cell contents might represent autoantigens which, when
presented to components of the adaptive immune system, might cause immunity against selfantigens leading to autoimmune diseases such as systemic lupus erythematosus (SLE).
However, although apoptosis and necrosis at first sight seem to be two completely
different forms of cell death, they share some common features and often occur
simultaneously14. For instance, during the occlusion of a vessel necrosis prevails in the center
of tissue damage, i.e., the anoxic region, whereas cells in the hypoxic surrounding tissue (the
so called ‘penumbra’) die by apoptosis. Sometimes the standard apoptosis programme is
initiated, then blocked at a downstream level and finally terminated (‘aborted apoptosis’15)
Consequently the intensity of the insult may decide the prevalence between the two forms of
cell death16. Moreover, several elegant studies have shown that energy levels can represent a
molecular switch between apoptosis and necrosis in cells challenged by the same stimulus1720.

1.1.3

Alternative forms of cell death

Although protease activation has been considered a general feature of apoptosis21, it
has become increasingly clear that inhibition of caspases, the major proteases implicated in
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apoptosis, can lead to either necrotic cell death or to cell death with apoptotic features22.
Classical apoptotic stimuli, like staurosporine (STS) treatment or CD95 (Fas, Apo-1)ligation, can induce necrotic death when cells are devoid of energy production17,19,20,23 or
when caspases are inhibited, under some conditions24,25. The outcome of absent caspase
activation, however, need not necessarily lead to necrosis. Several reports have shown that
apoptosis or apoptosis-like death can occur in the absence of caspases. Such cell death occurs
with less compact/complete chromatin condensation22. Vitamin D-compounds, for instance,
can induce caspase-independent cell death with apoptotic features. The hormonally active
form of vitamin D3, 1,25-dihydroxyvitamin D3, induces apoptosis in MCF-7 cells in the
absence of caspase activation. Notably, phagocytosis recognition molecules are displayed in
these models before cell lysis occurs26-28.
In addition, a necrosis-like cell death can be observed in the absence of chromatin
condensation, or at best with chromatin clustering to speckles. However, also in this form of
cell death, recognition molecules, such as phosphatidylserine (PS), might occur on the cell
surface before membrane lysis22,29-31.

1.2

Molecular basis of cell death

1.2.1

Understanding apoptosis: The model organism C.
elegans

Caspases were first identified as mammalian homologues of ced-3 (ced, cell death
abnormal), a protease in the nematode C. elegans. Four genes ced-3, ced-4, ced-9 or egl-1 are
at the core of the cell death machinery. Whereas a loss-of-function mutation in egl-1, ced-3 or
ced-4 results in 131 normally doomed cells, absence of functional ced-9 consequences in the
death of the organism due to an excess of cell death. Further studies have shown that CED-3
mediates downstream degradation processes that result in cell death (Fig. 1). CED-3,
however, requires CED-4 as an adapter
protein to become active. In healthy cells,
CED-4 is in its quiescent state bound to
anti-apoptotic CED-932. Upstream of CED9 is EGL-1, which can inhibit the antiFigure 1: Biochemical pathway leading to
programmed cell death in C. elegans.
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1.2.2

Proteolytic cascades

Most of the changes observed during apoptosis are due to proteolytic events mediated
by proteases. The probably most important class are the cysteine aspartases (caspases34) but
other proteases such as cathepsins35, calpains36,37, granzymes38,39, or the proteasome40 may
participate.
1.2.2.1

Caspases

Caspases are highly conserved proteases that can be found throughout phylogeny from
humans to nematodes, insects and even hydra41. Caspases contain a cysteine in their active
center. Among all caspases the primary recognition pocket which accepts an aspartate side
chain in the P1 position of the substrate is well conserved. Caspases differ from each other by
preferences for positions P2-P4 of the substrate42,43. Caspases are often grouped into three
classes: Class I caspases (e.g., 1, 4, 5, 11, 13) seem to be dispensable for apoptosis but are
key proteases in inflammatory actions, such as the maturation of cytokines. Class II- or
execution-caspases (e.g., 3, 2, 7, CED-3) are the major degrading caspases during apoptosis
and cleave substrates mostly at DxxD-motifs. Class III- or initiator caspases (e.g., 6, 8, 9, 10)
mainly activate downstream group II-caspases and are characterized by a long pro-domain.
The enzymatically inactive pro-form of caspases is composed of an N-terminal pro-domain
and the p10 and p20 domains. The mature enzyme assembles to a heterotetramer consisting
of two p10/p20 units containing two active centers (Fig. 2)44. Notably, since the active center
of caspases is not masked in the pro-form of the
enzyme, a basal activity has been observed in the
unprocessed enzyme, e.g., of caspase-945 or
caspase-346. Three basic ways of caspaseactivation have been described: 1a, caspases get
activated through cleavage by other caspases.
Indeed, the simplest way to activate a caspase is
Figure 2: General principle of caspase
activation.

to expose it to an active caspase. Since this
cleavage occurs at Asp-X-sites the possibility of

auto-activation is given47. 1b, proteolytic activation of caspases can also be achieved by other
proteases, such as granzyme B48 or cathepsin L49. The model of ‘induced proximity’: 2a,
caspases can be activated by receptor-associated proteins. For instance, during the formation
of the death-inducing signaling complex (DISC) after CD95 (Fas, Apo-1)-ligation, the
4
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adapter molecule FADD (Fas-associated death domain protein) is recruited to the complex
via its death domain (DD). In addition, FADD recruits several procaspase-8 molecules into
the DISC by binding with its death-effector domain (DED) to the DED of procaspase-8.
Under these ‘crowded’ conditions, the low intrinsic protease activity of these pro-caspases is
sufficient to cleave and activate each other50,51. Active caspase-8 is then released into the
cytoplasm and cleaves various proteins including procaspase-3 leading to events which
complete the cell death programme52. 2b, caspase-9 becomes activated by association with
Apaf-1 together with ATP and cytochrome c forming the so-called ‘apoptosome’53,54.
Proteolytic processing of caspase-9, however, is not crucial for its activation45. A third but
less characterized way for caspase activation has been described recently: The catalytically
competent pro-form of caspase-3 is under strict regulatory self-control by an Asp-Asp-Asp
tripeptide contained within the pro-enzyme itself. Disabling of this ‘safety catch’ seems to be
assisted by intracellular acidification that is known to accompany apoptosis46. Furthermore,
the short pro-domain of caspase-3 seems to serve as a silencing component in mammalian
cells by keeping executioner caspases in their inactive state55.
Over 100 caspase substrates have been identified thus far, which basically can be
divided into two general classes in apoptosis, nicknamed ‘swords’ and ‘shields’56. Swords
are activated by caspases and catalyze further downstream events, such as the activation of
effector-caspases by initiator-caspases, or caspase-mediated kinase activation57-60. Shields
are proteins which in healthy cells keep potentially harmful enzymes in their dormant state.
For example ICAD (inhibitor of CAD; CAD, caspase-activated DNase) is associated to CAD
in healthy cells but is degraded by caspase-3 during apoptosis. The active nuclease CAD then
translocates into the nucleus degrading DNA into oligonucleosomal fragments forming the
typical DNA-ladder when separated on agarose gels61,62.
Caspase activity can be influenced in many ways by a variety of endogenous, viral or
synthetic compounds. Inhibitors of apoptosis proteins (IAPs), originally identified in
baculovirus, are present in a wide range of organisms and are characterized by one or more
baculovirus IAP repeats (BIR), which are responsible for their anti-apoptotic activity63-65.
One key function of IAPs, particularly c-IAP-1 and –2 and X-linked IAP (XIAP) is their
ability to bind to and inhibit initiator and effector caspases including caspases-9, -3 and
–766,67. IAPs not only bind caspases with their BIR-domains, in addition, recent studies have
shown that XIAP can also promote the proteasomal degradation of caspase-3. The RING
finger domain of XIAP seems to be responsible for ubiquitination68.
5
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Caspases can be irreversibly inhibited by synthetic halomethylketone-peptides
resembling the corresponding caspase cleavage motifs. For instance, the pan-caspase
inhibitor

benzoyloxycarbonyl-Val-Ala-Asp-fluoromethylketone

(zVAD-fmk),

binds

irreversibly to the active center of caspases, thus inhibiting their catalytic activity69.
1.2.2.2

Non-caspase proteases participating in apoptosis

Calpains are Ca2+-dependent proteinases that participate in apoptosis by cleaving
cytoskeletal proteins such as fodrin and actin, and the pro-apoptotic protein Bax37,70,71. It
remains, however, unclear if calpains act upstream or downstream of caspases36,37,72,73.
Recently, lysosomal proteases have been found to be involved in apoptosis and were
subsequently identified as cathepsins35,74,75. Among these, cathepsins D and B appear to
play a role in camptothecin-induced death of liver cancer cells76 and cathepsin B in
fibrosarcoma cells treated with tumor necrosis factor (TNF)a35 and in breast cancer cells
treated with TNFa and vitamin D27.
Further apoptotic proteases include the serine protease granzyme B which cleaves
apoptotic substrates when released from granules of cytotoxic T cells39 and the proteasome,
e.g., in colchicine-treated neurons22,40,77.

1.2.3

Mitochondria as the key players of apoptotic
execution

It has become increasingly clear that mitochondria are not simply energy-producing
organelles but play a critical role during apoptosis.
Mitochondria sequester numerous pro-apoptotic factors that are released in response to
specific stimuli. Cytochrome c, a factor previously considered to be exclusively involved in
electron transport, is released from mitochondria into the cytosol during apoptosis.
Cytochrome c forms together with Apaf-1 in the presence of ATP and caspase-9 the
apoptosome which activates caspase-3. It is estimated that 85-97 % of the cytochrome c in
healthy cells is situated in the crystal lumen of the mitochondrion, with the rest in the
intermembrane space78,79. Also present in the intermembrane space are procaspases -2, -3, -9
and apoptosis-inducing factor (AIF)80,81. AIF released from mitochondria, induces caspaseindependent formation of large (50 kbp) chromatin fragments82 and seems to control
programmed cell death (PCD) during early development, since all the hallmarks of early
morphogenetic death are prevented by deletion of AIF83. Recently, Smac, and its murine
6
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counterpart, DIABLO, have been shown to be released from mitochondria and to promote
caspase activation by eliminating IAP inhibition of caspases84,85.
Three competing mechanisms, by which cytochrome c and other pro-apoptotic factors
are released from mitochondria are currently discussed. One view is, that the voltagedependent anion channel (VDAC) in the outer mitochondrial membrane forms, in association
with the adenine nucleotide translocator (ANT) found in the inner mitochondrial membrane,
the permeability transition pore (PTP) whose opening marks the demise of a cell in certain
cases86. Accordingly, mitochondria swell early during apoptosis and subsequently lose their
membrane potential (DYm)87,88. The VDAC, however, is ordinarily open and provides
permeability of the outer membrane to small molecules (≤ 2.6 nm in diameter). Since the
VDAC in its normal state is to small for folded cytochrome c to pass through, it has been
suggested that members of the Bcl-2 family (named after the first discovered member,
isolated from a gene involved in B-cell lymphoma) of proteins mediate the opening and
closing of the PTP through a conformational change of the VDAC89,90 but this view seems to
be controversial91. Another model suggests a defect in the ATP/ADP exchange because of
closure of the VDAC. This leads to a hyperpolarization of the inner mitochondrial membrane
and subsequent matrix swelling, resulting in a non-specific rupture of the outer mitochondrial
membrane92.
Alternatively, aggregates of another member of the Bcl-2 family of proteins, proapoptotic Bax, may insert into the outer mitochondrial membrane to from a pore that is large
enough to allow the passage of cytochrome c93,94.

1.2.4

Members of the Bcl-2 family of proteins

Members of the Bcl-2 family are involved in cytochrome c release89,95-100. They can
be divided into three groups101,102: Members of group I contain four short, conserved Bcl-2
homology (BH) domains, BH1-BH4, a C-terminal hydrophobic tail which anchors them in
the outer surface of mitochondria or eventually of the endoplasmatic reticulum, with the
largest part of the protein in the cytosol. Members of this group, such as Bcl-2 and Bcl-XL are
generally anti-apoptotic101,102. In contrast, group II members, including Bax and Bak, have
pro-apoptotic activity and are composed similar like group I members but lack the BH4
domain101,102. It has been suggested that they mediate cytochrome c release by forming
oligomers which insert into the outer mitochondrial membrane to generate ion-conducting
channels. Dimerization with Bcl-2 or Bcl-XL prevents channel formation91. Members of
7
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group III, like Bid and Bik, are less homogenous and basically only share the presence of a
BH3 domain101,102. Bid, for instance, is proteolysed by caspase-8 and the C-terminal portion
of the molecule may enhance the conformational change of Bax which is necessary for
insertion into mitochondria98,99,103,104.

1.2.5

Anti-apoptotic factors: Fine-tuning of apoptosis
and implications for cancer therapy

Cancer is the result of a surplus of cells that either arise from uncoupled cell cycle
control resulting in increased proliferation or defects in the commitment to apoptosis. Certain
forms of tumors either display decreased activity or expression of pro-apoptotic molecules or
increased activity or expression of anti-apoptotic factors. Pro-apoptotic Apaf-1, for instance,
has been reported to lose part of its expression in metastatic melanomas, which thus are less
sensitive to chemotherapy. Restoring physiological levels of Apaf-1 through gene transfer
markedly enhanced chemosensitivity105.
Anti-apoptotic Bcl-2, on the other hand, has been discovered in B-cell lymphomas in
which the genetic lesion was a translocation of the Bcl-2 gene to the control of the Ig
promotor. The resulting overexpression of Bcl-2 retards the normal course of apoptosis that
normally occurs in B-cell homeostasis, resulting in B-cell accumulation and follicular
lymphoma106-109.
Another molecule that interferes with the apoptotic programme is c-FLIP (FLICEinhibitory protein; FLICE, former name for caspase-8). FLIPs have been identified in certain
classes of herpes viruses as DED-containing proteins that inhibit death-receptor-mediated
apoptosis. They bind to the CD95-FADD complex, thus hampering the recruitment of
caspase-8110-112. c-FLIPs, however, might be pro- or anti-apoptotic, depending on the
cellular context. Accordingly, c-FLIPs might be attractive targets in the treatment of
carcinomas that have acquired resistance to CD95-dependent killing. Additionally, most
human tumors, such as the human mammary carcinoma MCF-7 cells, overexpress heat-shock
protein (HSP) 70. Surprisingly, these cells survive the activation of pro-apoptotic
caspases35,113,114. Caspase-independent apoptotic death can be initiated in these cells by
depletion of HSP70, accomplished by viral infection with HSP70-antisense115,116. It has
been suggested that HSP70 might protect against apoptosis by binding to Apaf-1, thereby
preventing constitution of the apoptosome117. Recent findings, however, report that HSP70
can inhibit apoptosis in Apaf-1-/--cells by interfering with AIF118.
8
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In conclusion, factors that confer fine-tuning of apoptosis by positively or negatively
interfering with the apoptotic programme might be attractive targets for the therapy of cancer.
Figure 3: Multiple pathways leading
to apoptosis.
Death-receptor-induced
apoptosis
involves the activation of caspases and
can proceed with or without the
contribution of mitochondria. Whereas
other stimuli might affect mitochondria
as first targets which subsequently
release pro-apoptotic factors that lead
to the activation of caspases
(Smac/DIABLO, cytochrome c) or that
directly induce DNA-fragmentation
(AIF).

1.2.6

Surface changes on dying cells

Apart from intracellular events, mostly degradation of cellular components, apoptotic
cells change the molecular composition of the cell surface. These changes include the
appearance of molecules normally anchored in the cytoplasmic face of the plasma membrane,
as well as unmasking of molecules on the surface. The newly exposed components then serve
as ‘eat-me’ signals for professional or non-professional phagocytes.
1.2.6.1

Phosphatidylserine exposure

Phospholipids are usually asymmetrically distributed in healthy cells with
phosphatidylcholine (PC) and sphingomyelin located primarily in the outer leaflet and the
aminophospholipids PS and phosphatidylethanolamine restricted to the cytoplasmic
leaflet119,120. During conditions, however, where high intracellular levels of Ca2+ occur, like
cell activation, cell injury, or apoptosis, a rapid bi-directional movement of the plasma
membrane phospholipids causes an exposure of PS and phosphatidylethanolamine on the cell
surface120-123. Exposure of these phospholipids on the cell surface has been shown to
promote the assembly and activation of numerous enzymes of the coagulation and
9
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complement system124-128 as well as to mediate the clearance of injured cells by the
reticuloendothelial system129-132.
Detection of PS on the cell surface is achieved with annexin V, a Ca2+-dependent
phospholipid-binding protein with high affinity for PS, linked to fluorescein-isothiocyanate
(FITC)133.
While in healthy cells PS is actively transported from the outer leaflet to the inside by
the ATP-dependent aminophospholipid translocase134-136, PS exposure on the cell surface
during apoptosis may be due to either a loss of aminophospholipid translocase activity and/or
enhanced nonspecific transbilayer movement of phospholipids, due to a Ca2+-dependent
activation of phospholipid scramblase134,137-139. However, loss of aminophospholipid
translocase is required but not sufficient for PS-translocation, it needs additional enhanced
phospholipid scramblase activity140. Since cloning of a candidate phospholipid scramblase
revealed a putative protein kinase C (PKC) phosphorylation site139, modulation of
scramblase activity by phosphorylation may be conceivable. This possibility appears
intriguing since both PKC d and PKC q have been demonstrated to be cleaved during
apoptosis by caspase-3, resulting in a 45-kDa catalytic fragment with increased enzymatic
activity57-60. Indeed, inhibition of PKC can prevent PS exposure in certain conditions141.
Although PS exposure seems to be a general feature during apoptosis132,142 and closely
associated with the activation of caspases143, a specific cleavage event has not been
identified. Conversely, PS exposure can be induced by disturbance of Ca2+-homeostasis
independent of caspase activation and in the absence of nuclear changes140. In the ordered
sequence of events during apoptosis, however, PS appearance on the outer membrane is an
early event that precedes nuclear changes and plasma membrane lysis144,145 but follows loss
of Dym suggesting that mitochondria could release factors that may mediate PS exposure144.
1.2.6.2

Carbohydrate changes

Initial studies, where healthy lymphocytes were stripped of sialic acid by treatment with
neuraminidase and rapidly sequestered in the liver, gave first evidence for the involvement of
carbohydrate changes on apoptotic cells. Further evidence came from observations that
apoptotic thymocytes possess reduced mobility in an electric field, consistent with the loss of
sialic acid146. Sialic acid might disguise terminal side chain sugars from surface
glycoproteins. Loss of sialic acid during apoptosis by unknown mechanisms might unmask
residues, such as N-acetyl glucosamine, N-acetyl galactosamine and galactose147. It is,
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however, not known what signals cause the loss of sialic acid from terminal sugars and more
effort is needed to unravel the mechanisms .
1.2.6.3

Other surface changes

An as-yet unidentified moiety might show up on the surface of apoptotic cells that is
capable of binding thrombospondin 1 (TSP1) which might serve as a bridging molecule
between phagocytes and apoptotic cells148. TSP1 is found in many different cell types,
including platelets, monocytes and macrophages149,150. It is expressed on the cell surface
upon platelet activation, where it plays a role in platelet aggregation151,152. Senescent human
neutrophils, unlike freshly isolated neutrophils, bind to surface immobilized TSP1 in vitro
which correlates with phagocytic uptake. This binding appears to be divalent cationdependent as it is significantly reduced in the presence of EDTA. Soluble TSP, however, fails
to bind senescent cells and does not inhibit their binding to immobilized TSP, suggesting that
senescent cells bind a conformation-dependent domain on TSP which becomes exposed only
upon immobilization of TSP on a surface153.
Further reports suggest that oxidized cell surface structures may serve as recognition
signals on apoptotic cells, in line with the involvement of the generation of reactive oxygen
species (ROS) in apoptosis. Noteworthy, in some ways the cellular plasma membrane
resembles the surface of a low-density lipoprotein (LDL) particle, since both are composed
mainly of phospholipids containing unsaturated fatty acids and proteins. Oxidatively
modified moieties on apoptotic cells may serve as recognition molecules similar like the
recognition of oxidized LDL154.
Lastly, a change in the surface of apoptotic leukocytes involving ICAM-3 (CD50) has
been implicated as a recognition signal155. ICAM-3 is a highly glycosylated
iummunoglobulin (Ig)-superfamily member and is constitutively expressed on leukocytes156.
There may exist, however, distinct forms of ICAM-3 on viable and apoptotic cells which
remain to be determined. Since ICAMs are known to be highly and variably glycosylated,
with ICAM-3 being the most heavily glycosylated member, such a change may account for
the different form on apoptotic leukocytes to mark them for disposal155.
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1.3

Mechanisms of phagocytosis

1.3.1

The repertoire of phagocytosis-competent cells

1.3.1.1

Monocytes and macrophages

The members of the mononuclear phagocyte system are the basic professional
phagocytes. Their development takes place in the bone marrow and passes through the
following steps: stem cell - committed stem cell - monoblast - promonocyte - monocyte (bone
marrow) - monocyte (peripheral blood) - macrophage (tissues). Monocyte differentiation in
the bone marrow proceeds rapidly (1.5 to 3 days). The process of haematopoiesis is
controlled by a group of at least 11 growth factors157. Three of these glycoproteins initiate
the differentiation of macrophages from uni- and bipotential progenitor cells in the bone
marrow. The progression from pluripotent stem cell to myeloid-restricted progenitor is
controlled by interleukin (IL)-3, which generates differentiated progeny of all myeloid
lineages158. As IL-3-responsive progenitors differentiate, they become responsive to
granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage-CSF (MCSF), the two growth factors giving rise to monocyte/macrophage-restricted progeny158.
After lineage commitment, cells are completely dependent on these growth factors for
continued proliferation and viability. TNFa has also been implicated in growth regulation for
macrophage precursors159.
The blood monocytes are young cells that already possess migratory, chemotactic,
pinocytic and phagocytic activities, as well as receptors for IgG Fc-domains (FcR) and iC3b
complement factor. Under migration into tissues, monocytes undergo further differentiation
(at least one day) to become multifunctional tissue macrophages. Therefore, monocytes are
generally considered to be immature macrophages. However, it can be argued that monocytes
represent the circulating macrophage population and should be considered fully functional.
Macrophages includes macrophages in connective tissue (histiocytes), liver (Kupffer's
cells), lung (alveolar macrophages), lymph nodes (free and fixed macrophages), spleen (free
and fixed macrophages), bone marrow (fixed macrophages), serous fluids (pleural and
peritoneal macrophages), skin (histiocytes), brain (microglia) and in other tissues.
Macrophages are scavengers, seeking worn-out cells, debris, and non-self160. Both
monocytes and macrophages are capable of cell lysis and phagocytosis. The macrophage
population in a particular tissue may be maintained by three mechanisms: influx of
monocytes from the circulating blood, local proliferation and biological turnover.
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Macrophages are generally a population of ubiquitously distributed mononuclear phagocytes
responsible for numerous homeostatic, immunological, and inflammatory processes. Their
wide tissue distribution makes these cells well suited to provide an immediate defence against
foreign elements prior to leukocyte immigration. Because macrophages participate in both
specific immunity via antigen presentation and IL-1 production and nonspecific immunity
against bacterial, viral, fungal, and neoplastic pathogens as well as in the removal of dying
cells, it is not surprising that macrophages display a range of functional and morphological
phenotypes.
1.3.1.2

Microglia

Microglia may constitute as many as 12 % of the cells in the central nervous system
and were first described by del Rio-Hortega in 1932 as distinct cell types with discrete
morphology and specialized staining characteristics that distinguished them from other glial
cells and neurons161. Although the origin of microglia is still under debate the favorable view
is that they are mononuclear phagocytes of mesodermal origin162. Microglia can be divided
into several sub-classes based on their localization and morphology163,164. Parenchymal
microglia are derived from monocytes that migrate into the central nervous system (CNS) in
early embryonic development165 and are maintained as pool with limited turnover and
downregulated immunophenotype during adulthood (ramified microglia). Perivascular
microglia have a higher turnover rate and are regularly replenished by monocytes that
infiltrate the CNS, for example after contact with an invading microorganism (amoeboid
microglia)166.
Microglia serve as key players in the removal of inflammatory cells, like infiltrating
leukocytes, and dying neurons in the CNS and are modulated by different cytokines167. Thus
microglia play an important role in many neurodegenerative disorders such as multiple
sclerosis168, HIV-1 infections169, or Alzheimer’s disease170.
1.3.1.3

Dendritic cells

Culturing of monocytes in vitro in the presence of GM-CSF and IL-4171 or GM-CSF
and IL-13172 results in immature dendritic cells (DC) that are analogous to peripheral DC,
i.e., Langerhans cells, and interstitial DC. These DC undergo differentiation in two stages, an
immature and a mature stage, according to a set of phenotypic and functional
characteristics173. Immature DC are able to pick up antigen with high efficiency, they can
internalize proteins, whole cell lysates, RNA174,175, and apoptotic cells176-178. Upon
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maturation signals, mainly given by exposure to antigen, inflammatory cytokines, or bacterial
products, they lose their phagocytic capabilities but increase major histocompatibility
complex (MHC), CD80 and CD86 expression and become highly effective antigenpresenting cells179. Mature DC subsequently enter lymphatic vessels and migrate to the area
of draining lymph nodes where they present antigen-derived epitopes to naïve and memory T
cells180.
1.3.1.4

Non-professional phagocytes

In order to provide fast and efficient clearance of apoptotic cells and cell debris,
neighboring cells can take over part of the phagocytic capacity181. Such non- or semiprofessional macrophages can be represented by human glomerular mesangial cells which
engulf apoptotic neutrophils during glomerular inflammation in the kidney182, mature as well
as immature muscle cells in neonatal muscle which take up necrotic muscle cell fragments183
and even astrocytes and glioma cells in the CNS which phagocytose apoptotic glioma cells,
although to a 4-times lesser extent than microglia184. In addition, certain cell lines like
human kidney epithelial 293 T cells are capable of apoptotic cell phagocytosis185. In
conclusion, many different cell types can assist professional phagocytes in clearing apoptotic
cells in a tissue but this clearance is less efficient182,185,186.

1.3.2

Phagocytosis in C. elegans

Much of our understanding about the removal of dying cells in vertebrates comes from
studies in C. elegans. The basic mechanisms of recognition, engulfment and post-phagocytic
reactions seem to be similar in worm and man. Recessive alleles of seven genes, ced-1, ced-2,
ced-5, ced-6, ced-7, ced-10 and ced-12, were isolated in mutants that produced persistent cell
corpses during embryonic development of C. elegans187-189. Genetic studies of these mutants
showed that the engulfment genes belong to two functional groups ced-1, ced-6, ced-7 and
ced-2, ced-5, ced-10, ced-12, which outline two parallel and partially redundant pathways of
engulfment, since single or double mutants within the same group showed no or weak defects
in engulfment, whereas double mutants between the two groups displayed more pronounced
defects188. Mutations in theses genes prevent extensions of the membrane of engulfing cells
around the dying cells, as revealed by ultrastructural studies187,188.
ced-1, ced-6, ced-7: ced-1 is localized to cell membranes and presumably acts as a
transmembrane receptor on engulfing cells for recognition of dying cells190. The predicted
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CED-1 protein bears structural similarities with many transmembrane receptors including
growth factor receptors, integrins, and lipoprotein receptors. The closest human homologue
of ced-1 is SREC (scavenger receptor on endothelial cells)190. Overexpression of ced-6 can
partially suppress the engulfment defect of both mutated ced-1 and ced-7, suggesting that
ced-6 acts downstream of theses two genes191. The predicted CED-6 protein contains a
phosphotyrosine-binding domain191 and might interact with CED-1. Therefore, CED-6 is an
adaptor protein that might transduce signals from CED-1190,191. ced-7 is the only engulfment
gene known to be required in both dying and engulfing cell192. The CED-7 protein has the
structure of an ATP-binding cassette (ABC) transporter, is widely expressed and is localized
to plasma membranes during embryogenesis192. Like other members of the ABC transporter
superfamily, CED-7 contains two nucleotide-binding domains, which were shown to be
important for controlling channel activity in ABC transporters193. Furthermore, ABC1 seems
to promote a transbilayer movement of PS194. In addition, in ced-7 mutants, CED-1 fails to
cluster around cell corpses190. In conclusion, CED-7 may facilitate the physical contact
between dying and engulfing cells by exporting adhesive molecules, perhaps PS, in line with
the finding that PS-redistribution is required on phagocyte and prey in mammalian cells195.
Alternatively CED-7 may function in dying cells to present a signal on the surface and in
engulfing cells to promote CED-1 function in recognizing and/or clustering around cell
corpses190 (Fig. 3).
ced-2, ced-5, ced-10, ced-12: Worms mutated in ced-2, ced-5, and ced-10 but not ced1, ced-6 or ced-7 have also defects in the migration of gonadal tip cells during larval
development. 77 % of ced-5 mutant animals display abnormalities in the migration of
gonadal distal tip cells196. These cells are located at the tips of the two gonadal arms and
guide the extension of each growing gonadal arm during larval development197,198. CED-5
amino acid sequence shows most structural and functional similarity with the human protein
DOCK180196. DOCK180 interacts with the cytoskeletal-associated adapter protein CRK199
which has been implicated in integrin-mediated signaling and cell movement200. CrkII in turn
is the human homologue of ced-2. Like their human counterparts, ced-5 and ced-2 interact
physically with each other in vivo201. The human homologue of ced-10 is Rac. The human
RAC-1 protein is a functional GTPase201. Rac, Rho and Cdc42 represent a subfamily of the
Ras-GTP superfamily that are involved in the control of cytoskeletal organization and cell
extensions202, and in phagocytosis mediated by Ig and complement receptors203.
Consequently, CED-5, CED-2 and CED-10 function in the extension of cell surfaces and act
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in engulfing cells during the engulfment of cell corpses (Fig. 3) as well as in migrating distal
tip cells196, with CED-10 being downstream of CED-2 and CED-5, since overexpression of
neither ced-2 nor ced-5 bypasses the requirement for other pathway components whereas
overexpression of ced-10 can rescue defects of other components201. In conclusion, CED2/CrkII might recruit CED-5/DOCK180 to the plasma membrane which then leads to the
activation of CED-10/Rac GTPase in engulfing and migrating cells, probably providing these
cells with a polarity for cell movement201.
Figure 4: Engulfment genes in
C.
elegans
and
their
mammalian counterparts.
Phagocytosis of cells in C.
elegans seems to involve
exposure
of
recognition
molecules on dying cells,
subsequent binding to engulfing
cells and intracellular signaling
leading to actin polymerization
to form surface extensions
around the dying cell, resulting
in engulfment. Six genes have
been shown to be engaged in
this process, each of which has
homologues in mammals.

Just very recently, the mammalian homologues of ced-12, elmo1 and elmo2, have been
identified. ELMO1, functionally cooperates with CrkII and DOCK180 to promote
phagocytosis and cell shape changes. CED-12/ELMO-1 binds directly to CED-5/DOCK180
and this complex stimulates a Rac-GEF (guanine nucleotide exchange factor), leading to
Rac1 activation and cytoskeletal rearrangements. In conclusion, CED-12/ELMO seems to be
an upstream regulator of Rac1 that affects engulfment and cell migration from C. elegans to
mammals204.

1.3.3

Recognition of dying cells by phagocytes

Much focus has been shifted from eat-me signals on dying cells to recognition
molecules on phagocytes since increasing evidence implies that apoptotic cells more or less
‘look’ the same. Instead, different subsets of phagocytes may employ distinct, and for the
respective type predominant, recognition mechanisms7,8,205.
The process of recognition and engulfment of dying cells seems to be highly conserved
between nematodes, insects and man. Phagocytic cells bear receptors on their extracellular
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surface with which they engage altered or newly appearing signals on apoptotic cells. The
first step is binding or ‘tethering’206 of the cell to the surface of the phagocyte. Mammalian
receptors that have been implicated in this process include members of the broad scavenger
receptors family, b1, b2 and b3 integrins, lectins, and some glycosylphosphatidylinositol
(GPI) linked modules such as CD14207,208. Consequently, in this model, a second class of
molecules has to be present on the phagocyte to initiate the uptake- or ‘tickle-‘ signal of the
tethered cell that might activate macropinocytosis206. There might not necessarily be two
separate receptors for tethering and tickling, dual receptors, as shown for ced-1, might take
over both jobs190. Moreover, apoptotic cells might initiate signals that promote their uptake,
similar to the internalization of facultative virulent strains of Salmonella which directly inject
activators of the Rho-family GTPases into the cell to initiate ruffling and eventually
enclosure of the attached bacteria into the phagolysosome209,210. Such initiation of
phagocytosis by apoptotic cells might involve signaling pathways including CrkII (ced-2),
DOCK180 (ced-5) and ced-12, combining as a complex to activate rac (ced-10)185,211 which
then induces actin polymerization212.
1.3.3.1

Receptors for phosphatidylserine

Although PS exposure seems to be a general feature of apoptotic cells, only a subset of
phagocytes recognize PS as main recognition signal. Among these are b-glucan-stimulated
mouse bone marrow macrophages, thiolglycollate-elicited peritoneal macrophages, human
monocyte-derived macrophages (HMDM)213-215, PMA-stimulated THP-1 cells, primary
lung fibroblasts, 3T3 fibroblasts and the mammary epithelial cell line HC-11215, but not
unstimulated mouse bone marrow macrophages213 and some non-professional phagocytes,
such as hepatocytes216 and liver endothelial cells217.
Since the discovery of PS exposure as an eat-me signal on apoptotic cells, a couple of
candidate

receptors

including

scavenger

receptors148,218-222,

LDL-receptors205,223,

CD14224, b2 glycoprotein 1225 or Gas-6226 have been suggested to participate in the bridging
of PS to phagocytes. It has only been recently, however, that a candidate PS-receptor (PSR)
has been identified that shows stereospecific interaction with PS and is widely expressed in
different tissues and cells with homologues in C. elegans and Drosophila melanogaster. The
anti-PSR antibody mAb 217 is effective in inhibiting the uptake of apoptotic cells by
stimulated but not unstimulated macrophages. The predicted PSR protein has an apparent size
of 47-kDa, is most likely membrane spanning, has several basic residues in the extracellular
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region that could provide potential binding sites for PS and has a potential tyrosine binding
site within the intracellular domain. Most interestingly, transient transfection with the PSR of
mouse M12.C3 cells or human Jurkat T cells, neither of which is capable of binding or
phagocytosing apoptotic cells, enables these cells to bind to and phagocytose apoptotic cells,
which can be inhibited by PS-liposomes215. Engagement of the PSR provides the tickle
stimulus for the tethered cell, i.e., leads to macropinocytosis227. But the PSR not only
mediates the uptake of apoptotic cells, it seems to be an important factor since blocking the
PSR with mAb 217 inhibits most apoptotic cell uptake129,215. The PSR’s affinity for PS is
relatively low, which is not surprising since some healthy cells transiently express PS on their
extracellular surface as a result of activation. Thus, the ‘tether and tickle’ mechanism for
attachment and signaling through the PSR is to guarantee that such activated cells are not
accidentally removed by phagocytes227.
1.3.3.2

Integrins, thrombospondin and CD36

Early studies reported a role of macrophage avb3 integrin (CD51/CD61, vitronectin
receptor) in the recognition of aged neutrophils228. Furthermore, CD36, a Class B scavenger
receptor, seems to cooperate with avb3 to bind secreted TSP which then forms a molecular
bridge to a to date unidentified moiety on apoptotic cells148. Since the uptake of apoptotic
cells is inhibitable by Arg-Gly-Asp-Ser (RGDS) - a tetrapeptide which specifically binds to
avb3 - in unstimulated cells and by PS-liposomes in stimulated macrophages and both could
be inhibited by antibodies against CD36, it was concluded that CD36 is necessary for
apoptotic cell uptake and even may be one PS-receptor221. In fact, the binding and
endocytosis of PS-vesicles by macrophages could be inhibited by antibodies against CD36,
from which was concluded that CD36 is the PS-receptor229. It has to be kept in mind,
however, that in this229 and other studies, complete inhibition of uptake could never be
achieved by inhibition of a single receptor. Typically, individual receptors which mediate
uptake by macrophages account for only 30 to 50 % of apoptotic cell uptake. Antibodies
against avb3 and CD36, when combined, inhibit a maximum of 70 % of uptake by
unstimulated macrophages148,221, and antibodies against CD36 combined with PS liposomes
inhibit a maximum of 70 % of uptake by stimulated macrophages221, suggesting that
additional mechanisms contribute to removal. Nevertheless, even though CD36 might not be
the most important receptor for apoptotic cells in mammals, its closest homologue in
Drosophila, Croquemort, seems to be indispensable for the phagocytosis of apoptotic corpses
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in the fly230. In addition, CD36 gene transfer into non-professional phagocytes like
melanoma cells, improves their ability to ingest apoptotic cells, making them professional
phagocytes231. Taken together, CD36 may be an important receptor for the phagocytosis of
apoptotic cells but others may participate. Since the candidate PSR has been identified215,
CD36 has stepped into the background as the major receptor for PS.
DC are also capable of engulfing apoptotic cells in their immature stage, although less
efficiently compared to macrophages. In contrast to macrophages, avb5 instead of avb3
integrin seems to cooperate with CD36 to bind apoptotic cells by DC. Differential expression
of avb5 may be responsible for the ability of DC to cross-present antigenic material derived
from apoptotic cells, whereas macrophages scavenge and degrade such material174.
Similarly, avb5 but not avb3 cooperates with CD36 in the engulfment of rod outer segments
by retinal epithelial cells232. Interestingly, phagocytosis of apoptotic cells by human kidney
epithelium 293T cells is avb5-dependent and recruits the CrkII/DOCK180/Rac1 (CED2/CED-5/CED-10) complex resulting in the rearrangement of the actin cytoskeleton and
phagosome formation185. A further integrin, b1 integrin, has been implicated in leukocyte
adherence to apoptotic endothelial cells. Pre-incubation of leukocytes but not apoptotic
endothelial cells with antibodies against b1 integrin blocked the binding suggesting that b1
integrin on leukocytes binds an unrecognized factor on apoptotic endothelial cells233.
1.3.3.3

Lectins

The first receptors identified to be involved in recognition of apoptotic cells were
lectin-like receptors. Binding of apoptotic cells to macrophages can be blocked by preincubation of macrophages with N-acetyl glucosamine147, suggesting that lectins bind to
sugar resides on apoptotic cells. Indeed, cell adhesion is known to depend on the binding of
surface carbohydrates on one cell to lectins on another cell which can be inhibited
specifically by the simple sugars recognized by lectins234. However, subsequent work
revealed that macrophages might rely on different classes of receptors235, instead lectins
seem to be employed in the disposal of apoptotic cells by semi-professional phagocytes, such
as fibroblasts236, sinusoidal endothelial cells217, and hepatocytes216.
1.3.3.4

CD14

Pattern recognition receptors involve common cellular recognition pathways in
responses to molecules with similar structural features from a variety of pathogens237. One
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such receptor, CD14, binds the soluble serum protein LPS (lipopolysaccharide)-binding
protein (LBP) in conjunction with LPS to confer innate protection against infectious non-self
components by initiating the production of pro-inflammatory molecules238-240. CD14 is
found as a GPI-anchored membrane protein of myeloid cells, or in plasma/serum as a soluble
protein240. The monoclonal antibody 61D3 binds to the surface of human macrophages and
markedly inhibits their capacity to interact with apoptotic leukocytes241. The epitope that is
recognized by this antibody was identified as CD14224. Binding of this antibody or of
apoptotic cells to CD14 inhibits LPS-induced TNFa-production. Therefore similar regions of
CD14 are involved in interactions with LPS and apoptotic cells indicating that the mode of
macrophage signaling initiated at CD14 is ligand-depending224. ICAM-3 on apoptotic
lymphocytes somehow seems to be involved in CD14-binding of apoptotic cells. Since 61D3
and an antibody against ICAM-3 inhibited the uptake of apoptotic lymphocytes in a similar
degree it may be concluded that CD14 might interact with ICAM-3155. CD14 might be the
ICAM-3 receptor or be part of the recognition complex. Alternatively, since CD14 can be
cleaved from the cell surface following ligand binding to other cell surface receptors242, it is
conceivable that apoptotic ICAM-3 interacts with a putative macrophage receptor as a
complex with CD14155. Furthermore, CD14 could act as a tethering molecule for apoptotic
cells which subsequently interact with other macrophage receptors involved in apoptotic-cell
clearance206,243
1.3.3.5

Class A scavenger receptors

Scavenger receptors (SRs) are a diverse family of proteins and share the ability of
binding modified acetylated or oxidized lipoproteins and are thus important in the
development of vascular disease244,245. Their wide ligand binding activity makes them
attractive candidates for the recognition and binding of apoptotic cells. Six classes of SRs
have been identified (SR Class A-F), based on structural homologies and ligand-binding
properties. Apart from Class B SRs, including CD36 and Croquemort, Class A SRs have
been connected with the phagocytosis of apoptotic cells. Class A SRs, including SR-AI, SRAII and MARCO, are trimeric glycoproteins. SR-AI and SR-AII are alternative transcripts
form one gene and differ from each other by the presence of the C-terminal cysteine-rich
domain. The common collagenous domain includes the binding site for acetylated LDL
(acLDL)207. Expression of SR-A is restricted mainly to cells of the macrophage lineage in
various tissues246. Obviously, SR-A is particularly important in the thymus since
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immunocytochemical staining is prominent in the cortical and medullary regions of the
thymus247 and uptake of apoptotic thymocytes by isolated thymic macrophages in vitro can
be partially blocked by monoclonal antibodies against SR-A. In addition, thymic
macrophages from SR-A-null mice show defects in the uptake of acLDL and to a lesser
extent of apoptotic thymocytes248. However, the clearance of apoptotic thymocytes in vivo in
mice lacking SR-A is apparently normal both in normal thymic selection, as well as after girradiation, suggesting that apoptotic cell clearance mechanisms are redundant in vivo249. The
question arises which molecule(s) on apoptotic cells is (are) identified by SR-A. Only hints
are to date available to address this issue. SR-BI and CD36 have been implicated in PSrecognition220. Furthermore, caspase-independent constitutive death of platelets shows
apoptotic features like PS exposure and specific recognition by phagocyte SRs250. Lastly,
oxidized phospholipids, similar to oxLDL have been identified on apoptotic cells154 and SRs
are known to bind oxLDL218,223. Nevertheless, the current data are still too poor to
understand the nature of SR-mediated recognition of dying cells.
1.3.3.6

ABC-transporters

ABC transporters constitute a large family of evolutionary conserved transmembrane
proteins that are involved in the transport of a large variety of substrates across the
membrane251. The mammalian family member ABC1 is a structural homologue of ced-7 and
seems to be required for the engulfment of apoptotic corpses in most tissues and during
development252. Similarly like CED-7, ABC1 is expressed on both, phagocyte and prey195.
With the discovery that PS redistribution on both phagocyte and apoptotic cells is needed for
efficient uptake, the involvement of ABC1 in the maintenance of lipid equilibrium across the
bilayer has been suggested, a feature described for other ABC transporters253. Thus, ABC1
seems to promote the Ca2+-induced exposure of PS at the membrane of both, phagocyte and
prey. In addition, the efficiency of apoptotic cell engulfment and the efflux of cellular lipids
depend on ABC1-induced perturbation of PS turnover194. ABC1 has been shown to be
localized to three intracellular compartments – plasma membrane, Golgi stack and vesicles of
the endolysosomal compartment. Although plasma membrane localization is sufficient for
ABC1 function and thus the presence in the other compartments may simply reflect ABC1’s
way from maturation to degradation, it cannot be excluded that ABC1 functions at
intracellular sites as well194. In addition, deletion of ABC1 leads to the phenotype of Tangier
disease254-256, an autosomal recessive disease of lipid metabolism that is characterized, at the
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cellular level, by defective translocation of membrane lipids to specific apolipoprotein
acceptors.
1.3.3.7

Complement and Collectins

The complement system cooperates with antibodies to defend vertebrates against
microbial infections. The most important complement component, C3, is activated by
proteolytic cleavage and binds to the microbial cell to initiate the local assembly of late
complement components and to promote the phagocytosis of the microbial cell257.
Complement components also bind to apoptotic cells and promote their uptake. C3 is cleaved
during alternative complement pathways, and C3b, the cleaved product, readily binds to
apoptotic surfaces. In the presence of serum, Factor I proteolytically cleaves C3b to C3bi that
is recognized by complement receptors 3 or 4 (CR3 or CR4). Apoptotic cells preincubated
with annexin V show a decreased deposition of C3bi, thus the exposure of PS might directly
or indirectly activate complement258. Another component of the complement system, C1q,
binds specifically to surface blebs of apoptotic keratinocytes259 and C1q-deficient mice
display a severe defect in the phagocytic uptake of apoptotic cells260. C1q is closely related
to the collectins, a family of complex proteins, including mannose-binding lectin, surfactant
proteins A and D (SP-A, SP-D) and conglutinin. The whole group has been termed defence
collagens261 because of their conserved collagen like tails. All collectins are pattern
recognition molecules that bind non-self moieties, thereby targeting foreign material for rapid
disposal by immune cells. In addition, SP-A and to a lesser extent SP-D accelerate the
phagocytosis of polymorphonuclear neutrophils by alveolar macrophages as a result of
binding to the apoptotic surface262, thus facilitating the resolution of inflammation in the
lung. Calreticulin on the cell surface is a common receptor for collectins and C1q. It
recognizes them via their collagen tails263,264. Calreticulin is normally situated in the
endoplasmatic reticulum where it acts as a Ca2+-binding protein and chaperone but is also
found on the cell surface of many cells. Since it has no transmembrane domain, however, it
needs CD91 as a partner signaling molecule to transduce signals to the phagocyte. CD91 then
initiates macropinocytosis of the apoptotic cell264.
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1.3.3.8

Fc-Receptor-mediated phagocytosis

As a part of innate immunity, soluble host proteins called opsonins, which includes
complement ligands and Igs, initially coat microorganisms that penetrate the mammalian
sterile milieu. Phagocytosis of antibody-opsonized particles by macrophages involves the
interaction of the Fc portions of the Ig with receptors on phagocytes (FcRs). Particles coated
by IgG are recognized by the FcgR family. Binding of IgG induces aggregation of FcRs,
which is crucial for triggering signaling. Complex signaling cascades are activated upon FcR
aggregation265. Among the signaling molecules involved is phosphatidylinositol 3-kinase
(PI3K). Pharmacological inhibition of PI3K prevents phagosome closure and internalization
of IgG-opsonized erythrocytes without inhibition of actin polymerization266. Further
downstream effectors of FcR signaling are Rho proteins, a small subgroup of the small
GTPases of the Ras superfamily. Among these, most attention has been focused on RhoA,
Cdc42 and Rac1 (compare CED-10 in C. elegans) which control actin cytoskeleton
organization267 and are involved in cell movement and chemotaxis (for review, see268).
FcgR-mediated uptake is accompanied by pseudopod extensions269, by the activation of the
respiratory burst to produce ROS and by the production of arachidonic metabolites and
cytokines. FcR mediated uptake of apoptotic cells might occur under pathological conditions
where apoptotic cells display autoantigens and thus are opsonized by antibodies270.

Figure 5: Phagocyte recognition of apoptotic cells.
Based on inhibition studies, several recognition molecules have been implicated in the phagocytosis of apoptotic
cells. They interact either directly or by bridging via factors with apoptotic cells. Much about the binding
partners of receptors on phagocytes (bottom) with apoptotic cells (top), however, remains elusive.
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1.4

Consequences of phagocytosis

1.4.1

Suppression of inflammation

One of the key features of apoptotic cell removal is the silent, nonphlogistic nature. Not
only that apoptotic cells are rapidly removed before their lysis, moreover, macrophages that
have captured apoptotic cells contribute to an anti-inflammatory milieu by releasing
cytokines. Whereas phagocytosis of foreign bodies results in the release of pro-inflammatory
mediators by macrophages, uptake of apoptotic cells induces anti-inflammatory
reactions271,272. Additionally, phagocytosis of apoptotic cells inhibits foreign particleinduced release of GM-CSF, IL-1b, IL-8, TNFa, thromboxane B2, and leukotriene C4 by
macrophages. Furthermore, the production of chemokines like Mip-2 (Mip, macrophage
inflammatory protein) and Mip-1a, but not MCP-1/JE (MCP, monocyte chemotactic protein)
is suppressed after apoptotic cell phagocytosis. Mip-2 and Mip-1a are chemoattractants for
neutrophils, their decreased production by macrophages is likely to limit neutrophil
recruitment into inflammatory sites, and the related tissue damage. MCP-1/JE, in contrast,
attracts macrophages and the fact that its production is not attenuated under the same
conditions might result in the recruitment of macrophages into the inflamed site, thus
contributing to the resolution of inflammation272. Part of the suppression of proinflammatory mediators comes from the induction of anti-inflammatory mediators, including
TGFb (TGF, transforming growth factor), prostaglandin E2 and IL-10272,273. Among these
anti-inflammatory mediators, TGFb seems to play the main role, since it alone can effectively
mediate the action of apoptotic cells without an additional requirement for other factors, and,
in addition, neutralizing antibodies against TGFb almost completely block the antiinflammatory effect272,274. How exactly TGFb suppresses the pro-inflammatory response of
macrophages requires further investigation. TGFb-induced decrease of LPS-induced TNFaproduction, however, is not accompanied by changes in gene expression or mRNA stability,
pointing to a translational inhibition. In contrast, TGFb-induced inhibition of Mip-2 and Mip1a production seems to be due to suppressed gene expression, although changes in mRNA
stability cannot be completely excluded274. Establishing of the anti-inflammatory
environment is dependent on the PSR, both in vivo and in vitro215,227,272, but it can also be
mimicked by ligation of other macrophage receptors, notably CD36271. In addition, integrin
avb3 also seems to be involved in TGFb release after apoptotic cell uptake by macrophages.
This suppressive effect on pro-inflammatory cytokine production even can create an
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appropriate environment for optimal growth of the protozoan Trypanosoma cruzi, within
macrophages275. In contrast, opsonization of apoptotic cells with IgG and the subsequent
uptake by Ig-receptors leads to the release of pro-inflammatory cytokines (e.g. TNFa, IL1b),
suggesting that the receptor which mediates uptake determines the response272.
Notably, in situations of massive organ damage, the capacity for phagocytosis might
not be sufficient or even impaired and thus, factors such as active caspases276, DNA
fragments277 and/or cytochrome c278, might be released from apoptotic cells which may
contribute to organ damage.
Interestingly, it is now being appreciated that anti-inflammatory agents, whether
endogenous or pharmacological, promote the resolution of inflammation by stimulating the
nonphlogistic phagocytosis of apoptotic cells. Such are glucocorticoids279 or the aspirininducible lipoxins280. Thus, the nonphlogistic clearance of cells could be an attractive target
for pharmacological intervention.

1.4.2

Induction of immunity against self-components

Cells contain potentially harmful components, usually ‘invisible’ for the immune
system. During apoptosis, however, part of these components gain access to surfaces and
consequently become displayed to T cells, guiding the way to autoimmune diseases by
subsequently producing autoantibodies. Alternatively, neo-antigens evolve by apoptotic
cleavage of normally tolerated components. Indeed, nucleosomes and ribosomes translocated
to the surface of apoptotic blebs281 and even phospholipids exposed on the apoptotic cell
surface270 are preferred targets of autoantibodies in SLE. However, apoptotic cells are
usually removed very rapidly, before autoantibodies can develop. Defects in apoptotic-cell
uptake and the resulting presentation of self-antigens on surfaces or after secondary lysis,
might thus lead to the development of autoimmune diseases, as shown in phagocytosisdefective mice282 and humans deficient in C1q that almost invariably develop SLE283. In
addition, blocked uptake of apoptotic cells by injection of annexin V into mice results in an
increased immune response against apoptotic cells284.
DC might play a major part in the development of immunity against self-components,
since DC are capable of ingesting apoptotic cells178. DC are specialized for the presentation
of ingested antigen to lymphocytes, in particular efficient if they previously receive a
‘danger’ signal, such as exposure to microorganisms, to induce maturation285. Upon
maturation, DC may present antigen from apoptotic cells on MHC molecules to helper T cells
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which initiate the production of autoantibodies285. Consequently, autoantibody-coated
apoptotic cells are taken up by mechanisms involving FcgR, with the result that proinflammatory mediators, such as TNFa, are secreted270. Such immunogenic reactions,
however, need not necessarily be disadvantageous. New approaches in cancer therapy
involve the induction of massive apoptosis in tumor cells and the consequent antigen
processing and presentation by cells that have ingested apoptotic tumor cells, thus improving
the immunogenicity of the tumor cells286,287.

1.4.3

Horizontal spread of genetic information

Horizontal transfer is a common mechanism in bacteria and fungi in the generation of
resistance to antibiotic drugs as well as adaptation to new environments288,289. Transfer of
DNA from bacteria into the nuclei of somatic cells may also occur after phagocytosis of the
microbe290. There is now information available that, following phagocytosis, also DNA from
apoptotic bodies can be integrated into the genome of the phagocytes291,292. Interestingly,
although only B lymphocytes and immature T cells carry the CR2 which is crucial for
Epstein-Barr virus (EBV) infections, EBV-DNA can be found in a variety of additional cell
types in vivo293-295, suggesting that these cells integrate DNA from engulfed cells291. In
addition, HIV-DNA could be transferred to resistant cells by this mechanism296.
Furthermore, apoptotic bodies derived from tumor cells induce focal formation of fibroblasts
deficient in the tumor suppressor gene p53 in vitro and tumor formation in vivo. In this
model, whole chromosomes or fragments were transferred, indicating that horizontal gene
transfer from ingested apoptotic cells to phagocytes may be of importance during tumor
progression292.

1.4.4

Contributions of macrophages to cell death

During tissue remodeling, macrophages are not simply scavengers that seek and clean
up cells that have undergone an autonomous death, rather they actively elicit the death of
target cells. Apoptosis in vivo may thus be primarily the process of cell removal. Indeed, most
of the apoptotic changes occur after the cell has been ingested by phagocytes297-299. Again,
C. elegans provides valuable hints for the mammalian situation. Cell death defects caused by
weak mutations in ced-3 are enhanced by mutations in engulfment genes, suggesting that the
engulfment process is involved in some aspects of cell killing. In so doing, engulfment genes,
like ced-1, somehow act on engulfing cells to actively promote the killing process300.
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Interestingly, sublethal levels of CED-3 activity are probably sufficient to activate eat-me
signals which ensures that a compromised cell will be recognized and engulfed, and therefore
properly removed. In engulfment-defective animals (and with weak ced-3 mutations),
however, cell death is initiated but cells typically attempt to recover and occasionally
survive301. The situation might be similar in the mammalian system. For instance, mice that
were specifically depleted of macrophages in the developing eye fail to degenerate the cells
that make up the papillary membrane, thus the lens fails to develop. This implies that the
macrophage actively elicits the death of target cells within the papillary membrane during its
remodeling302.
In addition, macrophages that have ingested apoptotic neutrophils can release CD95ligand and promote the apoptotic death of bystander leukocytes which serves to accelerate the
resolution of inflammation303.
Furthermore, macrophages contribute to tumor elimination, for instance, by releasing
TNFa, TRAIL or NO, hence killing certain sensitive tumor cell lines304,305.

1.4.5

Phagocytosis of non-apoptotic cells

Cumulative evidence suggests that also cells dying caspase-independently or
necrotically are removed equally efficient as apoptotic cells. Surprisingly, the as-yet
identified engulfment genes in C. elegans not only take part in the removal of cells dying by
PCD. Recent studies have shown that neuronal necrosis can be induced in C. elegans by
hyperactive ion channels, similar to excitotoxicity in mammalian neurons. Although such
necrosis is completely independent of the death genes egl-1, ced-9, ced-4, or ced-3, removal
of these corpses requires the common engulfment genes. Noteworthy, these necrotic cells are
removed much less efficiently, probably due to distinct sets of recognition signals or the
bigger size of necrotic corpses. Still, these necrotic cells might display the same recognition
molecules like apoptotic cells, but alternatively, they could present different eat me signals
that eventually converge into a common response pathway189.
In the mammalian system, such cells are sometimes removed as intact entities306, or
alternatively, their remainders may only be removed after more excessive breakdown307. An
interesting model in this context is the conversion of apoptosis into necrosis in the interdigital
space of mice either lacking apaf-1 or treated with caspase inhibitors. Phagocytosis seems to
occur normally in this system since no signs of inflammation were detected and fingers
developed normally306.
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The removal of cells dying by different modes of cell death, however, may have diverse
implications on immunological parameters. Uptake of necrotic cells by macrophages, for
instance, has been shown to stimulate the production of pro-inflammatory mediators and to
inhibit the production of TGFb273. Furthermore, uptake of necrotic cells affects the systemic
elimination of trypanosomes275, the maturation of DC308, and lastly, the antitumor activity of
macrophages309.
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2

Aims of this study
It has become increasingly clear during the last few years that apoptosis and necrosis are
not two completely different forms of cell death but instead share many features. In
addition, in various pathological settings the two modes of cell death can occur
concomitantly and the intensity of the same insult may determine if cells die by apoptosis
or necrosis. Apoptotic cells are swiftly and silently removed in vivo by mechanisms
depending on caspase activation. The question arises, what happens to cells that fail to die
by classical caspase-dependent apoptosis, or even by forms of death that involve the lysis
of the plasma membrane (necrosis).
The presented study was initiated with the following aims:
Ü To develop a fluorescent phagocytosis assay that is capable of monitoring the
phagocytosis of both, cells with intact and lysed plasma membrane, and that, in
addition, can distinguish between the phagocytosis of the two types of dying cells.
Ü To characterize the phagocytosis of cells dying by caspase-independent forms of cell
death.
Ü To design cell death models in which caspase-activity is uncoupled from membrane
alterations, such as PS exposure, and from subsequent phagocytosis.
Ü To examine the involvement of classical apoptotic cell recognition molecules in the
phagocytosis of non-apoptotic cells with special regard to PS.
Ü To develop a method that specifically labels PS on the surface of cells, even when
their membranes are lysed, a feature that conventional annexin V staining is not
capable of.
Ü To examine the phagocytosis of cancer cells dying by alternative, caspaseindependent, apoptosis-like cell death.
Ü To study the immune response to dying cells, with particular focus on TNFasecretion by macrophages.
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3

Materials and Methods

3.1

Materials

3.1.1

Laboratory equipment and technical devices

Cameras: MP-4 Land (Polaroid, Hertfordshire, UK); Contax 167 MT (YASHICA
Kyocera GmbH, Hamburg, Germany). Centrifuges: Biofuge fresco and Megafuge 1.0 R
(Heraeus Instruments, Hanau, Germany). J2-MC centrifuge equipped with a JE-6B rotor
(Beckman, USA). Confocal microscope system: TCS 4D UV/VIS (Leica AG, Benzheim
and Leica Lasertechnik, Heidelberg, Germany). Electrophoresis chambers: Mini Protean II
Cell for SDS-PAGE and power supply Power Pac 300 (BioRad Laboratories GmbH,
München, Germany). Electrophoretic transfer cell: Trans-Blotâ SD Semi-Dry Transfer
Cell and power supply Power Pac 200 (BioRad Laboratories GmbH, München, Germany).
Film material: Kodak Ektachrome Elite II 100 and 400 (Kodak, Photo Hirlinger, Stuttgart,
Germany), Polaroid 667 ISO 30000/36° (Polaroid, Hertfordshire, UK). Fluorimeter:
Microplate Fluorescence Reader FL 600 (Deelux Labortechnik, Gödenstorf, Germany).
Flowcytometer: FACSCalibur (Becton Dickinson, Heidelberg, Germany). Image reader:
Luminescent Image Analyzer LAS-1000 CH, acquisition software Image Reader LAS-1000
(Fuji Photo Film Co., Tokyo, Japan), and Advanced Image Data Analyzer (AIDA) software
(Raytest GmbH, Straubenhardt, Germany). Imaging camera: Dage-72 CCD camera (DageMTI, Michigan City, IN) and image analysis system MCID (Imaging Research Inc., St.
Catherines, Ontario, Canada). Incubator: Model BB 6220 (Heraeus Instruments, Hanau,
Germany). Laminar Flow: LaminAirâ HB 2448 and LaminAirâ HB 48 (Heraeus
Instruments, Fellbach, Germany); Microflow Laminar Flow Workstation (Nunc GmbH,
Wiesbaden, Germany). Laser: Argon and Krypton Ion Laser System (Omnichrome, Chino,
CA, USA), EnterpriseTM Ion Laser (Coherent, Laser Group, Santa Clara, CA, USA), Cooling
system Laser PureTM Heat Exchanger (Coherent, Auburn, CA, USA). Luminometer: 1250
and Display 1250 (Wallac-ADL GmbH, Freiburg, Germany). Magnetic particle
concentrator: Dynal MPC®-S (Dynal Biotech, Oslo, Norway). Mechanical tissue chopper:
Bachofer (Bachofer, Reutlingen, Germany). Membrane: Nitrocellulose Hybondä ECLä
(Amersham-Buchler GmbH & Co. KG, Braunschweig, Germany). Microscopes: Leitz DM
IRB, Leitz DM IL (Leica Mikroskopie und Systeme GmbH, Wetzlar, Germany). Pipettes:
Eppendorf (Eppendorf-Netheler-Hinz GmbH, Hamburg, Germany) and Gilson (Abimed,
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Langenfeld, Germany). Plastic material: Primariaâ 3072: 75 cm2-cell culture flaks for
microglia culture, 96-well flat bottom plates for monocyte culture (Becton Dickinson,
Heidelberg, Germany), all other plastic cell culture material was from Greiner (Greiner,
Nürtingen, Germany). Stereomicroscope: Leica Wild M3Z and light supply KL 1500
electronic (Leica Mikroskopie und Systeme GmbH, Wetzlar, Germany). Thermomixer:
Eppendorf Thermomixer (Eppendorf-Netheler-Hinz GmbH, Hamburg, Germany). UVTransilluminator: 312 nm (Bachhofer, Reutlingen, Germany).

3.1.2

Chemicals and antibodies

Amersham Pharmacia Biotech Europe GmbH, Freiburg, Germany: ECL Western
blotting detection reagents.
Bachem

Biochemica

GmbH,

Heidelberg,

Germany:

z-Val-Ala-DL-Asp-

fluoromethylketone (zVAD-fmk).
Bender & Hobein GmbH, Heidelberg, Germany: Pierce BCA protein assay reagent.
Biomol, Hamburg, Germany: Asp-Glu-Val-Asp-aminotrifluoromethylcoumarine (DEVDafc), Pefabloc, S-nitrosoglutathione (GSNO).
BioRad Laboratories GmbH, München, Germany: Pre-stained markers for SDS-PAGE.
Boehringer Mannheim (Roche), Mannheim, Germany: Annexin V-FLUOS, Annexin VBiotin, ATP bioluminescence assay kit CLS II, DNase, FCS charge 14731402, trypsin
inhibitor from soybeans.
Calbiochem-Novabiochem,

GmbH,

Schwalbach,

Germany:

calphostin

C

from

Cladosporium cladosporioides, rottlerin.
Coulter-Immunotech Diagnostics, Krefeld, Germany: unconjugated monoclonal antiCD14 antibody.
Dynal Biotech, Oslo, Norway: Dynabeads M-280 streptavidin.
GibcoBRL Life Technologies, Eggenstein, Germany: Eagle's Basal Medium (BME) 2x
without phenolred, BME 1x, L-glutamine, minimal essential amino acids, Na-Pyruvat,
penicillin, RPMI (Roswell Park Memorial Institute) 1640 medium, streptomycin, trypsin.
ImmunoTech, Marseille, France: monoclonal anti-CD95 antibody (clone CH-11).
Metalon, Wustenhofen, Germany: lipopolysaccharide (LPS) from Salmonella abortus equi.
Molecular Probes Europe BV, Leiden, Netherlands: calcein-AM, E. coli bioparticles,
ethidium homodimer (EH-1), fura-2, Hoechst 33342, octadecyl (C18) indocarbocyanine (DiI),
SYBR green, SYTOX.
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Pharmingen, Hamburg, Germany: biotinilated polyclonal anti-TNFa tracer antibody,
monoclonal anti-cytochrome c antibodies for Western blot (clone 7H8.2C12), purified
recombinant annexin V.
Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany: actinomycin D (ActD), afc,
aprotinin, Arg-Gly-Asp-Ser (RGDS), Arg-Gly-Glu-Ser (RGES), bovine serum albumin
(BSA), bromophenolblue, camptothecin, carbonyl cyanide chlorophenylhydrazone, 3-[(3cloamidopropyl)-dimethylammonio]-propanesulfate
cytosine

arabinoside,

digitonin,

(CHAPS),

dimethylsulfoxide

(DMSO),

cycloheximide

(CHX),

dithiothreitol

(DTT),

ethylendiamin tetraacetic acid (EDTA), ethylenglycol-bis(b-aminoethylether) tetraacetic acid
(EGTA), Fast Blue, FITC-labeled lectin from Bandeiraea Simplicifolia BS-I, glycerol,
glyburide,

glycine,

Phosphatidylcholine,

human

serum

male

type

L-a–Phosphatidyl-L-serine,

AB

positive,

leupeptin,

ionomycin,

N-acetyl

L-a-

glucosamine,

oligomycin, pepstatin, pyruvate, sodium dodecylsulfate (SDS), somatic cell ATP releasing
agent, staurosporine (STS), succinate, TMB liquid substrate solution, Tris-Base, Triton X100, trypanblue 0.4 %, Tween 20.
All other reagents not further specified were from Fluka (Buchs, Germany), Merck
(Darmstadt, Germany), Riedel-de-Haën (Seelze, Germany), Roth GmbH & Co (Karlsruhe,
Germany), Serva (Heidelberg, Germany) or Sigma-Aldrich Chemie GmbH.

3.1.3

Cell lines

Jurkat human T cell lymphoma clone E6-1 were obtained from the American tissue
culture collection (ATCC No. TIB-152, Rockville, MD).
MCF7 (human mammary adenocarcinoma, ATCC No. HTB-22)-NEO cells, MCF7CASP3 cells, LoVo36 cells (human colorectal adenocarcinoma, ATCC No. CCL-229) and
adenoviruses were a kind gift of Marja Jäättelä, Apoptosis Laboratory, Danish Cancer
Society, Copenhagen, Denmark.

3.1.4

Animals

Pregnant Wistar rats were obtained from Charles River, Schweinfurt, Germany. The
animals were kept in the animal unit of the university of Konstanz under special pathogenfree conditions. Rat pups were used 1-2 days post partum.
Eight day old specific pathogen free Balb/c mice were obtained from the animal unit of
the University of Konstanz.

33

Chapter 3: Materials and Methods

3.2

Methods

3.2.1

Preparation of monocyte-derived macrophages

Human monocytes were isolated as described previously310. In brief, 250 ml of
peripheral venous blood was drawn from a single volunteer. Citrate (0.31 % w/v) was used as
an anti-coagulant. The blood was diluted 1.6 fold with phosphate buffered saline (PBS; 2 mM
NaH2PO4, 16 mM Na2HPO4, 150 mM NaCl [pH 7.4]) prior to centrifugation at 220 x g at
20°C for 20 min. The cell pellet was layered on a Percoll gradient (r=1.077 g/ml) and the
interphase containing the peripheral blood mononuclear cells (PBMC) was obtained
following centrifugation at 800 x g for 10 min. Cells were washed twice in elutriation
medium (PBS, 2 % heat-inactivated human AB serum, 2 mM EDTA, 5 mM glucose [pH
7.4]) prior to countercurrent centrifugal elutriation of the cells using a J2-MC centrifuge
equipped with a JE-6B rotor. The monocyte-containing fraction was obtained at a flow rate of
39 ml x min-1 and a rotor speed of 3000 rpm. Elutriated monocytes were plated at an initial
density of 2 x 105 cells/well on 48-well culture dishes. After 60 min at 37°C, non-adherent
cells were removed and the medium was exchanged for fresh RPMI 1640 containing 10 %
heat-inactivated human AB serum and antibiotics (penicilline, 5000 IU/ml; streptomycin, 5
mg/ml). Monocytes were differentiated to macrophages for 8-12 days in a volume of 1 ml per
well on 48-well culture dishes310. Medium was exchanged 5 days after plating and before
experiments. Human monocyte-derived macrophages (HMDM) were used for experiments
between day 7 and 12 after plating.

3.2.2

Preparation of microglial cells

Wistar rat pups (1-2 days post partum) were decapitated and the cerebrum was
transferred to a buffer containing NaCl (137 mM), KCl (5.4 mM), Na2HPO4 (250 mM),
KH2PO4 (235 mM), glucose (5 mM) and sucrose (58 mM), [pH 6.5] on ice. Following
removal of meninges, brains were cut 3 times in different directions using a tissue chopper set
to cut 400 mm thick pieces. The chopped tissue was digested in the presence of trypsin (0.5
%), DNase I (0.05 %) and MgSO4 (6 mM) for 5 min with subsequent trituration through a
pipette tip to obtain a cell suspension. The mixed cell suspension was then maintained in
BME medium supplemented with 10 % fetal calf serum (FCS) and antibiotics in 75 cm2flasks (Primariaâ 3072) at a density of 3 brains/flask with medium change every 3-4 days.
After 10-14 days in culture, microglial cells were selectively detached by shaking at 150 rpm
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for 6 h. The supernatant was then transferred into FCS-coated 75 cm2 flasks and microglial
cells were allowed to adhere for 1 h. The supernatant was aspirated, adherent cells were
removed by trypsinization and resulting microglia were plated on 48-well dishes at a density
of 2 x 105/well and used for experiments the following day. Purity was always >90 % as
determined by routine staining with FITC-labeled lectin from Bandeiraea Simplicifolia
BS-I311,312.

3.2.3

Preparation and analysis of neuronal cultures

Murine cerebellar granule cells (CGC) were isolated as described313,314. Neurons were
plated at a density of 0.25 x 106 cells/cm2 and cultured in Eagle’s basal medium (BME)
supplemented with 10 % heat inactivated FCS, KCl (20 mM), L-glutamine (2 mM),
penicilline-streptomycin, and cytosine arabinoside (10 mM, added 48 hr after plating).
Neurons were used for experiments after 8 days in vitro without further medium change. PSstaining of CGCs was performed as described315,316. In brief, cells grown on glass-bottom
culture dishes were incubated with glutamate and inhibitors. After incubations, a mix of H33342 (0.5 mg/ml) and ethidium homodimer-1 (EH-1, 0.3 mM) was added to the culture for
10 min, followed by washing of CGC and subsequent incubation with annexin V solution
(1:100 in annexin V-binding buffer containing 100 mM HEPES/NaOH [pH 7.4], 140 mM
NaCl, 2.5 mM CaCl2) in the dark for 2 min. Stained cultures were washed in binding buffer
and EH-1, H-33342 and fluorescein fluorescences were visualized simultaneously by
confocal microscopy. Ca2+-measurements with the indicator fura-2, and internal calibration
were performed exactly as described315,316 using video imaging on an MCID system
equipped with a dage-72 camera and a computer-controlled filter wheel.

3.2.4

Jurkat cell culture and ATP levels

Jurkat cells were cultured in RPMI 1640 medium supplemented with 10 % heatinactivated FCS, antibiotics (penicilline, 10000 U/ml; streptomycin, 10 mg/ml) and glutamine
(2 mM). All experiments were performed in RPMI 1640 without serum. ATP depletion was
achieved by incubating Jurkat cells in serum- and glucose-free medium for 30 min, washed
and incubated an additional 30 min in serum- and glucose-free medium in the presence of 2.5
mM oligomycin17,20. For ATP determination, 5 x 105 cells (corresponding 1 well of a 96-well
plate) were lysed with 150 µl somatic cell ATP releasing reagent. ATP was either measured
immediately or the samples were stored at –20°C. The enzymatic detection assay uses the
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ATP dependency of the light emitting luciferase-catalyzed oxidation of luciferin (ATP
Bioluminescence Assay Kit CLS II). Cell lysate (50 µl) was mixed with 50 µl reaction buffer
containing luciferase plus luciferin in a plastic cuvette as described in the protocol provided
by the supplier. Light emission was detected luminometrically exactly after 30 s of reaction.
ATP concentrations were calculated by standardization to an ATP calibration curve (10-9-10-6
M).

3.2.5

Phosphatidylserine exposure

Jurkat cells were seeded in 96-well plates at a density of 50 000 cells/well. After
challenge, medium was replaced by annexin V-binding buffer containing fluoresceinconjugated annexin V (1:75), H-33342 (1 mg/ml) and EH-1 (1mM). After one wash, three
microscopic fields containing 100-200 cells each were counted, excluding necrotic cells (EH1 positive) from scoring.

3.2.6

Flow cytometric analysis

In some experiments, cells were resuspended in 25 ml annexin-buffer containing FITCconjugated annexin V (1:75). After 5 min, 175 ml annexin buffer containing propidium iodide
(10 mg/ml) were added. The cell suspension was analyzed directly by flow cytometry317.

3.2.7

Phosphatidylserine-surface-exposure by MACS

Following toxic challenge, 4 x 106 Jurkat cells were centrifuged and resuspended in 100
µl annexin-buffer containing biotin-linked annexin V (1:30) and incubated for 10 min at
25°C. The cell suspension was then centrifuged, resuspended in 150 µl annexin-buffer
containing streptavidin-coated magnet beads (5 mg/ml), transferred to a 1,5 ml reaction tube
and incubated for 15 min at 25°C. The tube was subsequently placed into a horizontal
magnetic field using a magnetic particle concentrator (Dynal® MPC-S). Following 5 min
incubation at 25°C, the cell suspension was carefully transferred to a separate tube while the
cells that adhered to the magnetic surface were resuspended in annexin-buffer. The two
fractions were subsequently counted in a haemocytmeter and the percentage of magnetically
labeled (i.e., PS-surface-positive) cells was evaluated.

3.2.8

Necrotic and apoptotic triggers in Jurkat cells

For all experiments, Jurkat cells were incubated in RPMI 1640 medium without serum.
Apoptosis was triggered by addition of staurosporine (STS, 1 mM, 2h), Actinomycin D
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(ActD, 2 mg/ml, 10 h), camptothecin (10 mM, 10h) or anti-CD95 antibody (CH-11, 100
ng/ml, 3h). Treatment with ionomycin was performed by incubating Jurkat cells in annexin
V-binding buffer containing ionomycin (2 mM) to achieve high [Ca2+]i-conditions. Two types
of delayed STS-triggered necrosis were induced. Firstly, Jurkat cells were treated with STS in
the presence of zVAD-fmk as reported recently24. Secondly, Jurkat cells were treated with
STS under conditions of ATP-depletion as described previously17,18. NO-induced necrosis
was achieved by incubating the cells in serum- and glucose-free medium containing pyruvate
(2 mM) plus S-nitrosoglutathione (GSNO, 0.4 mM) as described18 in the presence or absence
of ActD (2 mg/ml) or camptothecin (10 mM). Quantification of apoptosis and necrosis was
routinely performed by staining with a mixture of the cell permeant chromatin dye H-33342
(blue, 0.5 mg/ml) and the membrane impermeant dye SYTOX17 (green, 0.5 mM). The
percentage of necrotic cells (SYTOX-positive; non-condensed nuclei) early apoptotic (intact
plasma membrane, condensed chromatin) and late apoptotic (SYTOX-positive, condensed or
fragmented nuclei) was determined by scoring 300-500 cells in 3-6 different microscopic
fields using a Leica microscope and lenses providing 400 x final magnification. In some
experiments the membrane-impermeant dye EH-1 (red) was used instead of SYTOX17.

3.2.9

Digitonin-lysis of Jurkat cells

Rapid and mild lysis of Jurkat cells was performed as described recently318. Briefly,
confluent Jurkat cells were centrifuged and resuspended in MSH-buffer (210 mM Dmannitol, 70 mM sucrose, 10 mM HEPES, 0.2 mM EGTA, 5 mM succinate, 0.15 % BSA)
containing 100 µg/ml digitonin and incubated for 5 min on ice. Jurkat cells were fixed before
or after digitonin-lysis by rapidly injecting the cell suspension into 10 ml of 2 %
paraformaldehyde (PFA, diluted in PBS, [pH 7.4]) to avoid clumping. Following 10 min
incubation at room temperature, the cells were washed in medium without serum.

3.2.10 Cell

culture

of

LoVo36

and

MCF7

cells

and

induction of cell death by HSP70-depletion
LoVo36 cells and MCF-7 cells were cultured in RPMI 1640 medium supplemented
with 10 % heat-inactivated FCS, antibiotics (penicilline, 10000 U/ml; streptomycin, 10
mg/ml) and glutamine (2 mM).
Cell death was induced in LoVo36, neomycin- or caspase-3-transfected MCF7 cells by
HSP70-depletion as previously described116. Briefly, one day before experiments, LoVo36
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cells were seeded at a density of 1 x 106 cells per 6 mm plastic dish and MCF7 cells at 4 x 105
cells per 6 mm plastic dish. The following day, the medium was replaced with serum-free
medium or serum-free medium containing adenovirus harboring the b-galactosidase gene
(bGal) or the human HSP70 sequence in antisense orientation (Ad.asHSP70), respectively.
LoVo36 cells were incubated with a concentration of virus (multiplicity of infection, MOI) of
100 and MCF7 cells with an MOI of 1000 for 60 min at 25°C with continuous rocking
followed by incubation at 37°C in medium containing serum. LoVo36 cells were used 48 h
and MCF7 cells 72 h after infections.

3.2.11 Isolation and separation of low-molecular weight
DNA-fragments
Following treatment, 1 x 106 Jurkat were lysed in a buffer containing 5 mM Tris base,
20 mM EDTA and 0.5 % Triton X-100 for 45 min at 4 °C. Samples were pelletted and the
supernatant was precipitated in ethanol containing 3 M Na acetate at -20 °C. The precipitated
DNA samples were centrifuged for 15 min at 13 000 x g and the pellet was resuspended in
TE buffer (10 mM Tris, [pH 8.0]; 1 mM EDTA) and separated on a 1 % agarose gel at 100 V
constant voltage (4.3 V/cm). DNA was visualized by incubating the gel in a buffer containing
SYBRgreen (1:100 000) and subsequent visualization on a UV-transilluminator (312 nm).

3.2.12 Caspase activity
DEVD-afc cleavage activity was analyzed as described319,320 by lysing 2.5 x 105
Jurkat cells in a buffer containing HEPES (25 mM, [pH 7.5]), MgCl2 (5 mM), EGTA (1
mM), Triton X-100 (0.5 %), leupeptin (1 mg/ml), pepstatin (1 mg/ml), aprotinin (1 mg/ml) and
AEBSF (1mM). The lysates were transferred to a microtiter plate and the fluorometric assay
was performed with a substrate (DEVD-afc) concentration of 40 mM. DEVD-afc cleavage
was monitored with an excitation wavelength of 390 nm and emission wavelength of 505 nm.
The activity was calculated using calibration curves generated with free afc. One unit was
defined as formation of 1 pmol afc.

3.2.13 Labeling of target cells for phagocytosis assays
Jurkat cells were stained with Fast Blue (1 mg/ml) one day before treatment for at least
6 hr. The cells were washed, and kept in fresh medium overnight. LoVo36 and MCF7 cells
were stained with Fast Blue (1 µg/ml) immediately before or after treatment, with the dye
being removed shortly before phagocytosis assays. In order to directly score necrotic ingested
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cells in some experiments, SYTOX (1 µg/ml) was added to the target cells shortly before
phagocytosis assays and incubated for 5 min. The dye was removed by washing in medium
before the cells were added to macrophages. For some experiments, Jurkat cells were stained
at the end of the toxic stimulation with 2 mM calcein-AM for 20 min. The dye was then
removed by washing in medium before cells were added to macrophages.

3.2.14 Phagocytosis assay
Phagocytic cells (HMDM or microglia) were stained for 1 h with DiI (2.5 mg/ml) to
visualize cell bodies. Jurkat cells (pre-labeled with Fast Blue) were added to macrophages at
a ratio of 10 (target):1, and phagocytosis was allowed to proceed for 1 h at 37° C. LoVo36
and MCF7 cells were detached from dishes by trypsinization at 37°C for 5 min, washed three
times and added to macrophages at a ratio of 5:1. Phagocytosis proceeded for 2 h at 37°C.
Non-phagocytosed target cells were then removed by 3-5 extensive washing steps in PBS or
by exposure to trypsin (0.005 % w/v) for 3 min at 37°C, and subsequent washing. Ingested
cells were counted by their blue (Fast Blue) fluorescence in 3-4 microscopic fields containing
40-80 phagocytes each. Phagocytic index was calculated by multiplying the percentage of
phagocytosing cells with the average of ingested cells per phagocyte. All experiments with
non-lysed target cells were performed in parallel with a different labeling strategy yielding
essentially similar results: Jurkat cells were labeled with calcein-AM as described and used
for the phagocytosis assay. This method allowed to confirm the maintenance of membrane
integrity during the phagocytosis assay (necrotic cells lose calcein). Moreover, phagocytosed
cells frequently seemed to be broken up in macrophages when left for more than an hour.
Then calcein spread throughout the macrophage, indicating that the target cell had really been
ingested and not just adhered to the phagocyte.
In addition, for confocal imaging of phagocytosis assays, special cell culture plates
were developed. Since macrophages require plastic surfaces for their differentiation in vitro,
they were seeded on mechanically altered 48-well plates containing wells with removable
bottoms. After phagocytosis assays, cells were fixed in 4 % PFA (diluted in PBS, [pH 7.2])
and the bottom of the wells was detached from the plates, subsequently placed upside-down
on a glass surface and monitored by confocal imaging.

3.2.15 Production of liposomes
Phosphatidylserine (PS) and phosphatidylcholine (PC) were obtained in chloroform at a
concentration of 13.2 mM. For PS-liposomes, a solution of 70 mole % PC and 30 mole % PS
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was prepared, whereas PC-liposomes consisted of pure PC. Chloroform (250 µl) was
evaporated under a nitrogen stream for 10 min. The remaining lipid layers were subsequently
further dried in a vacuum for 12 h to completely remove chloroform remainders. The lipids
were resuspended in 250 µl PBS at 75°C and total lipid concentration was adjusted to 13.2
mM. Following incubation at 75°C for 5 h under vigorous shaking, the lipid suspensions
were sonicated at lowest energy with 1 pulse/sec until the solution was clear. The liposomes
were stored at 37°C for up to one week.

3.2.16 TNFa-measurements
HMDM were cultured on 96-well plates (Primaria®) at an initial density of 0.8 x 105
cells/well. Following one week in culture, the medium was replaced by RPMI without serum.
Jurkat cells were added to macrophages at a ratio of 5 (target cells):1 in serum-free medium,
and removed following 2 h of incubation at 37°C. Escherichia coli (E. coli)- particles and
LPS-solutions were vigorously mixed and sonicated before added to HMDM. Following 17 h
incubation at 37°C, supernatants were taken and stored at –80°C until analysis of TNFacontents. LoVo36-cells were added to HMDM at a ratio of 5:1 simultaneously with LPS or E.
coli and incubated at 37°C for 5 h. TNFa was measured by sandwich ELISA: Flat-bottomed
high-binding polystyrene microtiter plates were coated with a sheep anti-mouse TNFa
capture polyclonal antibody. Recombinant murine TNFa served as standard (gift of Dr. G.
Adolf, Bender & Co, Vienna, Austria). The quantity of tracer antibody bound was determined
using streptavidin-peroxidase and TMB liquid substrate solution. The detection limit was 10
pg.

3.2.17 Western blot analysis
The release of cytochrome c from Jurkat cell mitochondria was analyzed as described
before18,318. At the indicated time points, Jurkat cells (1 x106) were harvested and
fractionated in cytosol and remaining organelles. Protein from the supernatants was separated
on 15 % polyacrylamide gels. Cytochrome c was detected by the enhanced
chemoluminescence (ECL) reaction after blotting on nitrocellulose membranes with a
monoclonal antibody raised against pigeon cytochrome c.

3.2.18 Statistical analysis
Phagocytosis experiments were run in quadruplicates and repeated in at least three cell
preparations. Statistical significance was evaluated from the original data using the student’s
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t-test. The Welch test was applied when variances were not homogenous within the compared
groups. A p value of less than 0.05 was considered to be significant.
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4

Results

4.1

Phagocytosis of non-apoptotic cells

4.1.1

Monitoring of phagocytosis and the mode of
death

To analyze phagocytosis of cells dying by different modes, a multiparameter
fluorescent phagocytosis assay was designed. Macrophages were labeled with the lipophilic
tracer DiI, which was bright, well retained, and did not disturb phagocytosis function. Target
cells were labeled with Fast Blue, a dye of very low toxicity that has previously been used as
a neuronal tracer in vivo321,322. Fast blue labeled cells retained the tracer dye even when the
plasma membrane was lysed (Fig. 6A). Chromatin condensation was quantitated in parallel
cultures by staining with H-3334217. The data were confirmed by Fast Blue staining, which
proved to be a good qualitative indicator of the chromatin state of target cells in the
phagocytosis assay (Fig. 6A). In some experiments, loss of membrane integrity of individual
cells was additionally monitored by using either the red-fluorescent dye EH-1 or the green
fluorescent dye SYTOX, which selectively stained nuclei of cells with a lysed plasma
membrane (Fig. 6A). To evaluate the phagocytosis assay, uptake of control Jurkat cells and
Figure 6: Fluorescent phagocytosis assay for
necrotic cells.
A, Jurkat cells were stained with Fast Blue before
treatment with STS (1 mM) under high or low
glucose conditions or left untreated. Following
staining with EH-1, cells were visualized by
confocal microscopy.
B, HMDMs were stained with DiI, Jurkat cells with
Fast Blue and treated with STS at normal or low
glucose concentrations or left untreated. After one
hour of interaction, phagocytosis was scored by
video microscopy. For clearer distinction, DiIlabeled macrophages are shown in green and
ingested, Fast Blue-labeled Jurkat cells in red.
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staurosporine (STS)-challenged apoptotic cells was compared. Only the apoptotic cells were
taken up and were clearly visible as blue spots within phagocytic vacuoles of red
macrophages (Fig. 6B).

4.1.2

Deficient uptake of pre-necrotic cells during STSinduced death in ATP-depleted cells

STS-triggered apoptosis of Jurkat cells can be diverted to necrosis, when experiments
are performed under conditions of ATP-depletion17,20,323. To start our examinations, this
well-characterized model system was used to produce different modes of cell death. Jurkat
cells challenged with STS under normal metabolic conditions (ATP high) activated caspases
(DEVD-afc cleavage), condensed their chromatin (> 85 % of the cells), and exposed
phosphatidylserine (PS, annexin V-positive) within 1-2 h. Plasma membrane integrity was
retained for 4-5 hours. When such cells were co-incubated with HMDM after 2 h of STS
exposure, they were efficiently phagocytosed (Fig. 6). Similar correlations of apoptotic
changes, PS exposure and efficient phagocytosis of non-lysed cells were obtained when cells
were challenged with actinomycin D (ActD), camptothecin, or agonistic antibodies against
CD95 (not shown). When cells were challenged with STS in the absence of glucose (low
ATP) and in the presence of oligomycin, an inhibitor of the mitochondrial ATP synthase,
they died necrotically (membrane lysis) after 4-5 hours. Compared to ATP-adequate cells,
caspase-activity, chromatin condensation and PS exposure were completely blocked in ATPdepleted, “pre-necrotic” cells 2 h after STS challenge (Fig. 7) and did not increase until the
cells lysed. Such pre-necrotic cells were not significantly phagocytosed (Fig. 7A). Notably, in
this experimental system, oligomycin did not directly inhibit PS exposure or phagocytosis, as
shown in other systems144,195: cells treated with STS plus oligomycin in the presence of
glucose (high ATP) behaved exactly like cells treated with STS alone (Fig. 7). Those
experiments corroborated the hypothesis that apoptotic cells are taken up by macrophages,
while pre-necrotic ATP-depleted ones are not.

4.1.3

Phagocytic uptake of ATP-depleted necrotic cells

When following the fate of the target cells throughout the phagocytosis assay, it was
occasionally observed that some of the cells losing their membrane integrity prematurely
during the assay time were engulfed by macrophages. Therefore it should be tested what
would happen, when cells were used in the phagocytosis assay, that all had broken plasma
membranes. A population of pure necrotic cells was obtained by exposure to STS under
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ATP-depleting conditions for 5 h (Fig. 7D). Such late necrotic cells were efficiently taken up
by macrophages (Fig. 6B). Most of the necrotic cells appeared to be engulfed as single
entities, similar to the early apoptotic cells (Fig. 6B).

Figure 7: Phagocytosis of lysed necrotic
cells.
Jurkat cells were grown in the absence or
presence of glucose (black bars, 10 mM) or
absence or presence of oligomycin (oligo, 2.5
µM). For clarity reasons, the corresponding
cellular ATP-content is indicated by upward
arrows (ATP > 90 % of control cells in
glucose-containing medium) and downward
arrows (ATP < 15 % of control). Cells were
treated with STS (1 mM) for various periods
of time. Then (A) phagocytic uptake, (B) the
number of PS-exposing cells, (C) caspase
activity (DEVD-afc cleavage), and (D) the
percentage of cells with lysed plasma
membrane (staining with vital dye SYTOX)
were quantitated. All data are means ± SD of
three experiments. N.d.: not determined.
Reduction of phagocytosis of STS (2 hr)treated cells by oligomycin (third bar) was
statistically significant (p < 0.05) when
compared to cells treated with STS alone or
STS + oligo + glucose. Phagocytosis was not
significantly (p > 0.05) reduced after 5 h of
treatment (6. Bar).
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Phagocytosis of necrotic Jurkat cells killed by STS was as efficient as the one of early
apoptotic cells (Fig. 7A). This implies that in certain types of necrosis, cells do not
necessarily have to disintegrate before their remnants are removed. Rather, phagocytosis
seems to be possible very quickly after the loss of plasma membrane integrity. It was tested
whether this phenomenon was also observed when cells were killed independently of STS by
the physiological nitric oxide donor GSNO. In glucose free medium, this substance triggered
> 85 % necrosis within 24 h19, independent of whether it was used alone or in combination
with the chemotherapeutics ActD or camptothecin. Cells treated in the described manner
were offered to HMDM for phagocytosis (Fig. 8). Also in this model, necrotic Jurkat cells
were efficiently phagocytosed once they had lost plasma membrane integrity. These results
suggest that phagocytic uptake of necrotic cells may occur under different pathological
settings.

Figure 8: Phagocytosis of Jurkat cells after
induction of nitric oxide-triggered necrosis
Jurkat cells were treated in glucose-free medium
with S-nitrosoglutathione (GSNO, 0.4 mM) in the
presence or absence of actinomycin D (ActD, 2
µg/ml) or camptothecin (10 µM). After 24 hours
> 95 % of the cells under all conditions were
necrotic (non-condensed chromatin, SYTOXpositive). Those cell populations were used in a
phagocytosis assay with HMDM, and were
compared to untreated control cells. Data are means
± SEM of triplicate determinations.

4.1.4

Phagocytosis

of

PS-negative

pre-necrotic

cells

after long-term exposure to STS
Inhibition of caspases has previously been shown to switch death in lymphoid cells
from apoptosis to necrosis25,324. In Jurkat cells, STS triggered apoptosis was switched to
delayed necrosis in the presence of the pan-caspase inhibitor zVAD-fmk24. This model was
used to further study phagocytosis in caspase-independent, non-apoptotic cell death. After 24
h stimulation, such cells were efficiently phagocytosed (Fig. 9A), although they did not
expose PS (Fig. 9B). At that stage, cells had no condensed chromatin, no significant caspase
activity, adequate ATP levels (> 70 % of control), and an apparently intact plasma
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membrane, although cytochrome c had been released from mitochondria to the cytosol (Fig.
9C). The caspase inhibitor in the culture supernatant was still functionally active (325 data not
shown).

Figure 9: Phagocytosis of PS-negative nonapoptotic cells.
Jurkat cells were incubated either with STS (1 mM, 2
h) as apoptotic control or with STS plus zVAD-fmk
(50 mM, 24 h), and then added to phagocytes. Under
all conditions, less than 10 % of the cells had lost
membrane integrity (EH-1 stain).
A, After one hour of interaction with HMDM,
phagocytic index was scored microscopically.
B, Jurkat cells were labeled with fluoresceinconjugated annexin V and PS-exposing cells were
scored by microscopy. Data in A and B are means ±
SEM of three independent experiments.
C, Cytochrome c release was analyzed by immunoblotting cytosolic fractions of Jurkat cells. Two blots
were analyzed by densitometry and mean values and
range are shown. For quantitation, the amount
releasable by 0.5 % Triton X-100 was set to 100%.
D, Jurkat cells were incubated with STS or zVAD plus
STS as in A and used as target cells in the HMDM
phagocytosis assay. Jurkat cells were labeled with
calcein (upper panel) or fast Blue (middle and lower
panel) and HMDM with DiI. Fluorescence from each
microscopic field was recorded with two selective
filter settings by conventional fluorescent microscopy
(upper panel) or confocal microscopy (middle and
lower panel) with the lower panel being a vertical scan
through the cells shown in the middle panel. Colocalization of Jurkat cells with phagocytic vacuoles
inside macrophages is evident.
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When cells were incubated for 48 h in total with STS plus zVAD-fmk, large-scale (> 90
%) necrosis was evident. Therefore, it was taken care to examine whether plasma membranes
may have broken prematurely during our phagocytosis assay (after 24 hours), transforming
the pre-necrotic cells to necrotic cells. For this purpose the phagocytosis assay was modified,
by pre-labeling the target cells with calcein-AM. This dye is only accumulated in cells with
intact plasma membrane, and is lost rapidly upon lysis. Use of this assay yielded similar
results as counting the uptake of Fast Blue-labeled cells, i.e. the target cells retained calcein
throughout the phagocytosis assay and distinct calcein-containing target cells were detected
within macrophages (Fig. 9D). These data suggest that some types of non-apoptotic cells may
be engulfed by phagocytes prior to membrane lysis. The recognition mechanism appears to
be independent of PS exposure.

4.1.5

Exposure

of

the

phagocytosis

marker

phosphatidylserine in Ca2+- triggered cell death
PS exposure has been generally considered to be an event controlled by caspaseactivation and specific for apoptotic death37,143,326. However, apart from caspases,
ionophore-mediated increases of intracellular Ca2+-levels ([Ca2+]i) have been shown to
constitute an independent signal to trigger directly PS exposure and phagocytosis
signaling140. It was hypothesized that PS exposure should occur prior to membrane lysis
when necrotic/non-apoptotic demise was triggered via disturbance of the Ca2+ homeostasis.
To test this hypothesis, Jurkat cells were challenged with the Ca2+ ionophore ionomycin.
Indeed, cells became annexin V-positive within 15-30 min (Fig. 10A), and microscopic
analysis was corroborated by flow cytometric analysis (Fig. 10B). When PS was exposed, the
chromatin retained normal decondensed structure (Fig. 10C), and after 2-3 hours, cells lysed
without evident apoptotic morphological changes, DNA fragmentation (Fig. 10D) or any
caspase activation (Fig. 10E). The caspase-independence of ionomycin-triggered PS exposure
was also tested in a further experimental system. Cells were treated in glucose-free medium
with STS and oligomycin for 2 h. Under such conditions caspase-activation is entirely
prevented (see fig. 7C). Nevertheless treatment of such cells with ionomycin triggered PS
exposure (70-80 % of the cells after 30 min).
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Figure 10: Caspase-independent exposure of PS in lymphoid cells.
A, Jurkat cells were treated with 2 mM ionomycin (iono) in the presence or absence of zVAD-fmk (zVAD,
50 mM), calphostin C (5 mM), rottlerin (5 mM), oligomycin (2.5 mM), or solvent alone. Inhibitors were added
30 min before the stimulus and after 30 min of incubation with iono, the number of annexin V-positive cells
was determined. Data are means ± SEM of three independent experiments. B, Jurkat cells, as treated in A
with or without ionomycin, were analyzed by flow cytometry. For comparison, cells treated for 90 min with
STS were used. Propidium iodide-positive cells were gated out, and representative distributions of annexin
V-fluorescein fluorescences are shown. C, Jurkat cells were treated with ionomycin (2 µM, 30 min) or STS
(1 µM, 2 h), stained with H-33342 (red), EH-1 and annexin V (green) before they were imaged by confocal
microscopy. All cells were EH-1 negative (not shown). D, Jurkat cells were treated with ionomycin (2 µM,
30 or 120 min), with STS (1 µM, 2h) or left untreated. Genomic DNA was extracted, separated on an agarose
gel and DNA was visualized by SYBRgreen-staining. E, Caspase-activity (DEVD-afc cleavage) was
determined 30 or 90 min after stimulation (similar results). As positive and negative controls, cells were
treated with STS (1 mM, 2h) or with STS plus zVAD-fmk (50 mM, 24h). Values represent means ± SEM of
triplicate experiments.

Similar events were observed in cerebellar granule cells (CGCs) treated with lethal
concentrations (100 mM) of the excitotoxic neurotransmitter glutamate. Such excitotoxic
death has some features of apoptosis and some of necrosis15,327. At 30-60 min after
triggering of Ca2+ influx via the glutamate-controlled N-methyl-D-aspartate (NMDA)
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receptor, most of the cells (> 90 %) had translocated PS. The Ca2+ concentrations remained
high, nuclei condensed within 60-90 min (Fig. 11) and plasma membrane integrity was
retained for 5-7 h. Both, cell death, chromatin condensation and PS exposure occurred
independent of the activation of any known caspase, since they were not affected by up to
100 µM zVAD-fmk (Fig. 11). All toxic events triggered by glutamate, including Ca2+ influx,
were prevented by pre-incubation with the non-competitive NMDA receptor antagonist MK801. Taken together, these data suggest that increased [Ca2+]i may trigger PS exposure in
cells dying by apoptosis or necrosis without necessitating caspase activation.

Figure 11: PS exposure in caspase-independent excitotoxic neuronal death.
Cerebellar granule cells were stimulated with glutamate (100 mM) in the presence of zVAD-fmk (zVAD,
100 mM), MK-801 (2 mM) or solvent alone. After 90 min, cells were stained with H-33342 (chromatin
structure, blue), EH-1 (not shown, ³ 95 % of cells negative) and FITC-labeled annexin V (green). Confocal
microscope images of the fluorescent labels are shown. In parallel cultures, [Ca2+]i was measured by video
microscopy ratio imaging of fura-2. Data are means ± SD from 20 individual cells in 3 different
experiments.

4.1.6

Phagocytosis of PS-positive non-apoptotic cells

PS exposure may either be sufficient alone for phagocytic uptake of cells328,329 or be
an indicator of other cell surface changes important for recognition by phagocytes. Both
possibilities imply that ionomycin-challenged, annexin V-positive cells may be recognized
and engulfed by macrophages prior to lysis of their plasma membrane, although they were
non-apoptotic. This hypothesis was examined by offering ionomycin-treated Jurkat cells to
HMDM for ingestion. A significant uptake occurred compared to non-treated control cells
(Fig. 12A). Notably, the targets were engulfed with still intact plasma membrane, as they
retained calcein during the phagocytosis procedure.
Compared to STS-treated apoptotic cells, ionomycin-challenged Jurkat cells became
about 50 % less strongly annexin V-positive (Fig. 12B). In parallel, the phagocytic index for
the ionomycin-treated cells was only half as high. A correlation of PS exposure with the
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phagocytic index was also observed, when target cells were pre-treated with calphostin C or
zVAD-fmk: the caspase inhibitor had no significant effect on phagocytosis/PS exposure,
while calphostin C pre-treatment was significantly inhibiting. In cells where STS-dependent
caspase activation was inhibited by ATP-depletion with oligomycin, exposure to ionomycin
was still able to trigger phagocytosis (phagocytic index = 35 ± 5 % with ionomycin; 15 ± 3 %
without ionomycin). All these experiments indicate that PS exposure correlates well with
phagocytosis of ionophore-treated cells.
In order to distinguish between adhesion and ingestion of non-apoptotic cells by
macrophages, two methods were employed. First, only adherent cells were detached by
trypsinization, and the large number of remaining target cells indicated real engulfment.
Second, they were labeled with calcein and followed the fate of the dye. After prolonged (90
min) exposure of calcein-labeled Jurkat cells to HMDM, macrophages were observed that
stained all green (Fig. 12A), instead of just containing distinct green target cells (see Fig.
9D). After 3 hours, 50 % of the macrophages were green of calcein in the cytoplasm. This
can best be explained by release of the fluorescent label from the target cell into the
macrophage after complete phagocytosis and initiation of digestion.

Figure 12: Phagocytosis of PS-positive non-apoptotic cells.
Jurkat cells were stimulated with ionomycin (2 mM) in the presence of zVAD-fmk (zVAD, 50 mM),
calphostin C (5 mM) or solvent alone. Then, Jurkat target cells were added to HMDM for phagocytosis
assays. A, Phagocytic index was evaluated by scoring of microscopic images of DiI-labeled macrophages
and Fast Blue labeled target cells. Values are means ± SEM of three experiments. *: p < 0.05; **: p < 0.01;
n.s.: not significant (p > 0.05). B, Jurkat target cells were labeled with calcein (green) instead of Fast Blue
and HMDM with DiI (red). Both fluorescences were recorded from HMDM cultures exposed to untreated
target cells (control) or cells treated with ionomycin (2 mM). Some macrophages are shown to be labeled by
calcein after the phagocytosis assay, due to the uptake of calcein-labeled target cells.
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4.1.7

Phagocytosis by microglial cells

Furthermore, it was examined whether also microglia were able to ingest non-apoptotic
cells. Jurkat cells were treated as described above either with ionomycin to induce caspaseindependent PS exposure, or with STS in the presence of zVAD-fmk or with STS under
conditions of low cellular ATP levels, to induce a pre-necrotic state. Apoptotic control cells
(STS exposure) were substantially ingested by microglia (Fig. 13). Ionomycin-treated cells
were phagocytosed to a lesser extent, whereas ATP-depleted, pre-necrotic cells failed to be
taken up. Treatment of Jurkat cells with zVAD-fmk and STS facilitated a significant uptake
by microglial cells but to a lesser extent than observed with HMDM.
Figure 13: Phagocytosis by microglia.
Jurkat cells were kept at conditions of high
(arrows up) or low (arrows down) ATP content
as described in Fig. 7. They were treated either
with ionomycin (2 µM) or STS in the presence
or absence of zVAD-fmk (zVAD, 50 mM) for
the times indicated. Then they were offered to
rat microglial cells for phagocytosis.
Phagocytic index was evaluated by microscopy.
Values are means ± SEM of 3-4 experiments.

4.2

Phagocytosis of HSP70-depleted cells
There are now numerous systems available where cells die by non-classical, caspase-

independent, apoptosis-like mechanisms27,28,35,40,330. Their fate following death, however,
awaits investigation in most cases. For instance, MCF7 cells treated with antisense against
hsp70 by adenoviral gene transfer undergo caspase-independent cell death with an apoptoticlike morphology without the need for further treatment with drugs116. LoVo36 cells derived
from a human colorectal carcinoma are responsive to HSP70-depletion as well.
Consequently, it was investigated if these cells dying in a caspase-independent fashion are
also ingested by macrophages.
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In initial experiments it was examined if these cells in principal can be taken up by
HMDM, when dying by different modes of death. Therefore, LoVo36 cells were treated with
STS, hyperthermia (incubation at 56°C for 40 min), three cycles of freezing and thawing or
cultured under serum-free conditions for 18 h and offered to HMDM as meals. Co-culturing
of any of these cells with HMDM for 2 h resulted in significant phagocytosis whereas
untreated control cells were not ingested (Fig. 14A).
Figure 14: Phagocytosis of LoVo36 and MCF7
cells.
A, LoVo36 cells were treated with STS (1 µM, 16
h), hyperthermia (56°C, 40 min), three cycles of
freezing and thawing, cultured in serum-free
conditions (18 h) or left untreated and subjected
to phagocytosis by HMDM for 2 h. Significances
are calculated compared to phagocytosis of
control cells (*: p < 0.05; **: p < 0.01).
B, MCF7-NEO and MCF7-CASP3 cells were
infected with Ad.asHSP70 virus in the presence
or absence of 3 or 10 µM zVAD-fmk,
respectively, or bGal-virus at a MOI of 1000 or
left untreated. The cells were added to
macrophages 72 h following infections and
phagocytic index was evaluated microscopically
after 2 h incubation. Phagocytosis of all
Ad.asHSP70-infected cells was highly significant
compared to bGal-infected cells (**: p < 0.01).
Phagocytosis of Ad.asHSP70-infected MCF7
cells was significantly (*: p < 0.05) higher when 3
µM zVAD-fmk were present during infections
compared to the phagocytosis of Ad.asHSP70infected MCF7 cells in the absence or presence of
10 µM zVAD-fmk.
C, LoVo36 cells were infected with Ad.asHSP70
in the presence or absence of 3 or 10 µM zVADfmk, respectively, or control bGal-virus at 100
MOI or left untreated. Following 48 h incubation,
cells were offered to HMDM for phagocytosis.
Phagocytic index was scored following 2 h of coculture. Data are means ± SEM of four
experiments from different preparations. *: p<
0.05; **: p < 0.01.
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Following these pilot studies, HSP70 was depleted in LoVo36 and MCF7 cells by
adenoviral gene transfer. Since MCF7 cells are devoid of caspase-3, the role of caspases in
this system was examined in more detail by using two clones: One that is transfected to
constitutively express caspase-3 (MCF7-CASP3), and the other with a neomycin-resistance
as control (MCF7-NEO). LoVo36 cells, MCF7-NEO and MCF7-CASP3 were infected with
adenoviruses containing the HSP70 gene in antisense orientation (Ad.asHSP70) or the bgalactosidase gene as control (bGal) or left untreated. Furthermore, the pan-caspase inhibitor
zVAD-fmk was included in some experiments at two concentrations (3 µM and 10 µM),
sufficient to inhibit caspases but not other proteases35. LoVo36 cells were used for
phagocytosis 48 h and MCF7 cells 72 h post-infection, when cell death was obvious in
Ad.asHSP70-infected cell lines as observed in phase-contrast microscopy. All three cell lines
infected with Ad.asHSP70, but not with bGal, were significantly phagocytosed by HMDM
(Fig. 14B + C). Notably, no obvious difference was observed between the uptake of MCF7NEO and MCF7-CASP3 cells (Fig. 14B), further indicating that caspase-3 is not required in
this model. In addition, inhibition of caspases by zVAD-fmk had no negative effect on the
phagocytosis of all three cell lines. Interestingly, phagocytosis of MCF7 cells depleted of
HSP70 in the presence of 3 µM zVAD-fmk seemed to be enhanced (Fig. 14B). A sensitizing
effect on cell death by zVAD-fmk at this concentration has been observed in some
experimental systems35,331 and may also account for the increased uptake in this system.
Taken together, these data indicate that caspases are not required in this system for
phagocytosis to occur.

4.3

TNFa-secretion after phagocytosis of dying
cells
The swift and silent removal of apoptotic cells is not the only contribution to the

suppression of inflammation during tissue remodeling. Moreover, the uptake of apoptotic
cells can actively suppress the secretion of pro-inflammatory mediators such as TNFa by
activated macrophages271,272. Uptake of necrotic cells by phagocytes, however, is reported to
contribute to a pro-inflammatory milieu in many systems273,275,308 but not in others306.
Hence, the response of macrophages to Jurkat cells undergoing necrosis by ATP-depletion, a
condition which might also occur in pathological settings, was examined. The TNFasecretion by macrophages was chosen as a parameter to measure the immune response.
Control, apoptotic (STS), necrotic (ATP-depleted plus STS, or heat-killed: 56°C, 30 min)
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Jurkat cells co-cultured with HMDM for 17 h failed to provoke a significant increase in
TNFa-production by macrophages (Fig. 15A) indicating that neither of such cells is proinflammatory by itself. Next, it was tested if target cells are able to inhibit the TNFasecretion by HMDM provoked by other pro-inflammatory stimulation. Incubation of
macrophages with LPS or E. coli particles at suboptimal concentrations resulted in a massive
production of TNFa. Pre-incubation of macrophages with apoptotic or necrotic but not
untreated or heat killed Jurkat cells, however, significantly reduced the LPS- or particleinduced TNFa-release (Fig. 15A). Taken together, these data imply that necrotic cells need
not necessarily provoke pro-inflammatory reactions, but instead may be anti-inflammatory
under certain conditions.
A notorious complication with most tumor therapies that induce classical (caspasedependent) apoptosis, such as chemotherapy or radiation therapy, is the anti-inflammatory
reaction of phagocytes that have ingested apoptotic cells. Pro-inflammatory conditions,
however, might be advantageous to defeat the tumor309. Nevertheless, as shown above, also
cells dying by caspase-independent mechanisms might induce anti-inflammatory conditions.
Therefore, the TNFa-response of HMDM to LoVo36 cells induced to undergo a caspaseindependent cell death by HSP70-depletion was examined. LoVo36 cells were treated with
Ad.asHSP70- or bGal- virus for 48 h or left untreated. In addition, apoptosis was induced by
serum-withdrawal for 18 h. LoVo36 cells treated in these ways were not pro-inflammatory by
themselves (Fig. 15B). TNFa-production by LPS or E. coli, however, was abolished solely
by apoptotic, but not by virus-infected or untreated cells (Fig. 15B). These data might suggest
that a potential tumor therapy by HSP70-depletion might not provoke anti-inflammatory
reactions by macrophages that have ingested deleted cells, a condition which may be
beneficial in the immune defence against the tumor.
In conclusion, the immune response to dying cells might be more diverse than assumed.
Cells dying by classical apoptosis might provoke anti-inflammatory conditions in most cases.
Cells dying by caspase-independent cell death are more heterogeneous and may lead to both
anti- and pro-inflammatory conditions. It has been suggested recently, that lysed necrotic
neutrophils release neutrophil elastase or other proteases that might cleave critical membrane
signals that mediate the down-regulation of pro-inflammatory cytokines associated with the
uptake of apoptotic cells273. However, granulocytes, unlike other cells, such as lymphocytes,
produce high levels of various proteases, suggesting that the type of lysed cell is critical for
the immune response by macrophages. Indeed, also in other studies, necrotic Jurkat cells
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behaved like apoptotic cells in terms of immune response, whereas necrotic neutrophils
provoked pro-inflammatory conditions273.

Figure 15: TNFa-response of HMDM to cells.
A, Jurkat cells were challenged with STS (1 µM) for 2 h in the presence (apoptotic) or 5 h in the absence of
ATP (necrotic I), respectively, or subjected to hyperthermia (56°C, 30 min, necrotic II) or left untreated and
added to HMDM at a ratio of target cells : macrophages of 5:1 and incubated for 2 h. Following removal of
Jurkat cells, HMDM were treated with LPS (1 µg/ml), E. coli particles (5 µg/ml) or left untreated.
Supernatants were subsequently collected 17 h later and TNFa-concentrations determined by ELISA. B,
Following infection with Ad.asHSP70- or bGal-virus (MOI 100) for 48 h or culturing in serum-free medium
for 18 h or no treatment, LoVo 36 cells were added to macrophages simultaneously with or without LPS (1
µg/ml) or E. coli particles (5 µg/ml). Following 5 h incubation, supernatants were collected and analyzed for
TNFa-content by ELISA. Data are means ± SEM of four experiments performed in triplicate.
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4.4

Phagocytic recognition of necrotic cells

4.4.1

Competition between apoptotic and lysed necrotic
cells for phagocytosis

The recognition molecules for the engulfment of necrotic cells might be essentially the
same as for apoptotic cells189. Therefore, under pathological conditions where apoptotic and
necrotic cell death co-exist, there might be a competition for recognition molecules and the
prevalence for one type of cell might decide the kind of immunological response. In order to
test whether apoptotic or necrotic cells are preferred by HMDM, the phagocytosis assay was
extended by labeling the target cells additionally with the cell impermeant dye SYTOX
shortly before co-culturing with HMDM. This third fluorescent parameter allowed the
distinction between phagocytosed cells that had intact membranes from those whose
membranes were perforated - or in other words between cells that were apoptotic or necrotic
at the time when added to macrophages. Apoptosis was induced by STS and necrosis by STS
under ATP-depleted conditions. The two types of cells were mixed in different ratios and
presented to HMDM for phagocytosis. The amount of necrotic, ingested cells was determined
by quantitating green (SYTOX-positive, necrotic) and the amount of total ingested cells was
determined by quantitating blue (Fast Blue-labeled) ingested cells. Surprisingly, the prevalent
ingested type of cell was SYTOX-positive already at a ratio of apoptotic to necrotic cells of
3:1 (Fig. 16), indicating that necrotic cells with lysed membranes are preferentially removed
by macrophages. In addition, in this and other experiments throughout this study, it turned
out that lysed necrotic cells seem to be removed even more efficiently than apoptotic cells.
Figure 16: Competition between apoptotic and
necrotic cells for phagocytosis by HMDM.
Jurkat cells were treated with 1 µM STS under
normal or low conditions of ATP. The two types
of cells were mixed at the indicated ratios, stained
with SYTOX (1 µg/ml, 5 min) and washed
shortly before added to HMDM. Necrotic
ingested (black bars) were scored as SYTOXpositive in HMDM, total ingested as all Fast
Blue-positive inside HMDM. Values are means ±
SEM of 5 independent experiments.

These findings extend observations by Wiegand et al. who reported that the trigger to
apoptosis determines the efficiency by which cells are removed by professional
phagocytes332. Therefore it might also be possible that cells dying by certain necrotic triggers
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are removed more efficiently than apoptotic cells. A possible explanation for this
phenomenon might be a differential activation of intracellular signaling molecules, leading to
a qualitatively and/or quantitatively different exposure of recognition molecules like PS on
the dying cells.

4.4.2

PS exposure on lysed necrotic cells

Since PS exposure is the most striking and abundant surface change on apoptotic cells,
it was examined whether also necrotic cells with lysed plasma membrane are recognized via
PS by macrophages. Indeed, flow-cytometric analysis of thymocytes and other cells exposed
to necrotic stimuli has shown that PS exposure occurs in these cells shortly before membrane
lysis, indicating that also necrotic cells may display increased PS on their surface333-335.
However, this method was not able to measure PS exposure after cell lysis. To test more in
detail if lysed necrotic cells in fact display PS on their surface, Jurkat cells were treated with
STS for 5 h under ATP-depleted conditions to induce necrosis with plasma membrane lysis.
As control for PS exposure, ionomycin-treated Jurkat cells were used. Since conventional
annexin V staining cannot distinguish between PS on the outer and inner leaflet of lysed cells,
a new method was developed that specifically labels PS on the outer membrane of cells.
Following incubation with annexin V coupled to biotin, cells were labeled with streptavidincoated magnetic beads (Fig. 17D). These beads have a diameter of 2.8 µm, thus being
excluded from cells, even when their plasma membranes are lysed (Fig. 17B + D). Separation
of PS-surface-positive from -negative cells was achieved in a horizontal magnetic field,
herein referred to as PS-surface MACS (MACS; magnetic cell sorting, Fig. 17D).
Examination of ionomycin-treated and lysed Jurkat cells for PS-surface exposure by this
method revealed that both kinds of cells were highly positive (Fig. 17A + B). Execution of
the assay in a Ca2+-free buffer or in the presence of recombinant annexin V as competitive
inhibitor for annexin V-biotin, abolished the separation, indicating that this assay is specific
for PS-labeling by annexin V (Fig. 17A).
To test whether also the uptake of cells with lysed membranes occurs by PS-dependent
mechanisms, HMDM were incubated with pure phosphatidylcholine (PC)-liposomes or PCliposomes enriched with PS, respectively, 30 min prior to co-culture with Jurkat cells. The
phagocytosis of both kinds of Jurkat cells was almost completely prevented by pre-incubation
of macrophages with PS- but not PC-liposomes (Fig. 17C). To further test the PS-dependency
of the phagocytic uptake of necrotic cells, phagocytic meals were incubated with recombinant
annexin V prior to their co-incubation with HMDM to mask PS-molecules on their surface.
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Ionomycin-treated and lysed necrotic cells pre-treated in such a way were almost completely
refused by HMDM as well, further pointing to a PS-dependent uptake (Fig. 17C).
Subsequently, the surface expression of apoptotic and pre-necrotic cells was compared.
Jurkat cells treated with STS were highly positive whereas ATP-depleted pre-necrotic and
control cells were not (Fig. 17E), verifying the results from conventional annexin V-FITCstaining (Fig. 7B). These experiments indicate that lysed necrotic cells may also expose PS
on their outer surface and that this serves as a recognition molecule for their phagocytosis by
macrophages.

Figure 17: PS-exposure on the surface of lysed necrotic cells correlates with phagocytosis.
Jurkat cells were treated with STS (1 µM, 5 h) under ATP-depleted conditions or with ionomycin (2 µM, 30
min) in annexin buffer. A, Following challenge Jurkat cells were labeled with annexin V-biotin in the presence
or absence of Ca2+, or in the presence or absence of recombinant annexin V (100 µg/ml), washed and mixed
with streptavidin-coated particles. Separation of PS-surface-positive cells was achieved by incubating the
suspension in a horizontal magnetic field. PS-surface-positive cells were evaluated by counting magnetic and
non-magnetic cells using a haemocytometer. B, Phase contrast micrographs of magnetic streptavidin-coated
particles attached to treated Jurkat cells. C, HMDM were pre-treated with PC- or PS-liposomes (425 µM) or
left unaffected before Jurkat cells were added. Jurkat cells with or without pre-treatment with recombinant
annexin V (120 µg/ml) were added to HMDM. D, The principle of separating PS-surface-positive from –
negative cells is schematically illustrated. E, Jurkat cells were treated with STS (1 µM) in the presence
(apoptotic) or absence (pre-necrotic) of ATP for 2 h. The number of PS-surface positive cells was evaluated
by PS-surface MACS. Data are means ± SEM of 3-5 individual experiments. **: p < 0.01; n.s.: not significant.
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4.4.3

Modulation of PS exposure on lysed necrotic cells

PS exposure on apoptotic cells is most likely due to either a loss of activity of the ATPdependent translocase or to a gain of activity of the Ca2+-dependent scramblase, or both140.
The two events separately or in combination, respectively, could theoretically account for PS
exposure in lysed cells, as well. In order to investigate if Ca2+ is required for the PS exposure
on lysed cells, a variety of treatments were applied that induce necrotic cell lysis under Ca2+free conditions. A problem with this approach is that both, phagocytosis and PS-surface
MACS have to be performed in buffers containing Ca2+. Therefore, following treatments,
cells were rapidly fixed in PFA to exclude a Ca2+-induced secondary PS-flip-flop. In initial
studies it was tested, if cells challenged to expose PS on their surface by stimuli previously
described, preserve this asymmetry after fixation and are equally phagocytosed compared to
non-fixed cells. Jurkat cells were treated with ionomycin, STS in the presence or absence of
ATP and hyperthermia, or left untreated and fixed in PFA before examination by PS-surface
MACS or in the phagocytosis assay, respectively. PFA-fixation of these cells neither
influenced PS-surface exposure nor phagocytosis by HMDM (Fig. 18A).
To test the Ca2+-dependency of PS exposure on lysed cells, Jurkat cells were subjected
to a short and mild treatment with the detergent digitonin in Ca2+-free conditions318. This
treatment resulted in whole cells with perforated plasma membrane (> 90 % SYTOXpositive) but otherwise persistent. Subsequently, digitonin-treated Jurkat cells were examined
for PS-surface exposure and phagocytosis. Analysis of such cells by PS-surface MACS
revealed that PS was present on their surface (Fig. 18B). Furthermore, digitonin-treated cells
were readily taken up by HMDM. To exclude that this PS exposure is due to PFA-fixation
rather than to digitonin-treatment, Jurkat cells were fixed in PFA before exposed to digitonin.
These cells were negative for surface-PS and failed to be ingested by HMDM (Fig. 18B),
indicating that PS exposure can be provoked by digitonin in Jurkat cells which can be
prevented by previous PFA-fixation.
To further determine the role of Ca2+ in the PS exposure after lysis, Jurkat cells were
depleted of ATP and Ca2+ and challenged with STS. Cell lysis occurred at a considerably
later timepoint compared to conditions when Ca2+ is present, i.e., after 18 h most of the cells
(> 90 %) were SYTOX-positive. Such Jurkat cells were rapidly fixed in PFA after cell lysis
occurred to prevent a secondary PS exposure due to an influx of Ca2+ during assays. Also in
this model system, cells were highly positive for surface-PS which correlated well with
phagocytic uptake by HMDM (Fig. 18B). Taken together, these data imply that PS exposure
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and subsequent phagocytosis can occur in the absence of Ca2+-influx. Thus, plasma
membrane lysis by itself might be sufficient, at least in these experimental settings, to initiate
a presumably passive randomization of PS, probably due to a loss of the ATP-dependent
translocase.
However, if PFA-fixation does not influence PS exposure directly, then mechanical
scrambling must still be possible after PFA-fixation. To test this hypothesis, PFA-fixed Jurkat
cells were examined for surface-PS and phagocytosis after three cycles of freezing and
thawing. These cells were positive for surface-PS and were readily taken up by HMDM,
indicating that even in PFA-fixed cells mechanical disturbance can lead to scrambling of PS
from the inner to the outer leaflet (Fig. 18B).
Figure 18: Ca2+-requirement for
PS-surface
exposure
and
subsequent phagocytosis of
lysed cells.
A, Following challenge as
indicated, Jurkat cells were
rapidly fixed in 2 % PFA. PSsurface exposure (black bars) and
phagocytosis by HMDM (white
bars)
was
subsequently
determined. HT = hyperthermia.
B, Jurkat cells were rapidly fixed
in 2 % PFA before or after lysis in
digitonin (100 µg/ml, Digi),
before lysis by 3 cycles of
freezing and thawing (-80°C, F-T)
or cells were fixed in PFA
following treatment with STS (1
µM) in the absence of Ca2+ and
ATP (incubation in PBS plus 0.2
mM EGTA for 18 h; necro, no
Ca2+). Following these treatments,
PS-surface exposure by MACS
(black bars) or phagocytosis by
HMDM
(white
bars)
was
evaluated. Data represent means ±
SEM
of
3-5
individual
experiments. Significances were
calculated compared to PFA-fixed
control cells. (**: p < 0.01).
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4.4.4

Recognition of PS-negative pre-necrotic cells

As described earlier, Jurkat cells treated with zVAD-fmk and STS for 24 h have
preserved plasma membrane integrity, fail to display PS on their surface and are readily
ingested by HMDM. Since a PS-dependent recognition mechanism cannot account for the
phagocytic uptake of such cells, it was important to examine, what mechanisms might be
responsible for their removal. Consequently, HMDM were incubated with well-known
phagocytosis inhibitors, prior to phagocytosis assays. Inhibition of the phagocytosis of
apoptotic and pre-necrotic Jurkat cells by these inhibitors was subsequently assessed. Uptake
of apoptotic cells was inhibited by the tetrapeptide RGDS, an inhibitor of the avb3-dependent
recognition pathway213, but not by glyburide (inhibitor of ABC1-receptor195,336), N-acetyl
glucosamine, (inhibitor of carbohydrate-dependent recognition pathways337), cycloheximide
(protein synthesis inhibitor, thus inhibiting the TSP-dependent recognition pathway148), or
antibodies against CD14 (Fig. 19). The uptake of Jurkat cells treated with zVAD-fmk plus
STS, however, was inhibited by antibodies against CD14, but not by other inhibitors (Fig.
19). In contrast to the 61D3 CD14 antibody that specifically inhibits the uptake of apoptotic
cells224, the antibody used here failed to inhibit apoptotic cell uptake. This might suggest,
that this antibody may bind to an epitope on CD14 that mediates the uptake of necrotic but
not apoptotic cells. Taken together, these data indicate that cells induced to die by the same
stimulus might display alternative recognition molecules when caspases are chemically
inhibited. The phagocytic machinery might use several redundant pathways to ensure the safe
clearance of cells that die by alternative mechanisms. However, antibodies against CD14
failed to completely block the uptake of Jurkat cells treated with STS and zVAD-fmk. Since
CD14 has been suggested to be a ‘tethering’ receptor, it might need one or more additional
‘tickle’ receptor(s) for the complete uptake of cells.
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Figure 19: Inhibition of phagocytosis of PS-negative non-apoptotic cells.
Jurkat cells treated with STS (1 µM, 2 h) as apoptotic control or with STS plus zVAD-fmk (50 µM, 24h,
zVAD) were added to HMDM that had previously been incubated with glyburide (100 µM, 4 h), RGDS (2
mM, 30 min), N-acteyl glucosamine (NAG, 40 mM, 30 min) cycloheximide (CHX, 2.5 µM, 30 min),
antibodies against CD14 (aCD14, 40 µg/ml, 30 min) or without inhibitor. Subsequently, phagocytic index was
scored microscopically. Data are means ± SEM of 3-5 experiments. Phagocytosis of STS (2 h)-treated Jurkat
cells was significantly (p < 0.05, *) inhibited by RGDS compared to phagocytosis in the absence of RGDS.
Phagocytosis of zVAD-fmk plus STS-treated cells was highly significantly (p < 0.01, **) reduced in the
presence of antibodies against CD14 compared to phagocytosis in the absence of antibodies.
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5

Discussion
A number of elegant studies have shown that cells dying by apoptosis are specifically

recognized and taken up by macrophages before their plasma membrane lyses7,8,207,338.
Similar information is lacking on non-apoptotic modes of cell death. The present study
provided initial evidence that necrotic cells can be efficiently recognized by macrophages,
and be taken up before or shortly after lysis of their plasma membrane. In order to associate
the mode of cell death with subsequent phagocytosis, a combination of different fluorescent
stains were applied to characterize the type of demise in individual cells. For the
classification it was kept to the following well-characterized12,17,20,318,339-341 and pragmatic
approach: Necrosis was defined by plasma membrane permeability to the fluorescent
chromatin dyes EH-1 or SYTOX in cells with non-condensed chromatin. Early apoptotic
cells were defined by their typically condensed chromatin, and the capacity to exclude EH-1
or SYTOX. Late apoptotic cells had condensed chromatin and broken plasma membranes,
and were not used in this study. In addition, the term “pre-necrotic” was introduced here to
indicate cells that had been exposed to a necrotic stimulus, but still had an intact plasma
membrane and normal chromatin.

5.1

Development of a novel phagocytosis assay
In addition to the characterization of cell death, a combination of dyes was further

utilized to label macrophages and target cells in a fluorescent phagocytosis assay. The main
technical problems with many candidate dyes were the diffusion from one cell type to the
other, and the potential loss of the label after membrane lysis. With respect to these problems
Fast Blue proved to be an optimal solution to label target cells. An additional advantage of
the stain for this study was that it indicated changes of the chromatin structure. Although it
was distributed throughout the cell in untreated Jurkat cells, it was very strongly accumulated
in apoptotically condensed chromatin lumps, and allowed identification of the mode of death
of cells directly used in the phagocytosis assay. Moreover, the study of different stages and
modes of cell death was further facilitated by the addition of calcein-AM or of SYTOX. This
allowed the identification of membrane intactness of individual cells during the phagocytosis
experiment.
A notorious problem of all phagocytosis assays is the distinction of cells that adhere to
macrophages from those that have been engulfed. Even though confocal microscopy was
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used, the question could not be solved unambiguously. Two alternative approaches were
used: first a trypsinization step was introduced, to detach all target cells that only bound to
macrophages, but had not been taken up. The macrophages themselves were extremely
trypsinization-resistant after 8-12 days of differentiation on plastic. The large number of
target cells remaining after trypsinization indicated, that real phagocytosis had occurred.
Second, the fate of cells labeled with calcein-AM was followed. Calcein-AM is converted to
the fluorescent and membrane-impermeant dye calcein within live cells. Such cells retained
the dye initially after being taken up into macrophages. At later stages, macrophages were
observed that stained with calcein all over, indicating that the dye had been released into the
phagocyte after uptake of the target cell. Taken together, these data suggest that mechanisms
exist that allow the recognition and phagocytosis of pre-necrotic cells by professional
macrophages.

5.2

Phagocytic removal of cells dying by caspaseindependent mechanisms

5.2.1

Necrotic Jurkat cells

Quantitative phagocytosis assays would have been hardly possible here without the
availability of experimental models that yielded a population of cells undergoing a well
characterized non-apoptotic death with predictable and relatively synchronous kinetics. Thus,
it was possible to compare effects on a single cell line in three different necrotic models and
in apoptosis triggered by four stimuli. Interestingly, necrotic cells seem to generate
phagocytosis recognition signals in diverse ways, and efficiency of phagocytic uptake seems
to be largely different between the models used herein (Fig. 20): (i) The absence of any PS
exposure or phagocytic uptake of pre-necrotic cells in the ATP-depletion model corroborates
the frequently expressed view on the absence of any recognition mechanism in necrotic
cells342-344. However, it is remarkable in this context, that cells were recognized and taken
up by macrophages relatively soon after lysis of their membrane. This may not prevent
spillage of some intracellular contents from such dying cells, but necrotic cells may be
removed quickly from tissues under certain conditions to allow immediate reorganization. (ii)
In the caspase-inhibition model, pre-necrotic cells were phagocytosed in the absence of PS
exposure. This would imply that PS exposure is not an indispensable requirement for
phagocytosis of pre-necrotic cells to occur. Also, in apoptotic cells, a number of different
recognition mechanisms have been identified7,8, and it may depend on the cell types whether
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PS exposure is sufficient, necessary or irrelevant for the engulfment by phagocytic
cells182,213,221,328,329,337,345-347. (iii) The ionomycin model showed that PS exposure is not
specific for apoptotic cells. It has been demonstrated earlier, that inhibition of the
aminophospholipid translocase by thiol-reactive agents would trigger PS exposure, and that
such a mechanism may explain PS exposure in necrotic cells333. Moreover, Ca2+ has been
implicated as a signal for PS exposure in apoptotic death and possibly in physiological
situations140,348,349. Here this information is complemented by showing that PS exposure
can occur in Ca2+-triggered necrotic death, even in the presence of high concentrations of the
pan-caspase inhibitor zVAD-fmk, and that such cells are recognized and taken up by
macrophages before membrane lysis. This model may have a correlate in a number of
pathological settings, where Ca2+ has been suggested to be a key mediator of necrotic
death350,351.

5.2.2

Apoptosis-like cell death

An intermediate form of cell death between classical apoptosis and necrosis seems to be
represented by cells dying by apoptosis-like, caspase-independent cell death, namely MCF7
and LoVo36 cells depleted of HSP70116. HSP70 is the only protein described so far to be
required for the survival of tumorigenic cells, and therefore, it might be an attractive target
for cancer therapy, in particular since its depletion leaves non-transformed cells
unaffected115,116. Hence, the fact that these cells are efficiently removed by macrophages
(Fig. 20) might have important implications for tumor elimination.
MCF7 cells are devoid of caspase-3. Nevertheless, reintroduction of caspase-3 by stable
transfection failed to augment or accelerate cell death or phagocytosis of these cells. In
addition, the caspase-independency of this model was further demonstrated by using the pancaspase inhibitor zVAD-fmk that was unable to negatively influence the uptake of HSP70depleted MCF7 and LoVo36 cells by HMDM. In contrast, this inhibitor even sensitized
MCF7 cells for phagocytosis. A sensitizing effect of low but caspase-inhibiting
concentrations of zVAD-fmk on cell death induced by TNFa has been described
previously35,331 but the reasons for this effect stay enigmatic to date.
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Figure 20: Phagocytosis of apoptotic and non-apoptotic cells.
Apoptotic cells are efficiently removed before membrane lysis. HSP70-depleted cells dying by a caspaseindependent apoptosis-like cell death are readily phagocytosed as well. ATP-depleted necrotic cells, in contrast,
are removed following membrane lysis. Pre-necrotic caspase-inhibited Jurkat cells, however, are engulfed before
membrane lysis. In addition, high intracellular levels of Ca2+ induce PS exposure in the absence of caspase
activation and of nuclear changes. Such cells are phagocytosed before membrane lysis as well.
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5.3

Caspase-independent PS exposure

5.3.1

Ca2+-triggered PS exposure

Increased intracellular Ca2+ has been implicated in apoptotic death12,350. Therefore, it
was important to consider the possibility, that ionomycin-triggered PS exposure was in fact
an apoptotic response. The mode of death triggered by Ca2+ seems to dependent on the
intensity of insult339,341,352, and on co-stimulatory signals. For instance the combination of
phorbol ester and ionomycin triggers apoptosis in lymphoid cells353,354, while ionomycin
alone rather seems to inhibit apoptosis elicited by other stimuli354,355. Here, it was found that
ionomycin triggered clear necrosis. Thus, also this experimental system showed that
phagocytosis can occur in caspase-independent modes of cell death that occur without any
morphological indication of apoptosis.
Earlier experiments in neurons315,325,327 and lymphoid cells143 suggested that PS
exposure requires caspase activation. Although this holds true under many experimental
conditions, evidence has also been provided that either cell type may become annexin Vpositive even when caspases are inhibited140,327. This study provides additional evidence that
there may be at least two different pathways of PS exposure, one inhibitable by zVAD-fmk,
and one inhibitable by PKC inhibitors, but not by zVAD-fmk (Fig. 21). The inhibitor pattern
suggested some specificity for the d isoform of PKC, and PKC d has previously been
associated with various aspects of apoptosis356-360. Induction of PS exposure may involve
complex signaling, but it was not the subject of this study to unravel these pathways. Rather,
it was important to determine whether recognition by macrophages may also be regulated by
different drugs after different stimuli. In fact, inhibition of ionomycin-triggered PS exposure
by calphostin C, but not by zVAD-fmk correlated with the effect of these different drugs on
recognition and uptake of cells by macrophages.

5.3.2

Lysis-induced PS exposure

Lysed necrotic cells are routinely excluded when scoring PS exposure by annexin V
staining. The dye might bind both, PS on the inner and outer leaflet of these cells, since
annexin V is small enough to diffuse through perforated plasma membranes into necrotic
cells. Therefore, it has not been possible to determine whether necrotic cells with perforated
plasma membranes display PS on their surface. There are, however, reports suggesting that
PS exposure occurs in necrotic cell death shortly before membrane lysis333-335. Nevertheless,
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whether these cells preserve their PS-symmetry following lysis and whether this serves as a
recognition signal for phagocytes has not been examined in a satisfactory way.
A novel assay developed in this study gave first indications that some cells may display
PS on their surface following lysis, representing a further caspase-independent model for PS
exposure. This PS exposure still occurred in the absence of Ca2+, suggesting a pathway
distinct from ionomycin-induced PS exposure, probably independent of PKC (Fig. 21). In
addition, the Ca2+-independency of PS exposure on necrotic cells might suggest that the Ca2+dependent scramblase is not required in this system. Therefore, loss of activity of the ATPdependent aminophospholipid translocase, which moves PS from the outer to the inner leaflet
in healthy cells131,134,361, might account for a passive PS randomization in the membranes of
lysed cells. In fact, this possibility seems convincing since necrosis is frequently associated
with impaired intracellular ATP-levels17,19,23,325,362. Alternatively, PS exposure following
cell lysis might involve yet uncharacterized factors that may be activated by extracellular
components that diffuse into the cell.
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Figure 21: Hypothetical pathways leading to PS exposure on apoptotic or necrotic cells.
Loss of activity of the ATP-dependent aminophospholipid translocase and/or gain of activity of the Ca2+dependent scramblase might account for PS exposure in most cell death models. A high [Ca2+]i, which also
occurs during some forms of apoptosis, might activate PKC. Activation of PKC by proteolytic cleavage
during apoptosis has been observed in some cases. PS exposure during apoptosis is in many cases caspasedependent. The signaling pathways which lead from active caspases or active PKC to scramblase or
translocase are unknown. In addition, energy levels decrease during both apoptosis and, to a greater extend,
necrosis which may induce inactivity of the aminophospholipid translocase. Furthermore, PS exposure on
lysed cells might be mediated by as-yet unidentified factors.
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5.4

Recognition of necrotic cells
Information about the phagocytic removal of necrotic cells is sparse. Hence, there is

hardly any data available about the recognition molecules involved in this process. There are
indications, however, that the phagocytic machinery for the elimination of apoptotic cells is
also utilized for the removal of necrotic corpses in C. elegans189. Cell death in C. elegans,
however, might be relatively stereotypic although three different forms have to date been
identified: developmental PCD with caspase activation363, apoptosis-like cell death in the
absence of caspases by overexpression of the p53-homologue CEP-1364 and Ca2+-dependent
necrosis189,365. Nevertheless, a common set of engulfment genes with two redundant
pathways might be sufficient to remove dying cells in C. elegans. The removal of cells dying
by

classical

apoptosis

in

mammals

involves

numerous

recognition

pathways7,8,213,221,224,247,249,338,366. Since it is now being appreciated that there exist
several forms of cell death in mammals, the question arises, whether the recognition
mechanisms for these cells are as diverse as well. Herein it was shown that the PSrecognition pathway is involved in the recognition of ionomycin-treated, pre-necrotic as well
as of lysed necrotic cells. The caspase-inhibition model, however, indicates that if prenecrotic cells fail to display PS on their surface, they might be in some cases removed equally
efficiently by alternative mechanisms, for instance, by mechanisms involving CD14 on
macrophages. Nevertheless, ATP-depleted pre-necrotic cells seem to persist until their
membranes lyse, followed by a rapid phagocytic uptake through PS-recognition by
macrophages. Surprisingly, unlike apoptotic cells, the uptake of lysed necrotic cells might
depend mainly on PS-recognition, since inhibitors of this recognition pathway almost
completely blocked necrotic cell uptake. In addition, lysed necrotic cells seemed to be
preferred by HMDM and were removed even more efficiently than apoptotic cells.
Cells can sometimes be rescued even after the death programme has been triggered.
The ‘point of no return’ defines the step in the signaling/execution cascade, beyond which
cells are irrevocably doomed. This ‘point of no return’ has been closely linked to the
activation of caspases21,367-369. Recent evidence from different mammalian cell types
suggests the possibility of clonal cell survival even after activation of these
proteases35,113,114,370. More recently, genetic evidence was provided in the C. elegans
model, that cells might be rescued from cell death, even when the cell death programme is
already in progress, i.e., when caspases are active300,301. In all of these cases only sublethal
proteolysis of intracellular components had occurred56. Notably, some of the cells in the C.
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elegans whole-organism model fail to recover, since the caspase activation leads to the
display of phagocytosis markers, which in turn results in the removal of the cells by
phagocytes, irrespective of their ‘state of health’301. Also in the mammalian system,
completion of some endogenous cell death programmes requires phagocytosis297-299. Taken
together, these findings indicate that the exposure of recognition molecules and the
subsequent recognition and ingestion by phagocytes are intricately coupled to the cell death
execution cascade and frequently mark the point of no return.
For ‘undecided’ cells it is thus essential to halt the display of phagocytosis markers
until their demise is inevitable. For instance, cells where apoptosis is blocked by ATPdepletion, remain for extended times in a slowed, or haltered state of the death programme
without PS exposure. Lysis of the plasma membrane, however, marks the final demise of the
cell and urges a rapid removal by phagocytes to prevent pro-inflammatory responses by
spilled intracellular contents. Therefore, ATP-depleted cells might display PS just in the last
moment when their deletion is unavoidable, i.e., shortly before or at lysis. PS exposure is a
very rapid event that can occur in minutes (this study)140, which might explain why lysed
necrotic cells rely mainly, if not exclusively, on this mechanism for rapid removal. An
alternative explanation that cannot be entirely excluded would be that energy-deprived cells
might contain just sufficient ATP (i.e., a residual ATP concentration < 0.8 nmol x mg
protein-1 17) to preserve the PS-membrane asymmetry. Shortly before lysis, ATP-levels
collapse completely, and consequently, PS is randomized between the inner and outer leaflet
due to inactivity of the translocase.
A recent report suggested that the uptake of necrotic cells is not specified exclusively
by PS exposure335. In that study, however, a rather artificial model of necrosis induced by
hyperthermia was utilized. In addition, different macrophage populations seem to use
different receptors for the removal of dying cells178,213. Furthermore, the cell type and the
trigger to cell death may decide the efficiency and the mechanisms by which dying cells,
whether apoptotic or necrotic, are removed332,366. This view is further expanded here, by
showing that cells dying by a pathological relevant form of necrotic lysis initiate a PSdependent phagocytosis. In addition, phagocytosis of caspase-inhibited pre-necrotic Jurkat
cells is partially impaired by antibodies against CD14. Phagocytosis in this model, however,
seems to require at least one additional, unidentified ‘tickle’-receptor. Accordingly, CD14 has
been suggested to be a tethering receptor that captures apoptotic cells and shuttles them to the
phagocytic machinery206,224.
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5.5

Immune responses of macrophages to dying
cells
A well-accepted dogma in cell death research has been the failure of phagocytes to

remove necrotic cells. According to this scenario, lysing cells would constitute a danger for
triggering inflammatory responses. A recent report showed that apoptosis was converted to
necrosis in the interdigital space of developing mice either treated with caspase inhibitors or
lacking apaf-1. Although phagocytosis of apoptotic cells could not occur here, no signs of
inflammation were detected and fingers developed normally306. This report suggests that
there may be ways for a clean, silent removal of non-apoptotic cells. The present data enlarge
this notion by showing that there may be different ways and mechanisms for uptake of prenecrotic cells.
Apoptotic cells may under various circumstances also be ingested by neighboring cells
instead of professional macrophages7,183,371. From experiments in mice, it is known that in
livers damaged by TNFa, uptake of apoptotic hepatocytes is often a very conspicuous
feature, while necrotic hepatocytes seem to remain untouched until their debris is taken up by
invading leukocytes307. This may constitute a major difference between apoptotic and
necrotic death in certain tissues. In addition, the reaction and fate of phagocytes may be
different after ingestion of apoptotic, necrotic or microbial targets224,279,303.
Different ways of recognition and uptake of dying cells may have a major implication
on immunological parameters. It has been claimed for several years that presentation of
antigens from apoptotic cells may represent a mechanism of initiation of autoimmune
disease372. It has also been suggested that different modes of cell death have an effect on
systemic elimination of trypanosomes275, on the maturation of dendritic cells308, on antigen
presentation by dendritic cells308, and on macrophage anti-tumor activity309. In most of these
studies, the complexity of necrotic cell death has been neglected since freeze-thawing was
used as standard method to induce necrosis. This study shows that the exact mode of necrotic
death has an essential impact on the recognition and kind of immunological response by
phagocytes. In fact, uptake of ATP-depleted lysed Jurkat cells clearly inhibited the LPS- or E.
coli-induced TNFa-secretion by HMDM, to a comparable extend like the uptake of apoptotic
cells. Heat-killed cells, however, failed to inhibit the pro-inflammatory reaction by
macrophages. The situation becomes even more complex, when considering that LoVo36cells induced to undergo an apoptosis-like death by HSP70-depletion also failed to influence
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the macrophages’ reactions to pro-inflammatory stimuli. These data suggest that different
forms of cell death may alter inflammatory reactions by macrophages but probably also
major immunological reactions, such as autoimmunity, tumor regulation and triggering of the
T cell response.
But what determines the kind of response a dead cell triggers? Cell lysis, at least in this
study, induced a massive exposure of PS on the surface of these cells. It seems obvious that
PS on necrotic cells could interact with the PS-receptor (PSR) when encountering phagocytic
cells. Binding to the PSR is considered to provoke an anti-inflammatory milieu215 and this
might consequently explain why certain lysed cells suppress pro-inflammatory responses by
macrophages in this and other studies273. The removal of pro-inflammatory necrotic cell
types might be less efficient, for instance, under conditions of oxidative stress373, and
therefore they may persist longer, giving the opportunity to leak considerably more contents
into the extracellular space than necrotic cells that are rapidly removed. More intriguingly,
the intracellular contents of individual cell types might determine the kind of immune
response they trigger, following lysis (Fig. 22). It has been proposed that annexin V, a protein
that links the actin-based cytoskeleton to phospholipids, such as PS, on the inner leaflet of the
plasma membrane374, might leak out of necrotic cells, which could then mask PS on the
surface of the lysed cells that are consequently less efficiently phagocytosed227. Such
circumstances might, however, depend on the amount of intracellular annexin V and of PS on
the surface, which may vary in individual cell types induced to undergo necrosis by different
stimuli (Fig. 22). Moreover, necrotic neutrophils seem to release proteases such as elastase
which degrade surface structures on macrophages including the PSR, thus abolishing antiinflammatory reactions273. Other cell types such as lymphocytes, however, might contain
rather small quantities of such preformed intracellular proteases and consequently fail to
cause similar reactions227,273 (Fig. 22). In addition, under conditions of heat stress, for
instance, newly synthesized components of the stress response pathway might leak out of the
cells following lysis, and may then contribute to pro-inflammatory conditions. In fact, HSP70
released into the extracellular space has been observed frequently375 and there it might act as
a cytokine to trigger pro-inflammatory responses by macrophages376.
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Figure 22: Effect of necrotic cells on TNFa-secretion.
Depending on the cell type and challenge, lysed necrotic cells may release proteases, such as neutrophil
elastase, that cleave the PSR on macrophages, thus abolishing an anti-inflammatory reaction by binding to
PS on cell surfaces. In addition, annexin V might be released from necrotic cells that may mask PS on their
surface. The amount of PS on the surface of various types of necrotic cells and the amount of annexin V
released might consequently determine whether their binding to the PSR is impaired or not.
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6

Summary

During the last years, it has become evident that apoptosis and necrosis are not fundamentally
different modes of cell death, instead, in many instances, they may share initiation, signaling
and execution mechanisms. Therefore, it has been difficult to find unambiguous biochemical
or functional markers for the mode of cell death. The most clearly distinguishing features of
apoptosis were the activation of caspases, and the selective uptake by phagocytes. The
present data now show that phagocytosis is principally possible also in caspase-independent
cell death. To examine the phagocytic uptake of cells dying by various caspase-independent
mechanisms, a novel fluorescent phagocytosis assay was developed. The term “pre-necrotic”
was introduced to characterize cells that had intact plasma membranes at the time of
examination, but that would lyse later on.
ü Jurkat cells induced to undergo necrosis by combining toxins with ATP-depleting agents
were phagocytosed in a PS-dependent fashion barely after plasma membrane lysis. Lysed
Jurkat cells showed a caspase- and Ca2+-independent PS exposure on their surface. In
addition, such cells were preferred by macrophages and were removed more efficiently
than apoptotic cells.
ü Jurkat cell death triggered with staurosporine in the presence of the pan-caspase inhibitor
zVAD-fmk was characterized by delayed necrosis and the absence of PS-translocation.
Nevertheless, such cells where removed by macrophages before plasma membrane lysis
occurred by mechanisms that might involve CD14.
ü Caspase-independent PS exposure could be provoked by Ca2+ influx in Jurkat cells using
an ionophore or in neurons by glutamate receptor stimulation, respectively. Ca2+-stressed
cells were efficiently phagocytosed before membrane lysis. Protein kinase C inhibitors
prevented both Ca2+-mediated PS exposure and phagocytosis.
ü MCF7 and LoVo36 cells induced to undergo a caspase-independent apoptosis-like cell
death by HSP70-depletion were efficiently removed by macrophages. Overexpression of
caspase-3 in MCF7 cells did not influence this phagocytosis.
ü The TNFa-response of macrophages to pro-inflammatory stimuli could be abolished by
Jurkat and LoVo36 cells dying by classical apoptosis and ATP-depleted necrotic Jurkat
cells, but not by heat-killed Jurkat cells or HSP70-depleted LoVo36-cells, suggesting that
some necrotic cells may provoke pro-inflammatory responses.
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Zusammenfassung
In den letzten Jahren ist es offensichtlich geworden, dass Apoptose und Nekrose nicht
grundsätzlich verschiedene Zelltotarten sind, sondern dass sie in vielen Fällen Mechanismen
der Einleitung, Signaltransduktion und Vollstreckung gemeinsam haben. Aus diesem Grund
war es schwierig, eindeutige biochemische oder funktionelle Marker für die Art des Zelltodes
zu finden. Die am klarsten zu unterscheidenden Merkmale von Apoptose waren die
Aktivierung von Caspasen und die selektive Aufnahme durch Phagozyten. Die vorliegenden
Ergebnisse zeigen nun, dass Phagozytose prinzipiell auch in Caspasen-unabhängigem Zelltod
möglich ist. Um die Phagozytose von Zellen, die durch verschieden Arten von Caspasenunabhängigen Zelltod sterben, zu untersuchen, wurde ein neuartiger fluoreszenter
Phagozytose-Assay entwickelt. Der Begriff „pränekrotisch“ wurde eingeführt, um Zellen zu
charakterisieren, die zum Zeitpunkt der Untersuchung intakte Plasmamembranen (PM)
hatten, aber die später aufbrechen würden. Jurkat Zellen die nekrotisch durch eine
Kombination von Toxinen mit ATP-depletierenden Agenzien starben wurden erst nach dem
Aufbrechen der PM Phosphatidylserin (PS)-abhängig phagozytiert. Aufgebrochene Jurkat
Zellen zeigten eine Caspasen- und Ca2+-unabhängige PS-Umverteilung auf die Oberfläche.
Solche Zellen wurden außerdem bevorzugt und effizienter als apoptotische Zellen von
Makrophagen beseitigt. Jurkat Zellen, die mit Staurosporin in Gegenwart des allgemeinen
Caspasen-Inhibitors zVAD-fmk behandelt wurden, waren gekennzeichnet durch eine
verzögerte Nekrose und die Abwesenheit einer PS-Umverteilung. Trotzdem wurden solche
Zellen vor dem Aufbrechen der PM von Makrophagen aufgenommen, wobei CD14 beteiligt
zu sein scheint. Eine Caspasen-unabhängige PS-Umverteilung konnte ebenfalls bewirkt
werden durch Ca2+-Einstrom in Jurkat Zellen mittels eines Ionophores, beziehungsweise in
Neuronen mittels Glutamatrezeptor-Stimulation. Ca2+-gestresste Zellen wurden wirkungsvoll
vor dem Aufbrechen der PM phagozytiert. PKC-Inhibitoren verhinderten sowohl die durch
Ca2+ vermittelte PS-Umverteilung als auch Phagozytose. MCF7 und LoVo36 Zellen wurden
auch effektiv phagozytiert, wenn sie durch HSP70-Depletion Caspasen-unabhängig und
Apoptose-ähnlich starben. Überexpression von Caspase-3 in MCF7 Zellen hatte keinen
Einfluss auf die Phagozytose. Die TNFa Antwort von Makrophagen auf proinflammatorsiche Stimulierung wurde verhindert durch Zugabe klassisch apoptotischer Jurkat
und LoVo36 Zellen und ATP-depletierter, nekrotischer Jurkat Zellen, jedoch nicht durch
hitzegetötete Jurkat oder HSP70-depletierte LoVo36 Zellen, was bedeuten kann, dass gewisse
nekrotische Zellen auch antiinflammatorische Reaktionen hervorrufen können.
79

Chapter 7: References

7

References

1.

Lehner C: Zellteilung in mehrzelligen Organismen. Wie viele, wann und wo?: NZZ, vol. 266, 1995, p 65

2.

Kerr JF, Wyllie AH, Currie AR: Apoptosis: a basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br J Cancer 26:239, 1972

3.

Horvitz HR: Genetic control of programmed cell death in the nematode Caenorhabditis elegans. Cancer
Res 59:1701s, 1999

4.

Metzstein MM, Stanfield GM, Horvitz HR: Genetics of programmed cell death in C. elegans: past, present
and future. Trends Genet 14:410, 1998

5.

Wyllie AH: Glucocorticoid-induced thymocyte apoptosis is associated with endogenous endonuclease
activation. Nature 284:555, 1980

6.

Oberhammer F, Wilson JW, Dive C, Morris ID, Hickman JA, Wakeling AE, Walker PR, Sikorska M:
Apoptotic death in epithelial cells: cleavage of DNA to 300 and/or 50 kb fragments prior to or in the
absence of internucleosomal fragmentation. Embo J 12:3679, 1993

7.

Savill J, Fadok V, Henson P, Haslett C: Phagocyte recognition of cells undergoing apoptosis. Immunol
Today 14:131, 1993

8.

Savill J: Recognition and phagocytosis of cells undergoing apoptosis. Br Med Bull 53:491, 1997

9.

Mattson MP: Apoptosis in neurodegenerative disorders. Nat Rev Mol Cell Biol 1:120, 2000

10. Roshal M, Zhu Y, Planelles V: Apoptosis in AIDS. Apoptosis 6:103, 2001
11. Wyllie AH: Apoptosis and carcinogenesis. Eur J Cell Biol 73:189, 1997
12. Leist M, Nicotera P: The shape of cell death. Biochem Biophys Res Commun 236:1, 1997
13. Leist M, Nicotera P: Apoptosis versus necrosis: the shape of neuronal cell death. Results Probl Cell Differ
24:105, 1998
14. Leist M, Gantner F, Bohlinger I, Tiegs G, Germann PG, Wendel A: Tumor necrosis factor-induced
hepatocyte apoptosis precedes liver failure in experimental murine shock models. Am J Pathol 146:1220,
1995
15. Nicotera P, Leist M, Manzo L: Neuronal cell death: a demise with different shapes. Trends Pharmacol Sci
20:46, 1999
16. Bonfoco E, Krainc D, Ankarcrona M, Nicotera P, Lipton SA: Apoptosis and necrosis: two distinct events
induced, respectively, by mild and intense insults with N-methyl-D-aspartate or nitric oxide/superoxide in
cortical cell cultures. Proc Natl Acad Sci U S A 92:7162, 1995
17. Leist M, Single B, Castoldi AF, Kuhnle S, Nicotera P: Intracellular adenosine triphosphate (ATP)
concentration: a switch in the decision between apoptosis and necrosis. J Exp Med 185:1481, 1997
18. Leist M, Single B, Naumann H, Fava E, Simon B, Kuhnle S, Nicotera P: Nitric oxide inhibits execution of
apoptosis at two distinct ATP- dependent steps upstream and downstream of mitochondrial cytochrome c
release. Biochem Biophys Res Commun 258:215, 1999
19. Leist M, Single B, Naumann H, Fava E, Simon B, Kuhnle S, Nicotera P: Inhibition of mitochondrial ATP
generation by nitric oxide switches apoptosis to necrosis. Exp Cell Res 249:396, 1999
20. Eguchi Y, Shimizu S, Tsujimoto Y: Intracellular ATP levels determine cell death fate by apoptosis or
necrosis. Cancer Res 57:1835, 1997
21. Samali A, Zhivotovsky B, Jones D, Nagata S, Orrenius S: Apoptosis: cell death defined by caspase
activation [letter]. Cell Death Differ 6:495, 1999
22. Leist M, Jaattela M: Four deaths and a funeral: from caspases to alternative mechanisms. Nat Rev Mol Cell
Biol 2:589, 2001
23. Nicotera P, Leist M, Ferrando-May E: Intracellular ATP, a switch in the decision between apoptosis and
necrosis. Toxicol Lett 102-103:139, 1998

80

Chapter 7: References
24. Amarante-Mendes GP, Finucane DM, Martin SJ, Cotter TG, Salvesen GS, Green DR: Anti-apoptotic
oncogenes prevent caspase-dependent and independent commitment for cell death. Cell Death Differ
5:298, 1998
25. Hirsch T, Marchetti P, Susin SA, Dallaporta B, Zamzami N, Marzo I, Geuskens M, Kroemer G: The
apoptosis-necrosis paradox. Apoptogenic proteases activated after mitochondrial permeability transition
determine the mode of cell death. Oncogene 15:1573, 1997
26. Narvaez CJ, Welsh J: Role of mitochondria and caspases in vitamin D-mediated apoptosis of MCF-7
breast cancer cells. J Biol Chem 276:9101, 2001
27. Mathiasen IS, Hansen CM, Foghsgaard L, Jaattela M: Sensitization to TNF-induced apoptosis by 1,25dihydroxy vitamin D(3) involves up-regulation of the TNF receptor 1 and cathepsin B. Int J Cancer
93:224, 2001
28. Mathiasen IS, Lademann U, Jaattela M: Apoptosis induced by vitamin D compounds in breast cancer cells
is inhibited by Bcl-2 but does not involve known caspases or p53. Cancer Res 59:4848, 1999
29. Mateo V, Lagneaux L, Bron D, Biron G, Armant M, Delespesse G, Sarfati M: CD47 ligation induces
caspase-independent cell death in chronic lymphocytic leukemia. Nat Med 5:1277, 1999
30. Holler N, Zaru R, Micheau O, Thome M, Attinger A, Valitutti S, Bodmer JL, Schneider P, Seed B,
Tschopp J: Fas triggers an alternative, caspase-8-independent cell death pathway using the kinase RIP as
effector molecule. Nat Immunol 1:489, 2000
31. Sperandio S, de Belle I, Bredesen DE: An alternative, nonapoptotic form of programmed cell death. Proc
Natl Acad Sci U S A 97:14376, 2000
32. Shaham S, Horvitz HR: Developing Caenorhabditis elegans neurons may contain both cell-death
protective and killer activities. Genes Dev 10:578, 1996
33. Conradt B, Horvitz HR: The C. elegans protein EGL-1 is required for programmed cell death and interacts
with the Bcl-2-like protein CED-9. Cell 93:519, 1998
34. Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thornberry NA, Wong WW, Yuan J: Human
ICE/CED-3 protease nomenclature [letter]. Cell 87:171, 1996
35. Foghsgaard L, Wissing D, Mauch D, Lademann U, Bastholm L, Boes M, Elling F, Leist M, Jaattela M:
Cathepsin B acts as a dominant execution protease in tumor cell apoptosis induced by tumor necrosis
factor. J Cell Biol 153:999, 2001
36. Squier MK, Cohen JJ: Calpain, an upstream regulator of thymocyte apoptosis. J Immunol 158:3690, 1997
37. Vanags DM, Porn-Ares MI, Coppola S, Burgess DH, Orrenius S: Protease involvement in fodrin cleavage
and phosphatidylserine exposure in apoptosis. J Biol Chem 271:31075, 1996
38. Renvoize C, Roger R, Moulian N, Bertoglio J, Breard J: Bcl-2 expression in target cells leads to functional
inhibition of caspase-3 protease family in human NK and lymphokine-activated killer cell granulemediated apoptosis. J Immunol 159:126, 1997
39. Andrade F, Roy S, Nicholson D, Thornberry N, Rosen A, Casciola-Rosen L: Granzyme B directly and
efficiently cleaves several downstream caspase substrates: implications for CTL-induced apoptosis.
Immunity 8:451, 1998
40. Volbracht C, Leist M, Kolb SA, Nicotera P: Apoptosis in caspase-inhibited neurons. Mol Med 7:36, 2001
41. Cikala M, Wilm B, Hobmayer E, Bottger A, David CN: Identification of caspases and apoptosis in the
simple metazoan Hydra. Curr Biol 9:959, 1999
42. Thornberry NA, Rosen A, Nicholson DW: Control of apoptosis by proteases. Adv Pharmacol 41:155, 1997
43. Nicholson DW, Thornberry NA: Caspases: killer proteases. Trends Biochem Sci 22:299, 1997
44. Nicholson DW: Caspase structure, proteolytic substrates, and function during apoptotic cell death. Cell
Death Differ 6:1028, 1999
45. Stennicke HR, Deveraux QL, Humke EW, Reed JC, Dixit VM, Salvesen GS: Caspase-9 can be activated
without proteolytic processing. J Biol Chem 274:8359, 1999

81

Chapter 7: References
46. Roy S, Bayly CI, Gareau Y, Houtzager VM, Kargman S, Keen SL, Rowland K, Seiden IM, Thornberry
NA, Nicholson DW: Maintenance of caspase-3 proenzyme dormancy by an intrinsic "safety catch"
regulatory tripeptide. Proc Natl Acad Sci U S A 98:6132, 2001
47. Thornberry NA, Rano TA, Peterson EP, Rasper DM, Timkey T, Garcia-Calvo M, Houtzager VM,
Nordstrom PA, Roy S, Vaillancourt JP, Chapman KT, Nicholson DW: A combinatorial approach defines
specificities of members of the caspase family and granzyme B. Functional relationships established for
key mediators of apoptosis. J Biol Chem 272:17907, 1997
48. Martin SJ, Amarante-Mendes GP, Shi L, Chuang TH, Casiano CA, O'Brien GA, Fitzgerald P, Tan EM,
Bokoch GM, Greenberg AH, Green DR: The cytotoxic cell protease granzyme B initiates apoptosis in a
cell- free system by proteolytic processing and activation of the ICE/CED-3 family protease, CPP32, via a
novel two-step mechanism. Embo J 15:2407, 1996
49. Ishisaka R, Utsumi T, Kanno T, Arita K, Katunuma N, Akiyama J, Utsumi K: Participation of a cathepsin
L-type protease in the activation of caspase-3. Cell Struct Funct 24:465, 1999
50. Salvesen GS, Dixit VM: Caspase activation: the induced-proximity model. Proc Natl Acad Sci U S A
96:10964, 1999
51. Muzio M, Stockwell BR, Stennicke HR, Salvesen GS, Dixit VM: An induced proximity model for
caspase-8 activation. J Biol Chem 273:2926, 1998
52. Muzio M, Chinnaiyan AM, Kischkel FC, O'Rourke K, Shevchenko A, Ni J, Scaffidi C, Bretz JD, Zhang
M, Gentz R, Mann M, Krammer PH, Peter ME, Dixit VM: FLICE, a novel FADD-homologous ICE/CED3-like protease, is recruited to the CD95 (Fas/APO-1) death--inducing signaling complex. Cell 85:817,
1996
53. Zou H, Henzel WJ, Liu X, Lutschg A, Wang X: Apaf-1, a human protein homologous to C. elegans CED4, participates in cytochrome c-dependent activation of caspase-3. Cell 90:405, 1997
54. Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES, Wang X: Cytochrome c and
dATP-dependent formation of Apaf-1/caspase-9 complex initiates an apoptotic protease cascade. Cell
91:479, 1997
55. Meergans T, Hildebrandt AK, Horak D, Haenisch C, Wendel A: The short prodomain influences caspase-3
activation in HeLa cells. Biochem J 349:135, 2000
56. Green DR, Beere HM: Apoptosis. Mostly dead. Nature 412:133, 2001
57. Lazebnik YA, Kaufmann SH, Desnoyers S, Poirier GG, Earnshaw WC: Cleavage of poly(ADP-ribose)
polymerase by a proteinase with properties like ICE. Nature 371:346, 1994
58. Pongracz J, Webb P, Wang K, Deacon E, Lunn OJ, Lord JM: Spontaneous neutrophil apoptosis involves
caspase 3-mediated activation of protein kinase C-delta. J Biol Chem 274:37329, 1999
59. Emoto Y, Kisaki H, Manome Y, Kharbanda S, Kufe D: Activation of protein kinase Cdelta in human
myeloid leukemia cells treated with 1-beta-D-arabinofuranosylcytosine. Blood 87:1990, 1996
60. Datta R, Kojima H, Yoshida K, Kufe D: Caspase-3-mediated cleavage of protein kinase C theta in
induction of apoptosis. J Biol Chem 272:20317, 1997
61. Enari M, Sakahira H, Yokoyama H, Okawa K, Iwamatsu A, Nagata S: A caspase-activated DNase that
degrades DNA during apoptosis, and its inhibitor ICAD. Nature 391:43, 1998
62. Sakahira H, Enari M, Nagata S: Cleavage of CAD inhibitor in CAD activation and DNA degradation
during apoptosis. Nature 391:96, 1998
63. Roy N, Deveraux QL, Takahashi R, Salvesen GS, Reed JC: The c-IAP-1 and c-IAP-2 proteins are direct
inhibitors of specific caspases. Embo J 16:6914, 1997
64. Takahashi R, Deveraux Q, Tamm I, Welsh K, Assa-Munt N, Salvesen GS, Reed JC: A single BIR domain
of XIAP sufficient for inhibiting caspases. J Biol Chem 273:7787, 1998
65. Deveraux QL, Roy N, Stennicke HR, Van Arsdale T, Zhou Q, Srinivasula SM, Alnemri ES, Salvesen GS,
Reed JC: IAPs block apoptotic events induced by caspase-8 and cytochrome c by direct inhibition of
distinct caspases. Embo J 17:2215, 1998
66. Deveraux QL, Takahashi R, Salvesen GS, Reed JC: X-linked IAP is a direct inhibitor of cell-death
proteases. Nature 388:300, 1997

82

Chapter 7: References
67. Deveraux QL, Reed JC: IAP family proteins--suppressors of apoptosis. Genes Dev 13:239, 1999
68. Suzuki Y, Nakabayashi Y, Takahashi R: Ubiquitin-protein ligase activity of X-linked inhibitor of apoptosis
protein promotes proteasomal degradation of caspase-3 and enhances its anti-apoptotic effect in Fasinduced cell death. Proc Natl Acad Sci U S A 98:8662, 2001
69. Garcia-Calvo M, Peterson EP, Leiting B, Ruel R, Nicholson DW, Thornberry NA: Inhibition of human
caspases by peptide-based and macromolecular inhibitors. J Biol Chem 273:32608, 1998
70. Wood DE, Thomas A, Devi LA, Berman Y, Beavis RC, Reed JC, Newcomb EW: Bax cleavage is
mediated by calpain during drug-induced apoptosis. Oncogene 17:1069, 1998
71. Villa PG, Henzel WJ, Sensenbrenner M, Henderson CE, Pettmann B: Calpain inhibitors, but not caspase
inhibitors, prevent actin proteolysis and DNA fragmentation during apoptosis. J Cell Sci 111:713, 1998
72. Knepper-Nicolai B, Savill J, Brown SB: Constitutive apoptosis in human neutrophils requires synergy
between calpains and the proteasome downstream of caspases. J Biol Chem 273:30530, 1998
73. Wood DE, Newcomb EW: Caspase-dependent activation of calpain during drug-induced apoptosis. J Biol
Chem 274:8309, 1999
74. Guicciardi ME, Deussing J, Miyoshi H, Bronk SF, Svingen PA, Peters C, Kaufmann SH, Gores GJ:
Cathepsin B contributes to TNF-alpha-mediated hepatocyte apoptosis by promoting mitochondrial release
of cytochrome c. J Clin Invest 106:1127, 2000
75. Stoka V, Turk B, Schendel SL, Kim TH, Cirman T, Snipas SJ, Ellerby LM, Bredesen D, Freeze H,
Abrahamson M, Bromme D, Krajewski S, Reed JC, Yin XM, Turk V, Salvesen GS: Lysosomal protease
pathways to apoptosis. Cleavage of bid, not pro- caspases, is the most likely route. J Biol Chem 276:3149,
2001
76. Roberts LR, Adjei PN, Gores GJ: Cathepsins as effector proteases in hepatocyte apoptosis. Cell Biochem
Biophys 30:71, 1999
77. Johnson DE: Noncaspase proteases in apoptosis. Leukemia 14:1695, 2000
78. Bernardi P, Scorrano L, Colonna R, Petronilli V, Di Lisa F: Mitochondria and cell death. Mechanistic
aspects and methodological issues. Eur J Biochem 264:687, 1999
79. Scorrano L, Petronilli V, Colonna R, Di Lisa F, Bernardi P: Chloromethyltetramethylrosamine
(Mitotracker Orange) induces the mitochondrial permeability transition and inhibits respiratory complex I.
Implications for the mechanism of cytochrome c release. J Biol Chem 274:24657, 1999
80. Susin SA, Lorenzo HK, Zamzami N, Marzo I, Brenner C, Larochette N, Prevost MC, Alzari PM, Kroemer
G: Mitochondrial release of caspase-2 and -9 during the apoptotic process. J Exp Med 189:381, 1999
81. Mancini M, Nicholson DW, Roy S, Thornberry NA, Peterson EP, Casciola-Rosen LA, Rosen A: The
caspase-3 precursor has a cytosolic and mitochondrial distribution: implications for apoptotic signaling. J
Cell Biol 140:1485, 1998
82. Susin SA, Lorenzo HK, Zamzami N, Marzo I, Snow BE, Brothers GM, Mangion J, Jacotot E, Costantini P,
Loeffler M, Larochette N, Goodlett DR, Aebersold R, Siderovski DP, Penninger JM, Kroemer G:
Molecular characterization of mitochondrial apoptosis-inducing factor [see comments]. Nature 397:441,
1999
83. Joza N, Susin SA, Daugas E, Stanford WL, Cho SK, Li CY, Sasaki T, Elia AJ, Cheng HY, Ravagnan L,
Ferri KF, Zamzami N, Wakeham A, Hakem R, Yoshida H, Kong YY, Mak TW, Zuniga-Pflucker JC,
Kroemer G, Penninger JM: Essential role of the mitochondrial apoptosis-inducing factor in programmed
cell death. Nature 410:549, 2001
84. Du C, Fang M, Li Y, Li L, Wang X: Smac, a mitochondrial protein that promotes cytochrome c-dependent
caspase activation by eliminating IAP inhibition. Cell 102:33, 2000
85. Verhagen AM, Ekert PG, Pakusch M, Silke J, Connolly LM, Reid GE, Moritz RL, Simpson RJ, Vaux DL:
Identification of DIABLO, a mammalian protein that promotes apoptosis by binding to and antagonizing
IAP proteins. Cell 102:43, 2000
86. Crompton M: The mitochondrial permeability transition pore and its role in cell death. Biochem J 341:233,
1999

83

Chapter 7: References
87. Zamzami N, Susin SA, Marchetti P, Hirsch T, Gomez-Monterrey I, Castedo M, Kroemer G: Mitochondrial
control of nuclear apoptosis. J Exp Med 183:1533, 1996
88. Castedo M, Hirsch T, Susin SA, Zamzami N, Marchetti P, Macho A, Kroemer G: Sequential acquisition of
mitochondrial and plasma membrane alterations during early lymphocyte apoptosis. J Immunol 157:512,
1996
89. Shimizu S, Narita M, Tsujimoto Y: Bcl-2 family proteins regulate the release of apoptogenic cytochrome c
by the mitochondrial channel VDAC. Nature 399:483, 1999
90. Vander Heiden MG, Chandel NS, Li XX, Schumacker PT, Colombini M, Thompson CB: Outer
mitochondrial membrane permeability can regulate coupled respiration and cell survival. Proc Natl Acad
Sci U S A 97:4666, 2000
91. Eskes R, Desagher S, Antonsson B, Martinou JC: Bid induces the oligomerization and insertion of Bax
into the outer mitochondrial membrane. Mol Cell Biol 20:929, 2000
92. Vander Heiden MG, Chandel NS, Schumacker PT, Thompson CB: Bcl-xL prevents cell death following
growth factor withdrawal by facilitating mitochondrial ATP/ADP exchange. Mol Cell 3:159, 1999
93. Eskes R, Antonsson B, Osen-Sand A, Montessuit S, Richter C, Sadoul R, Mazzei G, Nichols A, Martinou
JC: Bax-induced cytochrome C release from mitochondria is independent of the permeability transition
pore but highly dependent on Mg2+ ions. J Cell Biol 143:217, 1998
94. Antonsson B, Conti F, Ciavatta A, Montessuit S, Lewis S, Martinou I, Bernasconi L, Bernard A, Mermod
JJ, Mazzei G, Maundrell K, Gambale F, Sadoul R, Martinou JC: Inhibition of Bax channel-forming
activity by Bcl-2. Science 277:370, 1997
95. Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD: The release of cytochrome c from mitochondria: a
primary site for Bcl-2 regulation of apoptosis. Science 275:1132, 1997
96. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng TI, Jones DP, Wang X: Prevention of apoptosis
by Bcl-2: release of cytochrome c from mitochondria blocked. Science 275:1129, 1997
97. Brustugun OT, Fladmark KE, Doskeland SO, Orrenius S, Zhivotovsky B: Apoptosis induced by
microinjection of cytochrome c is caspase- dependent and is inhibited by Bcl-2 [published erratum appears
in Cell Death Differ 1999 Mar;6(3):301]. Cell Death Differ 5:660, 1998
98. Luo X, Budihardjo I, Zou H, Slaughter C, Wang X: Bid, a Bcl2 interacting protein, mediates cytochrome c
release from mitochondria in response to activation of cell surface death receptors. Cell 94:481, 1998
99. Desagher S, Osen-Sand A, Nichols A, Eskes R, Montessuit S, Lauper S, Maundrell K, Antonsson B,
Martinou JC: Bid-induced conformational change of Bax is responsible for mitochondrial cytochrome c
release during apoptosis. J Cell Biol 144:891, 1999
100. Gorman AM, Hirt UA, Orrenius S, Ceccatelli S: Dexamethasone pre-treatment interferes with apoptotic
death in glioma cells. Neuroscience 96:417, 2000
101. Adams JM, Cory S: The Bcl-2 protein family: arbiters of cell survival. Science 281:1322, 1998
102. Antonsson B, Martinou JC: The Bcl-2 protein family. Exp Cell Res 256:50, 2000
103. Ikemoto H, Tani E, Ozaki I, Kitagawa H, Arita N: Calphostin C-mediated translocation and integration of
Bax into mitochondria induces cytochrome c release before mitochondrial dysfunction. Cell Death Differ
7:511, 2000
104. Li H, Zhu H, Xu CJ, Yuan J: Cleavage of BID by caspase 8 mediates the mitochondrial damage in the Fas
pathway of apoptosis. Cell 94:491, 1998
105. Soengas MS, Capodieci P, Polsky D, Mora J, Esteller M, Opitz-Araya X, McCombie R, Herman JG,
Gerald WL, Lazebnik YA, Cordon-Cardo C, Lowe SW: Inactivation of the apoptosis effector Apaf-1 in
malignant melanoma. Nature 409:207, 2001
106. Tsujimoto Y, Finger LR, Yunis J, Nowell PC, Croce CM: Cloning of the chromosome breakpoint of
neoplastic B cells with the t(14;18) chromosome translocation. Science 226:1097, 1984
107. Hua C, Zorn S, Jensen JP, Coupland RW, Ko HS, Wright JJ, Bakhshi A: Consequences of the t(14;18)
chromosomal translocation in follicular lymphoma: deregulated expression of a chimeric and mutated
BCL-2 gene. Oncogene Res 2:263, 1988

84

Chapter 7: References
108. Reed JC, Tsujimoto Y, Epstein SF, Cuddy M, Slabiak T, Nowell PC, Croce CM: Regulation of bcl-2 gene
expression in lymphoid cell lines containing normal #18 or t(14;18) chromosomes. Oncogene Res 4:271,
1989
109. Reed JC, Cuddy M, Slabiak T, Croce CM, Nowell PC: Oncogenic potential of bcl-2 demonstrated by gene
transfer. Nature 336:259, 1988
110. Bertin J, Armstrong RC, Ottilie S, Martin DA, Wang Y, Banks S, Wang GH, Senkevich TG, Alnemri ES,
Moss B, Lenardo MJ, Tomaselli KJ, Cohen JI: Death effector domain-containing herpesvirus and poxvirus
proteins inhibit both Fas- and TNFR1-induced apoptosis. Proc Natl Acad Sci U S A 94:1172, 1997
111. Thome M, Schneider P, Hofmann K, Fickenscher H, Meinl E, Neipel F, Mattmann C, Burns K, Bodmer
JL, Schroter M, Scaffidi C, Krammer PH, Peter ME, Tschopp J: Viral FLICE-inhibitory proteins (FLIPs)
prevent apoptosis induced by death receptors. Nature 386:517, 1997
112. Hu S, Vincenz C, Ni J, Gentz R, Dixit VM: I-FLICE, a novel inhibitor of tumor necrosis factor receptor-1and CD- 95-induced apoptosis. J Biol Chem 272:17255, 1997
113. Wright SC, Schellenberger U, Wang H, Kinder DH, Talhouk JW, Larrick JW: Activation of CPP32-like
proteases is not sufficient to trigger apoptosis: inhibition of apoptosis by agents that suppress activation of
AP24, but not CPP32-like activity. J Exp Med 186:1107, 1997
114. Jaattela M, Wissing D, Kokholm K, Kallunki T, Egeblad M: Hsp70 exerts its anti-apoptotic function
downstream of caspase-3-like proteases. Embo J 17:6124, 1998
115. Nylandsted J, Brand K, Jaattela M: Heat shock protein 70 is required for the survival of cancer cells. Ann
N Y Acad Sci 926:122, 2000
116. Nylandsted J, Rohde M, Brand K, Bastholm L, Elling F, Jaattela M: Selective depletion of heat shock
protein 70 (Hsp70) activates a tumor-specific death program that is independent of caspases and bypasses
Bcl-2. Proc Natl Acad Sci U S A 97:7871, 2000
117. Saleh A, Srinivasula SM, Balkir L, Robbins PD, Alnemri ES: Negative regulation of the Apaf-1
apoptosome by Hsp70. Nat Cell Biol 2:476, 2000
118. Ravagnan L, Gurbuxani S, Susin SA, Maisse C, Daugas E, Zamzami N, Mak T, Jaattela M, Penninger JM,
Garrido C, Kroemer G: Heat-shock protein 70 antagonizes apoptosis-inducing factor. Nat Cell Biol 3:839,
2001
119. Schroit AJ, Zwaal RF: Transbilayer movement of phospholipids in red cell and platelet membranes.
Biochim Biophys Acta 1071:313, 1991
120. Devaux PF: Static and dynamic lipid asymmetry in cell membranes. Biochemistry 30:1163, 1991
121. Williamson P, Kulick A, Zachowski A, Schlegel RA, Devaux PF: Ca2+ induces transbilayer redistribution
of all major phospholipids in human erythrocytes. Biochemistry 31:6355, 1992
122. Chang CP, Zhao J, Wiedmer T, Sims PJ: Contribution of platelet microparticle formation and granule
secretion to the transmembrane migration of phosphatidylserine. J Biol Chem 268:7171, 1993
123. Smeets EF, Comfurius P, Bevers EM, Zwaal RF: Calcium-induced transbilayer scrambling of fluorescent
phospholipid analogs in platelets and erythrocytes. Biochim Biophys Acta 1195:281, 1994
124. Schwalbe R, Dahlback B, Hillarp A, Nelsestuen G: Assembly of protein S and C4b-binding protein on
membranes. J Biol Chem 265:16074, 1990
125. Ninomiya H, Kawashima Y, Hasegawa Y, Nagasawa T: Complement-induced procoagulant alteration of
red blood cell membranes with microvesicle formation in paroxysmal nocturnal haemoglobinuria (PNH):
implication for thrombogenesis in PNH. Br J Haematol 106:224, 1999
126. Test ST, Mitsuyoshi J: Activation of the alternative pathway of complement by calcium-loaded
erythrocytes resulting from loss of membrane phospholipid asymmetry. J Lab Clin Med 130:169, 1997
127. Alving BM, Banerji B, Fogler WE, Alving CR: Lupus anticoagulant activities of murine monoclonal
antibodies to liposomal phosphatidylinositol phosphate. Clin Exp Immunol 69:403, 1987
128. Flynn PD, Byrne CD, Baglin TP, Weissberg PL, Bennett MR: Thrombin generation by apoptotic vascular
smooth muscle cells. Blood 89:4378, 1997

85

Chapter 7: References
129. Fadok VA, de Cathelineau A, Daleke DL, Henson PM, Bratton DL: Loss of phospholipid asymmetry and
surface exposure of phosphatidylserine is required for phagocytosis of apoptotic cells by macrophages and
fibroblasts. J Biol Chem 276:1071, 2001
130. Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM: Exposure of
phosphatidylserine on the surface of apoptotic lymphocytes triggers specific recognition and removal by
macrophages. J Immunol 148:2207, 1992
131. Bratton DL, Fadok VA, Richter DA, Kailey JM, Guthrie LA, Henson PM: Appearance of
phosphatidylserine on apoptotic cells requires calcium- mediated nonspecific flip-flop and is enhanced by
loss of the aminophospholipid translocase. J Biol Chem 272:26159, 1997
132. Martin SJ, Reutelingsperger CP, McGahon AJ, Rader JA, van Schie RC, LaFace DM, Green DR: Early
redistribution of plasma membrane phosphatidylserine is a general feature of apoptosis regardless of the
initiating stimulus: inhibition by overexpression of Bcl-2 and Abl. J Exp Med 182:1545, 1995
133. Vermes I, Haanen C, Steffens-Nakken H, Reutelingsperger C: A novel assay for apoptosis. Flow
cytometric detection of phosphatidylserine expression on early apoptotic cells using fluorescein labelled
Annexin V. J Immunol Methods 184:39, 1995
134. Verhoven B, Schlegel RA, Williamson P: Mechanisms of phosphatidylserine exposure, a phagocyte
recognition signal, on apoptotic T lymphocytes. J Exp Med 182:1597, 1995
135. Zachowski A, Favre E, Cribier S, Herve P, Devaux PF: Outside-inside translocation of
aminophospholipids in the human erythrocyte membrane is mediated by a specific enzyme. Biochemistry
25:2585, 1986
136. Tang X, Halleck MS, Schlegel RA, Williamson P: A subfamily of P-type ATPases with
aminophospholipid transporting activity. Science 272:1495, 1996
137. Sims PJ, Wiedmer T: Unraveling the mysteries of phospholipid scrambling. Thromb Haemost 86:266,
2001
138. Zhao J, Zhou Q, Wiedmer T, Sims PJ: Level of expression of phospholipid scramblase regulates induced
movement of phosphatidylserine to the cell surface. J Biol Chem 273:6603, 1998
139. Zhou Q, Zhao J, Stout JG, Luhm RA, Wiedmer T, Sims PJ: Molecular cloning of human plasma
membrane phospholipid scramblase. A protein mediating transbilayer movement of plasma membrane
phospholipids. J Biol Chem 272:18240, 1997
140. Verhoven B, Krahling S, Schlegel RA, Williamson P: Regulation of phosphatidylserine exposure and
phagocytosis of apoptotic T lymphocytes. Cell Death Differ 6:262, 1999
141. Frasch SC, Henson PM, Kailey JM, Richter DA, Janes MS, Fadok VA, Bratton DL: Regulation of
phospholipid scramblase activity during apoptosis and cell activation by protein kinase Cdelta. J Biol
Chem 275:23065, 2000
142. van den Eijnde SM, Luijsterburg AJ, Boshart L, De Zeeuw CI, van Dierendonck JH, Reutelingsperger CP,
Vermeij-Keers C: In situ detection of apoptosis during embryogenesis with annexin V: from whole mount
to ultrastructure. Cytometry 29:313, 1997
143. Martin SJ, Finucane DM, Amarante-Mendes GP, O'Brien GA, Green DR: Phosphatidylserine
externalization during CD95-induced apoptosis of cells and cytoplasts requires ICE/CED-3 protease
activity. J Biol Chem 271:28753, 1996
144. Zhuang J, Ren Y, Snowden RT, Zhu H, Gogvadze V, Savill JS, Cohen GM: Dissociation of phagocyte
recognition of cells undergoing apoptosis from other features of the apoptotic program. J Biol Chem
273:15628, 1998
145. Chan A, Reiter R, Wiese S, Fertig G, Gold R: Plasma membrane phospholipid asymmetry precedes DNA
fragmentation in different apoptotic cell models. Histochem Cell Biol 110:553, 1998
146. Morris RG, Hargreaves AD, Duvall E, Wyllie AH: Hormone-induced cell death. 2. Surface changes in
thymocytes undergoing apoptosis. Am J Pathol 115:426, 1984
147. Duvall E, Wyllie AH, Morris RG: Macrophage recognition of cells undergoing programmed cell death
(apoptosis). Immunology 56:351, 1985

86

Chapter 7: References
148. Savill J, Hogg N, Ren Y, Haslett C: Thrombospondin cooperates with CD36 and the vitronectin receptor in
macrophage recognition of neutrophils undergoing apoptosis. J Clin Invest 90:1513, 1992
149. Bornstein P, Sage EH: Thrombospondins. Methods Enzymol 245:62, 1994
150. Silverstein RL, Leung LL, Nachman RL: Thrombospondin: a versatile multifunctional glycoprotein.
Arteriosclerosis 6:245, 1986
151. Leung LL, Nachman RL, Harpel PC: Complex formation of platelet thrombospondin with histidine-rich
glycoprotein. J Clin Invest 73:5, 1984
152. Leung LL, Li WX, McGregor JL, Albrecht G, Howard RJ: CD36 peptides enhance or inhibit CD36thrombospondin binding. A two- step process of ligand-receptor interaction. J Biol Chem 267:18244, 1992
153. Murphy JF, McGregor JL, Leung LL: Senescent human neutrophil binding to thrombospondin (TSP):
evidence for a TSP-independent pathway of phagocytosis by macrophages. Br J Haematol 102:957, 1998
154. Chang MK, Bergmark C, Laurila A, Horkko S, Han KH, Friedman P, Dennis EA, Witztum JL:
Monoclonal antibodies against oxidized low-density lipoprotein bind to apoptotic cells and inhibit their
phagocytosis by elicited macrophages: evidence that oxidation-specific epitopes mediate macrophage
recognition. Proc Natl Acad Sci U S A 96:6353, 1999
155. Moffatt OD, Devitt A, Bell ED, Simmons DL, Gregory CD: Macrophage recognition of ICAM-3 on
apoptotic leukocytes. J Immunol 162:6800, 1999
156. Fawcett J, Holness CL, Needham LA, Turley H, Gatter KC, Mason DY, Simmons DL: Molecular cloning
of ICAM-3, a third ligand for LFA-1, constitutively expressed on resting leukocytes. Nature 360:481, 1992
157. Besse A, Trimoreau F, Praloran V, Denizot Y: Effect of cytokines and growth factors on the macrophage
colony- stimulating factor secretion by human bone marrow stromal cells. Cytokine 12:522, 2000
158. Militi S, Riccioni R, Parolini I, Sposi NM, Samoggia P, Pelosi E, Testa U, Peschle C: Expression of
interleukin 3 and granulocyte-macrophage colony- stimulating factor receptor common chain betac, betaIT
in normal haematopoiesis: lineage specificity and proliferation-independent induction. Br J Haematol
111:441, 2000
159. Kamijo R, Takeda K, Nagumo M, Konno K: Effects of combinations of transforming growth factor-beta 1
and tumor necrosis factor on induction of differentiation of human myelogenous leukemic cell lines. J
Immunol 144:1311, 1990
160. Tomaszewski JG, DeLaPena L, Molenda J, Gantz S, Bernato DL, Folts S: Biotherapy module. II.
Overview of biotherapy. Cancer Nurs 18:397, 1995
161. del Rio-Hortega P: Microglia, in Penfield W (ed): Cytology and Cellular Pathology of the Nervous
System. New York, Hoeber, 1932, p 482
162. Cuadros MA, Navascues J: The origin and differentiation of microglial cells during development. Prog
Neurobiol 56:173, 1998
163. Lassmann H, Schmied M, Vass K, Hickey WF: Bone marrow derived elements and resident microglia in
brain inflammation. Glia 7:19, 1993
164. Rinner WA, Bauer J, Schmidts M, Lassmann H, Hickey WF: Resident microglia and hematogenous
macrophages as phagocytes in adoptively transferred experimental autoimmune encephalomyelitis: an
investigation using rat radiation bone marrow chimeras. Glia 14:257, 1995
165. Richardson A, Hao C, Fedoroff S: Microglia progenitor cells: a subpopulation in cultures of mouse
neopallial astroglia. Glia 7:25, 1993
166. Smith TW, De Girolami U, Hickey WF: Neuropathology of immunosuppression. Brain Pathol 2:183, 1992
167. Chan A, Magnus T, Gold R: Phagocytosis of apoptotic inflammatory cells by microglia and modulation by
different cytokines: mechanism for removal of apoptotic cells in the inflamed nervous system. Glia 33:87,
2001
168. Trapp BD, Bo L, Mork S, Chang A: Pathogenesis of tissue injury in MS lesions. J Neuroimmunol 98:49,
1999
169. Kaul M, Garden GA, Lipton SA: Pathways to neuronal injury and apoptosis in HIV-associated dementia.
Nature 410:988, 2001

87

Chapter 7: References
170. Akiyama H, Arai T, Kondo H, Tanno E, Haga C, Ikeda K: Cell mediators of inflammation in the
Alzheimer disease brain. Alzheimer Dis Assoc Disord 14:S47, 2000
171. Peters JH, Xu H, Ruppert J, Ostermeier D, Friedrichs D, Gieseler RK: Signals required for differentiating
dendritic cells from human monocytes in vitro. Adv Exp Med Biol 329:275, 1993
172. Piemonti L, Bernasconi S, Luini W, Trobonjaca Z, Minty A, Allavena P, Mantovani A: IL-13 supports
differentiation of dendritic cells from circulating precursors in concert with GM-CSF. Eur Cytokine Netw
6:245, 1995
173. Banchereau J, Steinman RM: Dendritic cells and the control of immunity. Nature 392:245, 1998
174. Albert ML, Pearce SF, Francisco LM, Sauter B, Roy P, Silverstein RL, Bhardwaj N: Immature dendritic
cells phagocytose apoptotic cells via alphavbeta5 and CD36, and cross-present antigens to cytotoxic T
lymphocytes. J Exp Med 188:1359, 1998
175. Sallusto F, Cella M, Danieli C, Lanzavecchia A: Dendritic cells use macropinocytosis and the mannose
receptor to concentrate macromolecules in the major histocompatibility complex class II compartment:
downregulation by cytokines and bacterial products. J Exp Med 182:389, 1995
176. Rovere P, Manfredi AA, Vallinoto C, Zimmermann VS, Fascio U, Balestrieri G, Ricciardi-Castagnoli P,
Rugarli C, Tincani A, Sabbadini MG: Dendritic cells preferentially internalize apoptotic cells opsonized by
anti-beta2-glycoprotein I antibodies. J Autoimmun 11:403, 1998
177. Rovere P, Sabbadini MG, Vallinoto C, Fascio U, Recigno M, Crosti M, Ricciardi-Castagnoli P, Balestrieri
G, Tincani A, Manfredi AA: Dendritic cell presentation of antigens from apoptotic cells in a
proinflammatory context: role of opsonizing anti-beta2-glycoprotein I antibodies. Arthritis Rheum
42:1412, 1999
178. Rubartelli A, Poggi A, Zocchi MR: The selective engulfment of apoptotic bodies by dendritic cells is
mediated by the alpha(v)beta3 integrin and requires intracellular and extracellular calcium. Eur J Immunol
27:1893, 1997
179. Lin CL, Suri RM, Rahdon RA, Austyn JM, Roake JA: Dendritic cell chemotaxis and transendothelial
migration are induced by distinct chemokines and are regulated on maturation. Eur J Immunol 28:4114,
1998
180. Tarte K, Fiol G, Rossi JF, Klein B: Extensive characterization of dendritic cells generated in serum-free
conditions: regulation of soluble antigen uptake, apoptotic tumor cell phagocytosis, chemotaxis and T cell
activation during maturation in vitro. Leukemia 14:2182, 2000
181. Wyllie AH, Kerr JF, Currie AR: Cell death: the significance of apoptosis. Int Rev Cytol 68:251, 1980
182. Hughes J, Liu Y, Van Damme J, Savill J: Human glomerular mesangial cell phagocytosis of apoptotic
neutrophils: mediation by a novel CD36-independent vitronectin receptor/thrombospondin recognition
mechanism that is uncoupled from chemokine secretion. J Immunol 158:4389, 1997
183. Fidzianska A, Goebel HH: Phagocytic capacity of human muscle fibers. Hum Pathol 23:1044, 1992
184. Chang GH, Barbaro NM, Pieper RO: Phosphatidylserine-dependent phagocytosis of apoptotic glioma cells
by normal human microglia, astrocytes, and glioma cells. Neuro-oncol 2:174, 2000
185. Albert ML, Kim JI, Birge RB: alphavbeta5 integrin recruits the CrkII-Dock180-rac1 complex for
phagocytosis of apoptotic cells. Nat Cell Biol 2:899, 2000
186. Parnaik R, Raff MC, Scholes J: Differences between the clearance of apoptotic cells by professional and
non-professional phagocytes. Curr Biol 10:857, 2000
187. Hedgecock EM, Sulston JE, Thomson JN: Mutations affecting programmed cell deaths in the nematode
Caenorhabditis elegans. Science 220:1277, 1983
188. Ellis RE, Jacobson DM, Horvitz HR: Genes required for the engulfment of cell corpses during
programmed cell death in Caenorhabditis elegans. Genetics 129:79, 1991
189. Chung S, Gumienny TL, Hengartner MO, Driscoll M: A common set of engulfment genes mediates
removal of both apoptotic and necrotic cell corpses in C. elegans. Nat Cell Biol 2:931, 2000
190. Zhou Z, Hartwieg E, Horvitz HR: CED-1 is a transmembrane receptor that mediates cell corpse
engulfment in C. elegans. Cell 104:43, 2001

88

Chapter 7: References
191. Liu QA, Hengartner MO: Candidate adaptor protein CED-6 promotes the engulfment of apoptotic cells in
C. elegans. Cell 93:961, 1998
192. Wu YC, Horvitz HR: The C. elegans cell corpse engulfment gene ced-7 encodes a protein similar to ABC
transporters. Cell 93:951, 1998
193. Carson MR, Welsh MJ: Structural and functional similarities between the nucleotide-binding domains of
CFTR and GTP-binding proteins. Biophys J 69:2443, 1995
194. Hamon Y, Broccardo C, Chambenoit O, Luciani MF, Toti F, Chaslin S, Freyssinet JM, Devaux PF,
McNeish J, Marguet D, Chimini G: ABC1 promotes engulfment of apoptotic cells and transbilayer
redistribution of phosphatidylserine. Nat Cell Biol 2:399, 2000
195. Marguet D, Luciani MF, Moynault A, Williamson P, Chimini G: Engulfment of apoptotic cells involves
the redistribution of membrane phosphatidylserine on phagocyte and prey. Nat Cell Biol 1:454, 1999
196. Wu YC, Horvitz HR: C. elegans phagocytosis and cell-migration protein CED-5 is similar to human
DOCK180. Nature 392:501, 1998
197. Hedgecock EM, Culotti JG, Hall DH, Stern BD: Genetics of cell and axon migrations in Caenorhabditis
elegans. Development 100:365, 1987
198. Kimble J: Alterations in cell lineage following laser ablation of cells in the somatic gonad of
Caenorhabditis elegans. Dev Biol 87:286, 1981
199. Hasegawa H, Kiyokawa E, Tanaka S, Nagashima K, Gotoh N, Shibuya M, Kurata T, Matsuda M:
DOCK180, a major CRK-binding protein, alters cell morphology upon translocation to the cell membrane.
Mol Cell Biol 16:1770, 1996
200. Clark EA, Brugge JS: Integrins and signal transduction pathways: the road taken. Science 268:233, 1995
201. Reddien PW, Horvitz HR: CED-2/CrkII and CED-10/Rac control phagocytosis and cell migration in
Caenorhabditis elegans. Nat Cell Biol 2:131, 2000
202. Van Aelst L, D'Souza-Schorey C: Rho GTPases and signaling networks. Genes Dev 11:2295, 1997
203. Caron E, Hall A: Identification of two distinct mechanisms of phagocytosis controlled by different Rho
GTPases. Science 282:1717, 1998
204. Gumienny T, Brugnera E, Tosello-Trampont A, Kinchen J, Haney L, Nishiwaki K, Walk F, Nemergut M,
Macara I, Francis R, Schedl T, Qin Y, Van Aelst L, Hengartner M, Ravichandran K: CED-12/ELMO, a
Novel Member of the CrkII/Dock180/Rac Pathway, Is Required for Phagocytosis and Cell Migration. Cell
107:27, 2001
205. Fadok VA, Bratton DL, Frasch SC, Warner ML, Henson PM: The role of phosphatidylserine in
recognition of apoptotic cells by phagocytes [see comments]. Cell Death Differ 5:551, 1998
206. Savill J: Apoptosis. Phagocytic docking without shocking [news; comment]. Nature 392:442, 1998
207. Platt N, da Silva RP, Gordon S: Recognizing death: the phagocytosis of apoptotic cells. Trends Cell Biol
8:365, 1998
208. Gregory CD: CD14-dependent clearance of apoptotic cells: relevance to the immune system. Curr Opin
Immunol 12:27, 2000
209. Francis CL, Ryan TA, Jones BD, Smith SJ, Falkow S: Ruffles induced by Salmonella and other stimuli
direct macropinocytosis of bacteria. Nature 364:639, 1993
210. Chen LM, Hobbie S, Galan JE: Requirement of CDC42 for Salmonella-induced cytoskeletal and nuclear
responses. Science 274:2115, 1996
211. Tosello-Trampont AC, Brugnera E, Ravichandran KS: Evidence for a conserved role for CRKII and Rac in
engulfment of apoptotic cells. J Biol Chem 276:13797, 2001
212. Mackay DJ, Hall A: Rho GTPases. J Biol Chem 273:20685, 1998
213. Fadok VA, Savill JS, Haslett C, Bratton DL, Doherty DE, Campbell PA, Henson PM: Different
populations of macrophages use either the vitronectin receptor or the phosphatidylserine receptor to
recognize and remove apoptotic cells. J Immunol 149:4029, 1992

89

Chapter 7: References
214. Fadok VA, Laszlo DJ, Noble PW, Weinstein L, Riches DW, Henson PM: Particle digestibility is required
for induction of the phosphatidylserine recognition mechanism used by murine macrophages to
phagocytose apoptotic cells. J Immunol 151:4274, 1993
215. Fadok VA, Bratton DL, Rose DM, Pearson A, Ezekewitz RA, Henson PM: A receptor for
phosphatidylserine-specific clearance of apoptotic cells [see comments]. Nature 405:85, 2000
216. Dini L, Autuori F, Lentini A, Oliverio S, Piacentini M: The clearance of apoptotic cells in the liver is
mediated by the asialoglycoprotein receptor. FEBS Lett 296:174, 1992
217. Dini L, Lentini A, Diez GD, Rocha M, Falasca L, Serafino L, Vidal-Vanaclocha F: Phagocytosis of
apoptotic bodies by liver endothelial cells. J Cell Sci 108:967, 1995
218. Shimaoka T, Kume N, Minami M, Hayashida K, Kataoka H, Kita T, Yonehara S: Molecular cloning of a
novel scavenger receptor for oxidized low density lipoprotein, SR-PSOX, on macrophages. J Biol Chem
275:40663, 2000
219. Terpstra V, van Berkel TJ: Scavenger receptors on liver Kupffer cells mediate the in vivo uptake of
oxidatively damaged red blood cells in mice. Blood 95:2157, 2000
220. Rigotti A, Acton SL, Krieger M: The class B scavenger receptors SR-BI and CD36 are receptors for
anionic phospholipids. J Biol Chem 270:16221, 1995
221. Fadok VA, Warner ML, Bratton DL, Henson PM: CD36 is required for phagocytosis of apoptotic cells by
human macrophages that use either a phosphatidylserine receptor or the vitronectin receptor (alpha v beta
3). J Immunol 161:6250, 1998
222. Shiratsuchi A, Kawasaki Y, Ikemoto M, Arai H, Nakanishi Y: Role of class B scavenger receptor type I in
phagocytosis of apoptotic rat spermatogenic cells by Sertoli cells. J Biol Chem 274:5901, 1999
223. Sambrano GR, Steinberg D: Recognition of oxidatively damaged and apoptotic cells by an oxidized low
density lipoprotein receptor on mouse peritoneal macrophages: role of membrane phosphatidylserine. Proc
Natl Acad Sci U S A 92:1396, 1995
224. Devitt A, Moffatt OD, Raykundalia C, Capra JD, Simmons DL, Gregory CD: Human CD14 mediates
recognition and phagocytosis of apoptotic cells [see comments]. Nature 392:505, 1998
225. Balasubramanian K, Chandra J, Schroit AJ: Immune clearance of phosphatidylserine-expressing cells by
phagocytes. The role of beta2-glycoprotein I in macrophage recognition. J Biol Chem 272:31113, 1997
226. Ishimoto Y, Ohashi K, Mizuno K, Nakano T: Promotion of the uptake of PS liposomes and apoptotic cells
by a product of growth arrest-specific gene, gas6. J Biochem (Tokyo) 127:411, 2000
227. Henson PM, Bratton DL, Fadok VA: OPINIONThe phosphatidylserine receptor: a crucial molecular
switch? Nat Rev Mol Cell Biol 2:627, 2001
228. Savill J, Dransfield I, Hogg N, Haslett C: Vitronectin receptor-mediated phagocytosis of cells undergoing
apoptosis. Nature 343:170, 1990
229. Tait JF, Smith C: Phosphatidylserine receptors: role of CD36 in binding of anionic phospholipid vesicles to
monocytic cells. J Biol Chem 274:3048, 1999
230. Franc NC, Heitzler P, Ezekowitz RA, White K: Requirement for croquemort in phagocytosis of apoptotic
cells in Drosophila. Science 284:1991, 1999
231. Ren Y, Silverstein RL, Allen J, Savill J: CD36 gene transfer confers capacity for phagocytosis of cells
undergoing apoptosis. J Exp Med 181:1857, 1995
232. Finnemann SC, Rodriguez-Boulan E: Macrophage and retinal pigment epithelium phagocytosis: apoptotic
cells and photoreceptors compete for alphavbeta3 and alphavbeta5 integrins, and protein kinase C regulates
alphavbeta5 binding and cytoskeletal linkage. J Exp Med 190:861, 1999
233. Schwartz BR, Karsan A, Bombeli T, Harlan JM: A novel beta 1 integrin-dependent mechanism of
leukocyte adherence to apoptotic cells. J Immunol 162:4842, 1999
234. Sharon N, Lis H: Lectins as cell recognition molecules. Science 246:227, 1989
235. Savill JS, Henson PM, Haslett C: Phagocytosis of aged human neutrophils by macrophages is mediated by
a novel "charge-sensitive" recognition mechanism. J Clin Invest 84:1518, 1989

90

Chapter 7: References
236. Hall SE, Savill JS, Henson PM, Haslett C: Apoptotic neutrophils are phagocytosed by fibroblasts with
participation of the fibroblast vitronectin receptor and involvement of a mannose/fucose-specific lectin. J
Immunol 153:3218, 1994
237. Janeway CA, Jr.: The immune system evolved to discriminate infectious nonself from noninfectious self.
Immunol Today 13:11, 1992
238. Schumann RR, Leong SR, Flaggs GW, Gray PW, Wright SD, Mathison JC, Tobias PS, Ulevitch RJ:
Structure and function of lipopolysaccharide binding protein. Science 249:1429, 1990
239. Wright SD, Ramos RA, Tobias PS, Ulevitch RJ, Mathison JC: CD14, a receptor for complexes of
lipopolysaccharide (LPS) and LPS binding protein. Science 249:1431, 1990
240. Ulevitch RJ, Tobias PS: Recognition of endotoxin by cells leading to transmembrane signaling. Curr Opin
Immunol 6:125, 1994
241. Flora PK, Gregory CD: Recognition of apoptotic cells by human macrophages: inhibition by a
monocyte/macrophage-specific monoclonal antibody. Eur J Immunol 24:2625, 1994
242. Vita N, Lefort S, Sozzani P, Reeb R, Richards S, Borysiewicz LK, Ferrara P, Labeta MO: Detection and
biochemical characteristics of the receptor for complexes of soluble CD14 and bacterial
lipopolysaccharide. J Immunol 158:3457, 1997
243. Gregory CD: Non-inflammatory/anti-inflammatory CD14 responses: CD14 in apoptosis. Chem Immunol
74:122, 2000
244. Brown MS, Goldstein JL: Lipoprotein metabolism in the macrophage: implications for cholesterol
deposition in atherosclerosis. Annu Rev Biochem 52:223, 1983
245. Goldstein JL, Ho YK, Basu SK, Brown MS: Binding site on macrophages that mediates uptake and
degradation of acetylated low density lipoprotein, producing massive cholesterol deposition. Proc Natl
Acad Sci U S A 76:333, 1979
246. Hughes DA, Fraser IP, Gordon S: Murine macrophage scavenger receptor: in vivo expression and function
as receptor for macrophage adhesion in lymphoid and non-lymphoid organs. Eur J Immunol 25:466, 1995
247. Platt N, da Silva RP, Gordon S: Class A scavenger receptors and the phagocytosis of apoptotic cells.
Immunol Lett 65:15, 1999
248. Platt N, Suzuki H, Kurihara Y, Kodama T, Gordon S: Role for the class A macrophage scavenger receptor
in the phagocytosis of apoptotic thymocytes in vitro. Proc Natl Acad Sci U S A 93:12456, 1996
249. Platt N, Suzuki H, Kodama T, Gordon S: Apoptotic thymocyte clearance in scavenger receptor class Adeficient mice is apparently normal. J Immunol 164:4861, 2000
250. Brown SB, Clarke MC, Magowan L, Sanderson H, Savill J: Constitutive death of platelets leading to
scavenger receptor-mediated phagocytosis. A caspase-independent cell clearance program. J Biol Chem
275:5987, 2000
251. Higgins CF: ABC transporters: from microorganisms to man. Annu Rev Cell Biol 8:67, 1992
252. Luciani MF, Chimini G: The ATP binding cassette transporter ABC1, is required for the engulfment of
corpses generated by apoptotic cell death. Embo J 15:226, 1996
253. van Helvoort A, Smith AJ, Sprong H, Fritzsche I, Schinkel AH, Borst P, van Meer G: MDR1 Pglycoprotein is a lipid translocase of broad specificity, while MDR3 P-glycoprotein specifically
translocates phosphatidylcholine. Cell 87:507, 1996
254. Remaley AT, Rust S, Rosier M, Knapper C, Naudin L, Broccardo C, Peterson KM, Koch C, Arnould I,
Prades C, Duverger N, Funke H, Assman G, Dinger M, Dean M, Chimini G, Santamarina-Fojo S,
Fredrickson DS, Denefle P, Brewer HB, Jr.: Human ATP-binding cassette transporter 1 (ABC1): genomic
organization and identification of the genetic defect in the original Tangier disease kindred. Proc Natl Acad
Sci U S A 96:12685, 1999
255. Santamarina-Fojo S, Peterson K, Knapper C, Qiu Y, Freeman L, Cheng JF, Osorio J, Remaley A, Yang
XP, Haudenschild C, Prades C, Chimini G, Blackmon E, Francois T, Duverger N, Rubin EM, Rosier M,
Denefle P, Fredrickson DS, Brewer HB, Jr.: Complete genomic sequence of the human ABCA1 gene:
analysis of the human and mouse ATP-binding cassette A promoter. Proc Natl Acad Sci U S A 97:7987,
2000

91

Chapter 7: References
256. Chambenoit O, Hamon Y, Marguet D, Rigneault H, Rosseneu M, Chimini G: Specific docking of
apolipoprotein A-I at the cell surface requires a functional ABCA1 transporter. J Biol Chem 276:9955,
2001
257. Tomlinson S: Complement defense mechanisms. Curr Opin Immunol 5:83, 1993
258. Mevorach D, Mascarenhas JO, Gershov D, Elkon KB: Complement-dependent clearance of apoptotic cells
by human macrophages. J Exp Med 188:2313, 1998
259. Korb LC, Ahearn JM: C1q binds directly and specifically to surface blebs of apoptotic human
keratinocytes: complement deficiency and systemic lupus erythematosus revisited. J Immunol 158:4525,
1997
260. Taylor PR, Carugati A, Fadok VA, Cook HT, Andrews M, Carroll MC, Savill JS, Henson PM, Botto M,
Walport MJ: A hierarchical role for classical pathway complement proteins in the clearance of apoptotic
cells in vivo. J Exp Med 192:359, 2000
261. Tenner AJ: Membrane receptors for soluble defense collagens. Curr Opin Immunol 11:34, 1999
262. Schagat TL, Wofford JA, Wright JR: Surfactant protein A enhances alveolar macrophage phagocytosis of
apoptotic neutrophils. J Immunol 166:2727, 2001
263. Sim RB, Moestrup SK, Stuart GR, Lynch NJ, Lu J, Schwaeble WJ, Malhotra R: Interaction of C1q and the
collectins with the potential receptors calreticulin (cC1qR/collectin receptor) and megalin. Immunobiology
199:208, 1998
264. Ogden CA, deCathelineau A, Hoffmann PR, Bratton D, Ghebrehiwet B, Fadok VA, Henson PM: C1q and
Mannose Binding Lectin Engagement of Cell Surface Calreticulin and CD91 Initiates Macropinocytosis
and Uptake of Apoptotic Cells. J. Exp. Med. 194:781, 2001
265. Daeron M: Fc receptor biology. Annu Rev Immunol 15:203, 1997
266. Cox D, Tseng CC, Bjekic G, Greenberg S: A requirement for phosphatidylinositol 3-kinase in pseudopod
extension. J Biol Chem 274:1240, 1999
267. Allen WE, Jones GE, Pollard JW, Ridley AJ: Rho, Rac and Cdc42 regulate actin organization and cell
adhesion in macrophages. J Cell Sci 110:707, 1997
268. Chimini G, Chavrier P: Function of Rho family proteins in actin dynamics during phagocytosis and
engulfment. Nat Cell Biol 2:E191, 2000
269. Kaplan G: Differences in the mode of phagocytosis with Fc and C3 receptors in macrophages. Scand J
Immunol 6:797, 1977
270. Manfredi AA, Rovere P, Galati G, Heltai S, Bozzolo E, Soldini L, Davoust J, Balestrieri G, Tincani A,
Sabbadini MG: Apoptotic cell clearance in systemic lupus erythematosus. I. Opsonization by
antiphospholipid antibodies. Arthritis Rheum 41:205, 1998
271. Voll RE, Herrmann M, Roth EA, Stach C, Kalden JR, Girkontaite I: Immunosuppressive effects of
apoptotic cells. Nature 390:350, 1997
272. Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson PM: Macrophages that have ingested
apoptotic cells in vitro inhibit proinflammatory cytokine production through autocrine/paracrine
mechanisms involving TGF-beta, PGE2, and PAF. J Clin Invest 101:890, 1998
273. Fadok VA, Bratton DL, Guthrie L, Henson PM: Differential effects of apoptotic versus lysed cells on
macrophage production of cytokines: role of proteases. J Immunol 166:6847, 2001
274. McDonald PP, Fadok VA, Bratton D, Henson PM: Transcriptional and Translational Regulation of
Inflammatory Mediator Production by Endogenous TGF-beta in Macrophages That Have Ingested
Apoptotic Cells. J Immunol 163:6164, 1999
275. Freire-de-Lima CG, Nascimento DO, Soares MB, Bozza PT, Castro-Faria-Neto HC, de Mello FG,
DosReis GA, Lopes MF: Uptake of apoptotic cells drives the growth of a pathogenic trypanosome in
macrophages [published erratum appears in Nature 2000 Apr 20;404(6780):904]. Nature 403:199, 2000
276. Hentze H, Schwoebel F, Lund S, Kehl M, Ertel W, Wendel A, Jaattela M, Leist M: In vivo and in vitro
evidence for extracellular caspase activity released from apoptotic cells. Biochem Biophys Res Commun
283:1111, 2001

92

Chapter 7: References
277. Jahr S, Hentze H, Englisch S, Hardt D, Fackelmayer FO, Hesch RD, Knippers R: DNA fragments in the
blood plasma of cancer patients: quantitations and evidence for their origin from apoptotic and necrotic
cells. Cancer Res 61:1659, 2001
278. Renz A, Berdel WE, Kreuter M, Belka C, Schulze-Osthoff K, Los M: Rapid extracellular release of
cytochrome c is specific for apoptosis and marks cell death in vivo. Blood 98:1542, 2001
279. Liu Y, Cousin JM, Hughes J, Van Damme J, Seckl JR, Haslett C, Dransfield I, Savill J, Rossi AG:
Glucocorticoids promote nonphlogistic phagocytosis of apoptotic leukocytes. J Immunol 162:3639, 1999
280. Godson C, Mitchell S, Harvey K, Petasis NA, Hogg N, Brady HR: Cutting edge: lipoxins rapidly stimulate
nonphlogistic phagocytosis of apoptotic neutrophils by monocyte-derived macrophages. J Immunol
164:1663, 2000
281. Casciola-Rosen LA, Anhalt G, Rosen A: Autoantigens targeted in systemic lupus erythematosus are
clustered in two populations of surface structures on apoptotic keratinocytes. J Exp Med 179:1317, 1994
282. Scott RS, McMahon EJ, Pop SM, Reap EA, Caricchio R, Cohen PL, Earp HS, Matsushima GK:
Phagocytosis and clearance of apoptotic cells is mediated by MER. Nature 411:207, 2001
283. Botto M: C1q knock-out mice for the study of complement deficiency in autoimmune disease. Exp Clin
Immunogenet 15:231, 1998
284. Stach CM, Turnay X, Voll RE, Kern PM, Kolowos W, Beyer TD, Kalden JR, Herrmann M: Treatment
with annexin V increases immunogenicity of apoptotic human T- cells in Balb/c mice. Cell Death Differ
7:911, 2000
285. Steinman RM, Turley S, Mellman I, Inaba K: The induction of tolerance by dendritic cells that have
captured apoptotic cells [comment]. J Exp Med 191:411, 2000
286. Henry F, Boisteau O, Bretaudeau L, Lieubeau B, Meflah K, Gregoire M: Antigen-presenting cells that
phagocytose apoptotic tumor-derived cells are potent tumor vaccines. Cancer Res 59:3329, 1999
287. Henry F, Bretaudeau L, Barbieux I, Meflah K, Gregoire M: Induction of antigen presentation by
macrophages after phagocytosis of tumour apoptotic cells. Res Immunol 149:673, 1998
288. Mishra NC: Gene transfer in fungi. Adv Genet 23:73, 1985
289. Koonin EV, Makarova KS, Aravind L: Horizontal gene transfer in prokaryotes: quantification and
classification. Annu Rev Microbiol 55:709, 2001
290. Darji A, Guzman CA, Gerstel B, Wachholz P, Timmis KN, Wehland J, Chakraborty T, Weiss S: Oral
somatic transgene vaccination using attenuated S. typhimurium. Cell 91:765, 1997
291. Holmgren L, Szeles A, Rajnavolgyi E, Folkman J, Klein G, Ernberg I, Falk KI: Horizontal transfer of
DNA by the uptake of apoptotic bodies. Blood 93:3956, 1999
292. Bergsmedh A, Szeles A, Henriksson M, Bratt A, Folkman MJ, Spetz AL, Holmgren L: Horizontal transfer
of oncogenes by uptake of apoptotic bodies. Proc Natl Acad Sci U S A 98:6407, 2001
293. Koide J, Takada K, Sugiura M, Sekine H, Ito T, Saito K, Mori S, Takeuchi T, Uchida S, Abe T:
Spontaneous establishment of an Epstein-Barr virus-infected fibroblast line from the synovial tissue of a
rheumatoid arthritis patient. J Virol 71:2478, 1997
294. Harabuchi Y, Yamanaka N, Kataura A, Imai S, Kinoshita T, Mizuno F, Osato T: Epstein-Barr virus in
nasal T-cell lymphomas in patients with lethal midline granuloma. Lancet 335:128, 1990
295. Shibata D, Weiss LM: Epstein-Barr virus-associated gastric adenocarcinoma. Am J Pathol 140:769, 1992
296. Spetz AL, Patterson BK, Lore K, Andersson J, Holmgren L: Functional gene transfer of HIV DNA by an
HIV receptor-independent mechanism. J Immunol 163:736, 1999
297. Nakamura M, Yagi H, Kayaba S, Ishii T, Ohtsu S, Gotoh T, Itoh T: Most thymocytes die in the absence of
DNA fragmentation. Arch Histol Cytol 58:249, 1995
298. Ishii T, Nakamura M, Yagi H, Soga H, Kayaba S, Gotoh T, Satomi S, Itoh T: Glucocorticoid-induced
thymocyte death in the murine thymus: the effect at later stages. Arch Histol Cytol 60:65, 1997
299. Nakamura M, Yagi H, Ishii T, Kayaba S, Soga H, Gotoh T, Ohtsu S, Ogata M, Itoh T: DNA fragmentation
is not the primary event in glucocorticoid-induced thymocyte death in vivo. Eur J Immunol 27:999, 1997

93

Chapter 7: References
300. Reddien PW, Cameron S, Horvitz HR: Phagocytosis promotes programmed cell death in C. elegans.
Nature 412:198, 2001
301. Hoeppner DJ, Hengartner MO, Schnabel R: Engulfment genes cooperate with ced-3 to promote cell death
in Caenorhabditis elegans. Nature 412:202, 2001
302. Lang RA, Bishop JM: Macrophages are required for cell death and tissue remodeling in the developing
mouse eye. Cell 74:453, 1993
303. Brown SB, Savill J: Phagocytosis triggers macrophage release of Fas ligand and induces apoptosis of
bystander leukocytes. J Immunol 162:480, 1999
304. Keller R, Keist R, Wechsler A, Leist TP, van der Meide PH: Mechanisms of macrophage-mediated tumor
cell killing: a comparative analysis of the roles of reactive nitrogen intermediates and tumor necrosis
factor. Int J Cancer 46:682, 1990
305. Griffith TS, Wiley SR, Kubin MZ, Sedger LM, Maliszewski CR, Fanger NA: Monocyte-mediated
tumoricidal activity via the tumor necrosis factor- related cytokine, TRAIL. J Exp Med 189:1343, 1999
306. Chautan M, Chazal G, Cecconi F, Gruss P, Golstein P: Interdigital cell death can occur through a necrotic
and caspase- independent pathway [In Process Citation]. Curr Biol 9:967, 1999
307. Bohlinger I, Leist M, Gantner F, Angermuller S, Tiegs G, Wendel A: DNA fragmentation in mouse organs
during endotoxic shock. Am J Pathol 149:1381, 1996
308. Sauter B, Albert ML, Francisco L, Larsson M, Somersan S, Bhardwaj N: Consequences of cell death:
exposure to necrotic tumor cells, but not primary tissue cells or apoptotic cells, induces the maturation of
immunostimulatory dendritic cells [see comments]. J Exp Med 191:423, 2000
309. Reiter I, Krammer B, Schwamberger G: Cutting edge: differential effect of apoptotic versus necrotic tumor
cells on macrophage antitumor activities. J Immunol 163:1730, 1999
310. Gantner F, Kupferschmidt R, Schudt C, Wendel A, Hatzelmann A: In vitro differentiation of human
monocytes to macrophages: change of PDE profile and its relationship to suppression of tumour necrosis
factor-alpha release by PDE inhibitors. Br J Pharmacol 121:221, 1997
311. Wood C, Kabat EA, Murphy LA, Goldstein IJ: Immunochemical studies of the combining sites of the two
isolectins, A4 and B4, isolated from Bandeiraea simplicifolia. Arch Biochem Biophys 198:1, 1979
312. Holthofer H, Virtanen I, Tornroth T, Miettinen A: Lectins as markers for cells infiltrating human renal
glomeruli. Virchows Arch B Cell Pathol Incl Mol Pathol 46:119, 1984
313. Leist M, Fava E, Montecucco C, Nicotera P: Peroxynitrite and nitric oxide donors induce neuronal
apoptosis by eliciting autocrine excitotoxicity. Eur J Neurosci 9:1488, 1997
314. Schousboe A, Meier E, Drejer J, Hertz L: Preparation of primary cultures of mouse (rat) cerebellar granule
cells., in A Shahar JdV, A Vernadakis, B Haber (ed): A Dissection and Tissue Culture Manual of the
Nervous System. New York, Alan R. Liss, 1989, p 203
315. Leist M, Volbracht C, Kuhnle S, Fava E, Ferrando-May E, Nicotera P: Caspase-mediated apoptosis in
neuronal excitotoxicity triggered by nitric oxide. Mol Med 3:750, 1997
316. Leist M, Volbracht C, Fava E, Nicotera P: 1-Methyl-4-phenylpyridinium induces autocrine excitotoxicity,
protease activation, and neuronal apoptosis. Mol Pharmacol 54:789, 1998
317. Martin S, Reutelingsperger C, Green D: Quantification of annexin V binding to apoptotic cells by flow
cytometry, in TG Cotter SM (ed): Techniqes in Apoptosis. London, Portland Press, 1996, p pp 112
318. Single B, Leist M, Nicotera P: Simultaneous release of adenylate kinase and cytochrome c in cell death
[letter]. Cell Death Differ 5:1001, 1998
319. Thornberry NA: Interleukin-1 beta converting enzyme. Methods Enzymol 244:615, 1994
320. Leist M, Single B, Kunstle G, Volbracht C, Hentze H, Nicotera P: Apoptosis in the absence of poly-(ADPribose) polymerase. Biochem Biophys Res Commun 233:518, 1997
321. Strutz J, Spatz WB, Schmidt CL, Sturmer C: Origin of centrifugal fibers to the labyrinth in the frog (Rana
esculenta). A study with the fluorescent retrograde neuronal tracer 'Fast blue'. Brain Res 215:323, 1981
322. Rosina A: Rapid anterograde movement of the fluorescent tracer Fast Blue: a new method for tracing
central connections. Neurosci Lett 33:217, 1982

94

Chapter 7: References
323. Ferrari D, Stepczynska A, Los M, Wesselborg S, Schulze-Osthoff K: Differential regulation and ATP
requirement for caspase-8 and caspase-3 activation during CD95- and anticancer drug-induced apoptosis. J
Exp Med 188:979, 1998
324. Lemaire C, Andreau K, Souvannavong V, Adam A: Inhibition of caspase activity induces a switch from
apoptosis to necrosis. FEBS Lett 425:266, 1998
325. Volbracht C, Leist M, Nicotera P: ATP controls neuronal apoptosis triggered by microtubule breakdown or
potassium deprivation. Mol Med 5:477, 1999
326. Naito M, Nagashima K, Mashima T, Tsuruo T: Phosphatidylserine externalization is a downstream event
of interleukin- 1 beta-converting enzyme family protease activation during apoptosis. Blood 89:2060, 1997
327. Leist M, Nicotera P: Apoptosis, excitotoxicity, and neuropathology. Exp Cell Res 239:183, 1998
328. Krahling S, Callahan MK, Williamson P, Schlegel RA: Exposure of phosphatidylserine is a general feature
in the phagocytosis of apoptotic lymphocytes by macrophages. Cell Death Differ 6:183, 1999
329. Adayev T, Estephan R, Meserole S, Mazza B, Yurkow EJ, Banerjee P: Externalization of
phosphatidylserine may not be an early signal of apoptosis in neuronal cells, but only the
phosphatidylserine-displaying apoptotic cells are phagocytosed by microglia [published erratum appears in
J Neurochem 1999 Feb;72(2):886]. J Neurochem 71:1854, 1998
330. Borner C, Monney L: Apoptosis without caspases: an inefficient molecular guillotine? Cell Death Differ
6:497, 1999
331. Vercammen D, Beyaert R, Denecker G, Goossens V, Van Loo G, Declercq W, Grooten J, Fiers W,
Vandenabeele P: Inhibition of caspases increases the sensitivity of L929 cells to necrosis mediated by
tumor necrosis factor. J Exp Med 187:1477, 1998
332. Wiegand UK, Corbach S, Prescott AR, Savill J, Spruce BA: The trigger to cell death determines the
efficiency with which dying cells are cleared by neighbours. Cell Death Differ 8:734, 2001
333. Waring P, Lambert D, Sjaarda A, Hurne A, Beaver J: Increased cell surface exposure of
phosphatidylserine on propidium iodide negative thymocytes undergoing death by necrosis. Cell Death
Differ 6:624, 1999
334. Bonneau MJ, Poulin R: Spermine oxidation leads to necrosis with plasma membrane phosphatidylserine
redistribution in mouse leukemia cells. Exp Cell Res 259:23, 2000
335. Cocco RE, Ucker DS: Distinct modes of macrophage recognition for apoptotic and necrotic cells are not
specified exclusively by phosphatidylserine exposure. Mol Biol Cell 12:919, 2001
336. Becq F, Hamon Y, Bajetto A, Gola M, Verrier B, Chimini G: ABC1, an ATP binding cassette transporter
required for phagocytosis of apoptotic cells, generates a regulated anion flux after expression in Xenopus
laevis oocytes. J Biol Chem 272:2695, 1997
337. Pradhan D, Krahling S, Williamson P, Schlegel RA: Multiple systems for recognition of apoptotic
lymphocytes by macrophages. Mol Biol Cell 8:767, 1997
338. Fadok VA: Clearance: the last and often forgotten stage of apoptosis. J Mammary Gland Biol Neoplasia
4:203, 1999
339. Ankarcrona M, Dypbukt JM, Bonfoco E, Zhivotovsky B, Orrenius S, Lipton SA, Nicotera P: Glutamateinduced neuronal death: a succession of necrosis or apoptosis depending on mitochondrial function.
Neuron 15:961, 1995
340. Gorman A, McCarthy J, Finucane D, Reville W, Cotter T: Morphological assessment of apoptosis, in
Cotter T, Martin S (eds): Techniques in apoptosis. London, Portland Press Ltd, London, 1994, p pp 1
341. Nicotera P, Leist M: Energy supply and the shape of death in neurons and lymphoid cells. Cell Death
Differ 4:429, 1997
342. Haslett C: Resolution of acute inflammation and the role of apoptosis in the tissue fate of granulocytes
[editorial]. Clin Sci (Colch) 83:639, 1992
343. Hart SP, Haslett C, Dransfield I: Recognition of apoptotic cells by phagocytes. Experientia 52:950, 1996
344. Ren Y, Savill J: Apoptosis: the importance of being eaten. Cell Death Differ 5:563, 1998

95

Chapter 7: References
345. Bennett MR, Gibson DF, Schwartz SM, Tait JF: Binding and phagocytosis of apoptotic vascular smooth
muscle cells is mediated in part by exposure of phosphatidylserine. Circ Res 77:1136, 1995
346. Schlegel RA, Krahling S, Callahan MK, Williamson P: CD14 is a component of multiple recognition
systems used by macrophages to phagocytose apoptotic lymphocytes. Cell Death Differ 6:583, 1999
347. Shiratsuchi A, Nakanishi Y: Phosphatidylserine-mediated phagocytosis of anticancer drug-treated cells by
macrophages. J Biochem (Tokyo) 126:1101, 1999
348. Hampton MB, Vanags DM, Porn-Ares MI, Orrenius S: Involvement of extracellular calcium in
phosphatidylserine exposure during apoptosis. FEBS Lett 399:277, 1996
349. Martinez MC, Martin S, Toti F, Fressinaud E, Dachary-Prigent J, Meyer D, Freyssinet JM: Significance of
capacitative Ca2+ entry in the regulation of phosphatidylserine expression at the surface of stimulated
cells. Biochemistry 38:10092, 1999
350. Leist M, Nicotera P: Calcium and neuronal death. Rev Physiol Biochem Pharmacol 132:79, 1998
351. Orrenius S, McConkey DJ, Bellomo G, Nicotera P: Role of Ca2+ in toxic cell killing. Trends Pharmacol
Sci 10:281, 1989
352. Choi DW: Calcium: still center-stage in hypoxic-ischemic neuronal death. Trends Neurosci 18:58, 1995
353. Iseki R, Mukai M, Iwata M: Regulation of T lymphocyte apoptosis. Signals for the antagonism between
activation- and glucocorticoid-induced death. J Immunol 147:4286, 1991
354. Zhao Y, Tozawa Y, Iseki R, Mukai M, Iwata M: Calcineurin activation protects T cells from
glucocorticoid-induced apoptosis. J Immunol 154:6346, 1995
355. Gupta A, Sharma VK, Vohra H, Ganguly NK: Inhibition of apoptosis by ionomycin and zinc in peripheral
blood mononuclear cells (PBMC) of leprosy patients. Clin Exp Immunol 117:56, 1999
356. Reyland ME, Anderson SM, Matassa AA, Barzen KA, Quissell DO: Protein kinase C delta is essential for
etoposide-induced apoptosis in salivary gland acinar cells. J Biol Chem 274:19115, 1999
357. Denning MF, Wang Y, Nickoloff BJ, Wrone-Smith T: Protein kinase Cdelta is activated by caspasedependent proteolysis during ultraviolet radiation-induced apoptosis of human keratinocytes. J Biol Chem
273:29995, 1998
358. Ghayur T, Hugunin M, Talanian RV, Ratnofsky S, Quinlan C, Emoto Y, Pandey P, Datta R, Huang Y,
Kharbanda S, Allen H, Kamen R, Wong W, Kufe D: Proteolytic activation of protein kinase C delta by an
ICE/CED 3-like protease induces characteristics of apoptosis. J Exp Med 184:2399, 1996
359. Emoto Y, Manome Y, Meinhardt G, Kisaki H, Kharbanda S, Robertson M, Ghayur T, Wong WW, Kamen
R, Weichselbaum R, et al.: Proteolytic activation of protein kinase C delta by an ICE-like protease in
apoptotic cells. Embo J 14:6148, 1995
360. Khwaja A, Tatton L: Caspase-mediated proteolysis and activation of protein kinase Cdelta plays a central
role in neutrophil apoptosis. Blood 94:291, 1999
361. Bevers EM, Comfurius P, Dekkers DW, Zwaal RF: Lipid translocation across the plasma membrane of
mammalian cells. Biochim Biophys Acta 1439:317, 1999
362. Nicotera P, Leist M, Fava E, Berliocchi L, Volbracht C: Energy requirement for caspase activation and
neuronal cell death. Brain Pathol 10:276, 2000
363. Yuan J, Shaham S, Ledoux S, Ellis HM, Horvitz HR: The C. elegans cell death gene ced-3 encodes a
protein similar to mammalian interleukin-1 beta-converting enzyme. Cell 75:641, 1993
364. Derry WB, Putzke AP, Rothman JH: C. elegans p53: Role in Apoptosis, Meiosis, and Stress Resistance.
Science 13:13, 2001
365. Xu K, Tavernarakis N, Driscoll M: Necrotic Cell Death in C. elegans Requires the Function of Calreticulin
and Regulators of Ca(2+) Release from the Endoplasmic Reticulum. Neuron 31:957, 2001
366. Ren Y, Stuart L, Lindberg FP, Rosenkranz AR, Chen Y, Mayadas TN, Savill J: Nonphlogistic clearance of
late apoptotic neutrophils by macrophages: efficient phagocytosis independent of beta(2) integrins. J
Immunol 166:4743, 2001
367. Geske FJ, Nelson AC, Lieberman R, Strange R, Sun T, Gerschenson LE: DNA repair is activated in early
stages of p53-induced apoptosis. Cell Death Differ 7:393, 2000

96

Chapter 7: References
368. Green D, Kroemer G: The central executioners of apoptosis: caspases or mitochondria? Trends Cell Biol
8:267, 1998
369. Strasser A, Newton K: FADD/MORT1, a signal transducer that can promote cell death or cell growth. Int J
Biochem Cell Biol 31:533, 1999
370. Zeuner A, Ricci-Vitiani L, Conticello C, De Maria R: Death in 2000 ways. Cell Death Differ 7:1140, 2000
371. Baker AJ, Mooney A, Hughes J, Lombardi D, Johnson RJ, Savill J: Mesangial cell apoptosis: the major
mechanism for resolution of glomerular hypercellularity in experimental mesangial proliferative nephritis.
J Clin Invest 94:2105, 1994
372. Rosen A, Casciola-Rosen L: Autoantigens as substrates for apoptotic proteases: implications for the
pathogenesis of systemic autoimmune disease. Cell Death Differ 6:6, 1999
373. Shacter E, Williams JA, Hinson RM, Senturker S, Lee YJ: Oxidative stress interferes with cancer
chemotherapy: inhibition of lymphoma cell apoptosis and phagocytosis. Blood 96:307, 2000
374. Tzima E, Trotter PJ, Orchard MA, Walker JH: Annexin V binds to the actin-based cytoskeleton at the
plasma membrane of activated platelets. Exp Cell Res 251:185, 1999
375. Guzhova IV, Arnholdt AC, Darieva ZA, Kinev AV, Lasunskaia EB, Nilsson K, Bozhkov VM, Voronin
AP, Margulis BA: Effects of exogenous stress protein 70 on the functional properties of human
promonocytes through binding to cell surface and internalization. Cell Stress Chaperones 3:67, 1998
376. Asea A, Kraeft SK, Kurt-Jones EA, Stevenson MA, Chen LB, Finberg RW, Koo GC, Calderwood SK:
HSP70 stimulates cytokine production through a CD14-dependant pathway, demonstrating its dual role as
a chaperone and cytokine. Nat Med 6:435, 2000

97

