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Abstract Tissue homeostasis in metazoa requires the

rapid and efficient clearance of dying cells by professional

or semi-professional phagocytes. Impairment of this finely

regulated, fundamental process has been implicated in the

development of autoimmune diseases, such as systemic

lupus erythematosus. Various studies have provided us a

detailed understanding of the interaction between dying

cells and phagocytes as well as the current concept that

apoptotic cell removal leads to a non- or anti-inflammatory

response, whereas necrotic cell removal stimulates a pro-

inflammatory reaction. In contrast, our knowledge about

the soluble factors released from dying cells is rather

limited, although meanwhile it is generally accepted that

not only the dying cell itself but also the substances lib-

erated during cell death contribute to the process of corpse

clearance and the subsequent immune response. This

review article is intended as an up-to-date survey over

attraction and danger signals of apoptotic, primary and

secondary necrotic cells, their function as chemoattractants

in phagocyte recruitment, additional effects on the immune

system, and the receptors, which are engaged in this

scenario.
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Abbreviations

ADAM 17 A disintegrin and metalloproteinase 17

APC Antigen presenting cell

C5a Complement protein 5a

CARD Caspase recruitment domain

CLEVER-1 Common lymphatic endothelial and vascular

endothelial receptor 1

COX-2 Cyclooxygenase-2

DAMP Damage associated molecular pattern

DC Dendritic cell

dRP S19 Dimer of ribosomal protein S19

ELC EBV-induced molecule 1 ligand chemokine

EMAP II Endothelial monocyte-activating

polypeptide II

FcRc Receptor for Fc region of IgG

fMLP N-Formylmethionyl-leucyl-phenylalanine

GP96 Glycoprotein 96

GPCR G protein coupled receptor

HBD Heparin binding domain

HDGF Hepatocyte derived growth factor

HMGB-1 High mobility group box 1 protein

HSP Heat shock protein

ICAM Intercellular adhesion molecule

iDC Immature dendritic cell

IFN Interferon

IL Interleukin

IP-10 Inducible protein of 10 kDa

iPLA2 Calcium-independent phospholipse A2

IRAK Interleukin-1 receptor-associated kinase

KC Keratinocyte chemoattractant
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Ku Ku autoantigen

LOX-1 Lectin-like oxidized low-density lipoprotein

receptor

LPC Lysophosphatidylcholine

LPS Lipopolysaccharide

LTB4 Leukotrien B4

LTF Lactoferrin

MAPK Mitogen-activated protein kinase

MCP Monocyte chemotactic protein

MDC Macrophage-derived chemokine

MFG-E8 Milk-fat globule EGF-factor 8

Mincle Macrophage-inducible C-type lectin

MIP Macrophage inflammatory protein

MSU Monosodium urate

MyD88 Myeloid differentiation primary response

gene 88

NALP3 NACHT domain- leucine-rich repeat- and

PYD-containing protein 3

NF-jB Nuclear factor kappa-light-chain-enhancer

of activated B cells

NK cell Natural killer cell

NOS NO synthase

OVA Ovalbumin

P2X Purinergic receptor X

P2Y Purinergic receptor Y

PARP poly Poly (ADP-ribose) polymerase

PBMC Peripheral blood mononuclear cell

PGE2 Prostaglandin E2

RAGE Receptor for advanced glycation end

products

RANTES Regulated upon activation, normal T-cell

expressed and secreted

RNP Ribonucleoprotein

S1P Sphingosin-1-phosphate

SAP130 Spliceosome-associated polypeptide of

130 kDa

SDF-1 Stromal cell-derived factor-1

SLE Systemic lupus erythematosus

SphK Sphingosin kinase

SR-A Scavenger receptor A

SREC-1 Scavenger receptor class F member 1

SSA/Ro Sjoegren syndrome antigen A/autoantigen Ro

SSB/La Sjoegren syndrome antigen B/autoantigen La

TGase 2 Transglutaminase 2

TGF-b Transforming growth factor b
TIR Toll/IL-1 receptor domain

TLR Toll-like receptor

TNF Tumor necrosis factor

TSP-1 Thrombospondin-1

TyrRS Tyrosyl tRNA synthetase

U1-70 kd 70 kDa polypeptide of U1 small nuclear

RNP

UA Uric acid

VCAM Vascular cell adhesion molecule

Introduction

Controlled cell death comprises a vital element for the

maintenance of tissue homeostasis in metazoa. Cells die by

apoptosis and the body has to deal with billions of corpses

during daily cell turnover and tissue renewal. The disposal of

the apoptotic remains is fundamentally important, since

otherwise apoptotic cells tend to become secondary necrotic,

release intracellular contents, and instigate inflammation and

autoimmunity [1, 2]. Although considered non-physiologi-

cal, necrosis produces dead cells as well. The elimination of

necrotic cells represents an even greater challenge for the

phagocytic apparatus, since due to their leaky plasmamem-

brane not only the corpses but also the accidentally liberated

intracellular constituents have to be removed. To this end, in

multicellular organisms apoptotic and necrotic cells are

rapidly engulfed either by phagocytosis-competent neigh-

boring cells or by professional phagocytes [3]. But how do

phagocytes reach their prey in time, since usually they are not

located directly next to the dying cell? One solution would be

that the dying cell secretes soluble mediators, which attract

the scavengers. Particularly in the supernatants of apoptotic

cells diverse attraction or ‘find-me’ signals have been iden-

tified. The chemoattractants produced by apoptotic cells do

not only recruit macrophages to the site of cell death, they

also modulate their activation and differentiation and

thereby can influence the consecutive immune response. The

effects on phagocyte activation and the subsequent immune

response are especially well studied for soluble factors

released by primary necrotic cells. However, the process of

phagocyte recruitment here is poorly understood. Even less

is known about the factors released by secondary necrotic

cells. So far it remains elusive if the milieu created around a

secondary necrotic cell is an additive mixture of factors

released during the apoptotic and the post-apoptotic state or

if additional factors are liberated and non-additive effects

can be observed.

This review article addresses the soluble attraction and/

or danger signals secreted by dying (apoptotic) and dead

(primary and secondary necrotic) cells as well as the

phagocyte’s sensing and response mechanisms.

‘Find-me’ signals of apoptotic cells

‘Find-me’ signals released from apoptotic cells play a

critical role in their timely removal. In the following we

will discuss the different attraction signals, which have
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been described in the context of apoptotic cell removal

(Fig. 1).

Dimer of ribosomal protein S19 (dRP S19)

The covalent dimer of ribosomal protein S19 (dRP S19)

was the first attraction signal of apoptotic cells to be

identified [4]. Originally characterized as a part of the

small subunit of ribosomes, RP S19 was later described as

the essential monocyte chemoattractant in synovial

extracts of patients with rheumatoid arthritis [5]. When

apoptotic HL-60 cells, which release a cross-linked dimer

of RP S19 (dRP S19), were injected intradermally into

guinea pigs, a strong monocyte/macrophage infiltration

was observed resulting in a rapid phagocytosis of the

apoptotic cells [4]. The authors hypothesized that trans-

glutaminase 2 was responsible for covalent dimerization

of RP S19. Intriguingly, only the dimer (dRP S19) exerted

the specific chemoattractant effect on monocytes and

macrophages [6, 7]. The use of neutralizing antibodies and

receptor antagonists identified the G-protein coupled

receptor (GPCR) CD88 as the crucial receptor in dRP S19

stimulated chemotaxis [8].

Additionally, dRP S19 exerted mitigating effects on

macrophages and neutrophils [9], thus, contributing to the

anti-inflammatory character of apoptotic cell clearance.

However, further studies have to clarify, how dRP S19 is

secreted and whether the secretion is independent of the

cell type as well as the apoptotic stimulus employed.

Endothelial monocyte-activating polypeptide II

(EMAP II)

Another apoptotic cell-derived attraction signal is the

endothelial monocyte-activating polypeptide II (EMAP II)

[10]. EMAP II was purified from the supernatant of murine

fibrosarcoma cells on the basis of its ability to induce tissue

factor expression on endothelial cells [11]. Later it became

obvious that it acts as an in vitro chemoattractant for

neutrophils and monocytes [12]. In their initial study Knies

et al. observed a profound abundance of EMAP II mRNA

at sites of active tissue remodeling during mouse

embryogenesis. The authors spotted an accumulation of F4/

80-positive macrophages adjacent to the EMAP II mRNA

signal in apoptotic cells and hypothesized that EMAP II

was responsible for phagocyte accumulation in vivo [10].

Translation of the EMAP II mRNA results in a precursor

protein (43 kDa), which comparable to pro-IL-1b lacks a

conventional secretion signal and has to be proteolytically

processed in order to mature and release the active 23 kDa
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Fig. 1 Attraction signal synapse between an apoptotic cell and a

target cell. Casp Caspase, EMAP II endothelial monocyte-activating

polypeptide II, FKN fractalkine, G2A G-protein-coupled receptor

G2A, HBD heparin-binding domain, iPLA2b Calcium-independent

phospholipase A2b, LPC lysophosphatidylcholine, LTF lactoferrin,

lBleb micro Bleb, NTP nucleoside triphosphate, P2X purinergic

receptor X, P2Y purinergic receptor Y, PC phosphatidylcholine, RP
S19 ribosomal protein S19, S1P sphingosine-1-phosphate, Sph
sphingosine, TGase 2 transglutaminase 2, TSP-1 thrombospondin-1,

TyrRS tyrosyl tRNA synthetase
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protein. This cleavage occurs at an aspartate residue

(ASTD;) during apoptosis but not necrosis [10] and is

mediated by the executioner caspases-3 and -7 [13]. Pro-

EMAP II p43 today is known to be identical to the p43

subunit of the mammalian tRNA multi-synthetase complex

[14]. Yet, it has to be mentioned, that pro-EMAP II pro-

cessing and release of mature EMAP II p23 have been

observed to be rather late events in the course of apoptosis

occurring several hours after poly (ADP-ribose) polymer-

ase (PARP) cleavage. Unfortunately, it was not examined,

whether mature EMAP II p23 was released from apoptotic

cells with an intact plasmamembrane or rather by second-

ary necrotic cells with compromised membrane integrity.

Since in vivo apoptotic cells are phagocytosed at an early

stage, Behrensdorf et al. [13] suggested that mature EMAP

II p23 serves as a chemoattractant back-up signal at sites of

excessive cell death where the additional recruitment of

mononuclear phagocytes would contribute to the clearance

process. This model also takes into account the formerly

described pro-inflammatory effects of EMAP II p23 (i.e.

myeloperoxidase release in neutrophils and stimulation of

TNF-a production in monocytes [15]), and of pro-EMAP II

p43 (i.e. induction of TNF-a synthesis, ICAM-1 adhesion

molecule and several other cytokines and chemokines

(IL-8, MCP-1, MIP-1a, MIP-1b, MIP-2a, RANTES, and

IL-1b) in THP-1 cells [16]). Taken together, these findings

suggest a function of EMAP II as an attraction and danger

signal of secondary necrosis rather than of early apoptosis.

The only receptor, which has been reported in the con-

text of EMAP II p23-stimulated lymphocyte and endothe-

lial cell migration, is CXCR3 [17]. But it remains to be

clarified, whether CXCR3 is the crucial sensor for EMAP

II p23 in monocyte and granulocyte chemotaxis, since so

far it is mainly known to be engaged in lymphocyte

recruitment [18].

Fragments of human tyrosyl tRNA synthetase (TyrRS)

An additional ‘unusual’ chemokine, which similar to

EMAP II is released during apoptosis and which in healthy

cells also plays a role in aminoacylation of tRNAs, is

human tyrosyl tRNA synthetase (TyrRS) [19]. Under

apoptotic conditions TyrRS has been observed to be

released into the culture supernatant of U937 cells that still

have retained an intact plasmamembrane. Once secreted,

TyrRS has to be proteolytically processed in order to

function as a chemokine. Wakasugi and Schimmel [19]

identified human neutrophil elastase as one putative

extracellular protease capable of cleaving TyrRS in vitro

into an N-terminal (mini TyrRS) and a C-terminal frag-

ment. This cleavage was an absolute prerequisite for the

function as attraction signal, since only the fragments but

not the full length TyrRS exhibited the chemokine activity.

Mini TyrRS comprising a conserved ELR motif, which

precedes the first cysteine residue at the N-terminus, acts

as chemoattractant only for granulocytes, whereas the

C-terminal domain sharing 51% of sequence identity to

mature EMAP II stimulates migration of granulocytes and

mononuclear phagocytes. By in vitro competition binding

assays CXCR1 was identified as the receptor mediating

mini TyrRS-induced chemotaxis. The phagocyte sensor

responsible for monocyte and neutrophil migration to the

EMAP II-like C-terminal domain so far remains elusive.

Beyond its chemoattractant function the C-terminal

fragment of TyrRS has been shown to induce the produc-

tion of TNF-a and tissue factor in mononuclear phagocytes

and to instigate myeloperoxidase release by granulocytes

[19]. Thus, it can be concluded that the chemokine prop-

erties of cleaved TyrRS appropriately fit into the hypoth-

esis that apoptotic cells release ‘find-me’ signals in order to

trigger their timely and efficient removal; yet the pro-

inflammatory effects of the EMAP II-like C-terminal

domain are not in accordance with the concept that apop-

totic cell clearance generally is anti-inflammatory. Future

studies should address this conflict and clarify which

phagocyte receptor is the sensor for the EMAP II-like

C-terminal domain of TyrRS.

Thrombospondin 1 (TSP-1) and its heparin-binding

domain (HBD)

The homotrimetric matricellular glycoprotein Thrombo-

spondin 1 (TSP-1) and its 26 kDa fragment comprising the

N-terminal heparin-binding domain (HBD) are further

proteinaceous factors, whose production and release during

apoptosis have been reported [20]. TSP-1 previously

had been shown to modulate a number of cellular pro-

cesses, including migration, proliferation and angiogenesis

[21].Yet, Krispin et al. [20] were the first to report that

mRNA as well as protein synthesis of TSP-1 and its sub-

sequent release are actively induced in apoptosing periph-

eral monocytes and neutrophils, although a role of TSP-1

as bridging protein in the phagocytic synapse of apoptotic

cell removal had already been acknowledged [22]. Apart

from the full length TSP-1 the free N-terminus comprising

the heparin-binding domain (HBD) was detected in the

culture supernatants of apoptotic peripheral monocytes

[20]. Unfortunately, the authors did neither examine the

destiny of the C-terminal fragment nor the chemotactic

potential of the culture supernatants. This would have been

highly interesting, since the moiety responsible for the

induction of monocyte chemotaxis had previously been

mapped to the 140 kDa C-terminal region [23], whereas

neutrophils had been reported to migrate only in response

to the full length protein or a combination of the N- and the

C-terminal fragments [24]. However, the final proof that

1010 Apoptosis (2010) 15:1007–1028

123



TSP-1 or its fragments released during apoptosis act as

‘find-me’ signals for professional phagocytes is still miss-

ing and the phagocyte sensor(s) involved remain obscure.

Yet, seminal migration data collected with neutralizing

antibodies suggest that the vitronectin receptor (avb3 inte-

grin) might be involved [25].

In addition to its putative role as apoptotic ‘find-me’

signal TSP-1 has been shown to reduce lipopolysaccha-

ride (LPS)-induced upregulation of MHC class II and

CD86 surface expression in iDCs and their T cell acti-

vating capacities [20]. Unfortunately the authors failed to

identify a single phagocyte receptor mediating this toler-

izing effect but rather observed a simultaneous partici-

pation of CD29, CD36, CD47, CD51, and CD91,

respectively [20].

Soluble IL-6 receptor (sIL-6R)

IL-6 trans-signalling, a process known to be an important

regulator of immune responses in the context of innate as

well as acquired immunity, has been reported to play a role

in monocyte recruitment by apoptosing neutrophils. The

basis of IL-6 trans-signalling is the release of soluble IL-6

receptor (sIL-6R), which in turn binds IL-6 to create an

agonistic IL 6/sIL-6R complex. This complex subsequently

interacts with ubiquitously expressed CD130 on the target

cell and, thus, is capable of activating cell types, which due

to a lack of IL-6R expression would otherwise not respond

to IL-6 itself [26]. Chalaris et al. [27] were the first to

observe IL-6R shedding from the surface of apoptosing

neutrophils under participation of the metalloproteinase

ADAM 17.

Importantly, the authors provided evidence for a con-

tribution of IL-6R shedding to the resolution of inflam-

mation. Utilizing a murine carrageenan air pouch model of

acute inflammation they could demonstrate that neutrophil

depletion resulted in reduced local sIL-6R levels and a

concomitant decrease in the number of recruited mononu-

clear cells [27]. Thus, it was concluded that apoptosis-

induced IL-6R shedding from neutrophils promotes IL-6

trans-signalling and regulates the transition from the initial

neutrophil infiltration to a more sustained population of

mononuclear cells, which finally are engaged in the

clearance of apoptotic neutrophils and hence the resolution

of inflammation. Intriguingly, this cascade has been shown

to be nonfunctional in IL6-/- mice and transgenic mice

overexpressing a soluble form of CD130 [28, 29].

Fractalkine (FKN)

Another facette of monocyte attraction by apoptotic cells,

which closely resembles that of ADAM 17-mediated IL-6R

shedding, has been described by Truman et al. [30]. In this

study the authors portrayed the release of membrane-bound

fractalkine by a so far unknown protease in apoptotic

Burkitt lymphoma cells leading to the CX3CR1-dependent

recruitment of macrophages [30]. Intriguingly, fractalkine

so far is the only classical chemokine, which has been

reported to play a ‘find-me’-signal role in the context of

apoptotic cell removal. The CX3CR1-fractalkine receptor–

ligand system seems to be of special importance in the

germinal centers, since significantly fewer macrophages

were observed in the germinal centers of CX3CR1-/- mice

when compared to the wildtype controls. However, despite

the lower macrophage numbers no accumulation of apop-

totic or secondary necrotic corpses was described sug-

gesting that the clearance process was not detectably

compromised. Hence, additional studies are required to

further validate the attraction signal function of fractalkine

in this context- in particular because fractalkine expression

is rather limited to certain cell types, such as B cells and

neurons.

Apart from macrophage recruitment fractalkine can

exert different other (mainly anti-inflammatory) effects.

Thus, CX3CR1 signalling has been reported to suppress

inflammatory neurotoxicity in microglia [31]. Furthermore,

there is evidence for fractalkine modulating the macro-

phages’ capacity to engulf apoptotic prey cells by inducing

the expression of the bridging protein MFG-E8 [32, 33].

Lysophosphatidylcholine (LPC)

In 2003 we identified lysophosphatidylcholine (LPC) as the

first apoptotic cell-derived lipid ‘find-me’ signal being

generated due to the caspase-3 mediated activation of

the calcium-independent, cytosolic phospholipase A2b
(iPLA2b) [34]. LPC had already been described as surface

bound target for natural IgM antibodies [35] and may,

therefore, fulfill a dual role as membrane bound ‘eat-me’

and as soluble ‘find-me’ signal.

Our recent analyses revealed that only LPC but none of

its metabolic derivates or related lysophospholipids

exhibits a chemotaxis-stimulating effect on monocytic cell

lines and that the GPCR G2A is crucially engaged in this

scenario [36]. G2A knock-out mice previously had been

reported to develop the typical autoimmune phenotype of a

late-onset, multi-organ inflammatory syndrome closely

resembling human systemic lupus erythematosus (SLE)

[37], which was already known from mice with other

deficiencies in apoptotic cell recognition [38–40]. This

observation strongly supports the current notion that

defects in apoptotic cell clearance contribute to chronic

inflammation and the onset of autoimmune diseases [1].

Lysophosphatidylcholine has various other immuno-

modulatory effects. Exemplarily, administration of LPC
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induced the expression of the classical monocyte attracting

chemokines MCP-1 and RANTES in human vascular

endothelial cells, thus acting as an amplification loop of

phagocyte recruitment [41]. Treatment with LPC also

enhanced Fc-receptor-mediated phagocytosis [42, 43]. If

this also holds true for Fc-receptor-independent phagocytic

removal of apoptotic cells, remains to be clarified. Thera-

peutic in vivo administration of LPC in a mouse sepsis

model markedly enhanced the clearance of intraperitoneal

bacteria and the bactericidal activity of neutrophils [44].

LPC also significantly suppressed the endotoxin-induced

release of high-mobility group box 1 (HMGB-1) protein

from monocytes and macrophages in endotoxemia and

sepsis [45]. From this it was concluded that LPC confers

protection against lethal sepsis by facilitating the elimina-

tion of the invading pathogens and by inhibiting the

endotoxin-induced release of the pro-inflammatory cyto-

kine HMGB-1.

However, pro-inflammatory effects of LPC have also

been described. Amongst them were stimulation of phos-

pholipase D activity in murine peritoneal macrophages

[46], augmentation of IL-1b-stimulated inducible NO

synthase (iNOS) expression [47], promotion of dendritic

cell (DC) maturation [48], and increase in anti-CD3-stim-

ulated interferon-c (IFN-c) production and CD40 ligand

expression in CD4? T cells [49]. Future studies have to

clarify how these observations fit into the current concept

that the timely clearance of apoptotic cells basically con-

stitutes an anti-inflammatory process.

Sphingosine-1-phosphate (S1P)

Sphingosine-1-phosphate (S1P) has been described as a

second apoptotic lipid attraction signal [50]. This study

revealed a profound increase in sphingosine kinase 1

(SphK1) protein expression with a concomitant enhance-

ment of SphK1 activity and subsequent S1P release into the

culture supernatants of apoptosing Jurkat cells. The latter

(S1P release during apoptosis) had already been observed

by Weigert et al. [51, 52]; however, these authors identified

SphK2 as the crucial S1P generating enzyme. As shown by

Gude et al. [50], purified S1P exhibits a chemotactic effect

on monocytes and macrophages. Unfortunately, the authors

did not demonstrate that S1P derived from apoptotic Jurkat

cells is of crucial importance for the chemotactic activity of

the corresponding culture supernatants. This question could

be resolved by analyses employing S1P degrading enzymes

or other means of S1P depletion. Moreover, it should be

clarified, if S1P release is a general apoptotic phenomenon

or if it is restricted to certain cell types. The receptors

engaged in S1P-stimulated chemotaxis are 5 related

GPCRs termed S1P-R1 to S1P-R5. However, so far no data

is available if one of the S1P-Rs is of special importance,

since mononuclear phagocytes express all of the known

family members [53].

In addition to its effects on monocyte migration S1P

liberated during apoptosis might have other functions.

Thus, it was suggested that S1P derived from apoptotic

tumor cells stimulates macrophage polarization towards a

tumor-associated macrophage phenotype with reduced

capacity to produce pro-inflammatory cytokines, such as

TNF-a and IL-12, and instead enhanced release of

immuno-suppressive mediators, including IL-10 and PGE2

[52, 54]. These studies imply that the liberation of S1P

during apoptosis might contribute to the anti-inflammatory

character of apoptotic cell clearance.

Apoptotic micro-blebs

In 1999, Segundo et al. [55] described an apoptotic cell-

derived attraction signal with undefined molecular char-

acter: apoptotic micro-blebs. The authors observed that

membraneous particles (0.2 lm in size), which are actively

released by apoptotic human germinal center B cells,

exhibit chemoattractive activity on monocytes. After

depletion of the micro-blebs by ultrafiltration or ultracen-

trifugation this chemoattractant activity was almost abro-

gated. Yet, the responsible molecular entity, the range of

action and the phagocyte sensor(s) involved in this context

remain to be resolved.

Nucleotides

In a very recent report Elliot et al. [56] identified the

nucleotides ATP and UTP as a new class of apoptotic cell-

derived attraction signals. The authors reported the caspase-

dependent release of ATP and UTP in an early phase of

apoptosis across an intact plasma membrane resulting in a

selective attraction of monocytes and macrophages. Utiliz-

ing two murine in vivo models they observed a crucial role

of the purinergic P2Y2 receptor in nucleotide-mediated

monocyte/macrophage attraction. However, further studies

are needed to clarify the molecular mechanisms underlying

apoptosis-associated nucleotide secretion and to analyze

the phenotype of the P2Y2 knockout-mouse in terms of

chronic inflammation and autoimmunity. Most importantly,

the apparent discrepancy between ATP’s function in

non-inflammatory apoptotic cell removal and its role as a

classical danger signal in the context of tissue damage,

allergen-induced asthmatic airway inflammation and the T

cell response against tumor cells stimulated to undergo an

immunogenic form of cell death (see the paragraph on ATP

below and [57, 58]) has to be resolved.
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Lactoferrin (LTF)

Amongst the soluble factors being liberated during apop-

tosis, lactoferrin (LTF), a 75–80 kDa transferrin-related,

iron-binding protein constituent of colostrums, saliva, lac-

rimal fluid and neutrophil secondary granules, plays a

special role. Its de novo expression and release during

apoptosis have been observed by Bournazou et al. [59], but

in contrast to the ‘find-me’ signals described above, LTF

exerts the function of a neutrophilic anti-attraction or

‘keep-out’ signal. LTF was reported to profoundly inhibit

neutrophil migration towards different classical chemoat-

tractants, including fMLP, C5a, IL-8 or LTB4, in vitro and

in vivo. Importantly, this inhibition was only to be

observed with polymorphonuclear but not with mononu-

clear phagocytes [59]. In vivo the lack of granulocyte

recruitment to apoptotic zones represents a key feature of

the non-inflammatory apoptosis program, clearly discrim-

inating areas of physiological cell death from sites of

pathological tissue destruction or infection—a finding,

which now can be explained at least in part by the presence

of LTF. The identity of the LTF receptor on neutrophils

remains unknown.

Apart from its neutrophilic ‘keep-out’ signal function,

other LTF-mediated anti-inflammatory effects, including

inhibition of neutrophil activation [59], inhibition of

TNF-a, IL-1, and IL-6 production [60, 61] and stimulation

of IL-10, IL-4 and TGF-b production [62, 63] have been

reported. In conclusion, LTF seems to be a central anti-

inflammatory component of the apoptotic milieu and is the

first neutrophilic ‘keep-out’ signal, which has been iden-

tified. Future studies are required in order to identify other

‘keep-out’ signals and to validate their putative involve-

ment in pathologic disorders, like SLE or rheumatoid

arthritis.

Danger signals of primary necrotic cells

Necrosis is considered as an accidental, uncontrolled type

of cell death. However, recent data describe forms of

necrosis displaying features of a well controlled cell death

occurring not only under pathophysiological conditions but

also physiologically during development (e.g. the death of

chondrocytes controlling the longitudinal growth of bones)

and tissue homeostasis (e.g. the death of intestinal epithe-

lial cells) [64–67]. In contrast to apoptosis necrosis gen-

erally is considered to be associated with inflammation,

although there are scattered reports describing conflicting

observations—particularly when the dying cells are
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separated from their soluble releases [68, 69]. Potentially

cytotoxic and autoantigenic intracellular components get

exposed and act as endogenous danger signals or damage

associated molecular patterns (DAMPs) that ‘inform’ the

immune system about the tissue damage [70, 71]. During

necrosis most of the intracellular content is released,

however, only a handful of molecules have been identified

to elicit necrosis-induced immune signalling (Fig. 2).

High mobility group box 1 protein (HMGB-1)

HMGB-1 is a 30 kDa ubiquitous, nuclear, non-histone

protein loosely bound to chromatin [72] with cytokine-like

activity in the context of tissue injury and inflammation

[73–75].

The detailed mechanisms of nuclear export and sub-

sequent HMGB-1 release during necrosis induced by various

stimuli, including ionomycin, carbonyl cyanide 3-chloro-

phenylhydrazone, deoxyglucose or azide, are not fully

understood, but importantly HMGB-1 secretion does not

occur during apoptosis—presumably due to freezing of

HMGB-1 to chromatin or to hypoacetylated proteins within

the apoptotic nucleus. This clear difference between apop-

totic and necrotic cells in terms of HMGB-1 release might

contribute to the vital distinction in the activation of an anti-

or pro-inflammatory response to dying and dead cells. Fur-

thermore, apoptotic cells have been shown to oxidatively

modify HMGB-1, thereby switching its pro-inflammatory to

a rather anti-inflammatory character [76].

Apart from its passive liberation during necrosis

HMGB-1 has been reported to be expressed on the cell

surface and to be actively secreted by monocytes, macro-

phages, and DCs in response to inflammatory stimuli, such

as IL-1, TNF-a, IFN-c, or LPS [77, 78]. Here, it exhibits

the characteristics of a leaderless cytokine not being

translocated from the Golgi apparatus to the cell membrane

directly after synthesis (like IL-2), but rather (similar to

cytokines of the IL-1 family) requiring alternative means of

secretion by organelles that belong to the endolysosomal

compartment. In this context hyperacetylation of HMGB-1

at several of its 43 lysine residues prevented nuclear-import

and consequently led to cytosolic HMGB-1 accumulation

in cytoplasmatic secretory vesicles ready to be released

into the extracellular space [77]. Notably, pre-treatment

with LPC inhibited activation-induced HMGB-1 release,

suggesting a cross-talk between apoptotic ‘find-me’ and

necrotic danger signals [45]. Although the detailed

signalling mechanisms regulating activation-induced

HMGB-1 secretion remain elusive, a positive feedback

loop may operate at sites of necrosis.

Extracellular HMGB-1 has been shown to incite various

immune cell reactions. In vitro HMGB-1 exerted a direct

chemotactic effect on neutrophils [79] and accompanied by

activation of endothelial cells with enhanced expression of

vascular cell adhesion molecule 1 (VCAM-1), intercellular

adhesion molecule 1 (ICAM-1) and endothelial cell selectin

(E-selectin) this accounted for transendothelial migration of

neutrophils in vivo [80]. Transendothelial migration of

monocytes under autocrine participation of surface bound

HMGB-1 was described by Rouhiainen et al. [81], but in

this study no direct chemotactic effect of soluble HMGB-1

could be detected. In concert with IL-1 and IL-2 family

members HMGB-1 has been reported to promote the

interaction between natural killer (NK) cells and monocytes

or iDCs leading to enhanced DC maturation [75, 82, 83].

Furthermore, HMGB-1 has been described to directly

modulate cytokine expression. In vitro culture of mono-

cytes with purified HMGB-1 resulted in secretion of the

pro-inflammatory cytokines TNF-a, IL-1a, IL-1b, IL-6,

IL-8, MIP-1a, and MIP-1b [84]. Increased TNF-a pro-

duction could also be observed in monocytes that had been

incubated with necrotic HMGB-1?/? but not with HMGB-

1-/- fibroblasts [73], and in vivo injection of purified

HMGB-1 led to rising TNF-a serum levels. Yet, the direct

effect of HMGB-1 on cytokine production still is uncertain,

since stimulation with highly purified recombinant

HMGB-1 induced only a very weak pro-inflammatory

cytokine response in mononuclear cells [85]. Conse-

quently, the authors proposed that HMGB-1 might need a

cofactor, like lipopolysaccharide or single stranded DNA,

in order to exert its immune modulatory effects. This

hypothesis has to be carefully validated in future studies.

At least 3 different multi-ligand receptors have been

described to be engaged in HMGB-1 dependent immune

signalling: The receptor for advanced glycation end prod-

ucts (RAGE) and the toll-like receptors (TLR) 2 and 4 with

the common downstream pathway engaging myeloid dif-

ferentiation primary response protein 88 (MyD88) and

NF-jB [86–88].

Increased extracellular HMGB-1 expression in serum and

synovial fluid has been reported to be involved in pathologic

conditions, such as sepsis [89] or arthritis [90, 91], sug-

gesting that HMGB-1 might be a future target for therapeutic

interventions of acute or chronic inflammatory disorders.

Hepatoma-derived growth factor (HDGF)

Hepatoma-derived growth factor (HDGF) is another can-

didate for a necrotic cell-derived danger signal that is

related to HMGB-1 (32% amino acid sequence homology).

HDGF is a ubiquitously expressed protein with a bipartite

nuclear localization signal lacking a classical signal peptide

for secretion [92]. Besides its mainly nuclear localization

HDGF is passively released during ionomycin- and car-

bonyl cyanide 3-chlorophenylhydrazone-mediated necrosis

and (in very little amounts) actively secreted by healthy

1014 Apoptosis (2010) 15:1007–1028

123



cells [93]. In the course of apoptosis HDGF has been

reported to be retained in the nucleus and consequently

trapped inside apoptotic cells. Further studies are necessary

to explore the immunological consequences of HDGF

secretion during necrosis and its putative role as danger

signal.

The calgranulin family of proteins (S100 proteins)

The members of the calgranulin family of proteins, also

referred to as S100 proteins (Soluble in 100% ammonium

sulfate at neutral pH), comprise more than 20 related, small

(10–20 kDa), acidic, homo- and hetero-dimerizing, cal-

cium-binding proteins of the helix-loop-helix (‘EF-hand

type’) conformation. S100 proteins are tissue specifically

expressed and serve a variety of intracellular functions,

including signal transduction and regulation of proliferation

[94]. Extracellular danger signal functions have been

reported for the family members S100A8, S100A9,

S100A12 predominantly expressed in granulocytes, mono-

cytes and immature macrophages, and S100B mainly found

in the brain [95–97]. A potent chemoattraction of neutro-

phils was exerted by purified S100A8 in vitro and in vivo

[98, 99]. Treatment with S100A9 and the S100A8-S100A9

heterodimer, but not with S100A8 alone, led to an increased

CD11b expression strengthening the interaction between

monocytes and endothelial cells. S100A8 and S100A9 have

been found in high levels in the endothelium of inflamed

tissues close to transmigrating leukocytes. Neutralizing

antibodies against S100A9 or the S100A8-S100A9 hetero-

dimer strongly inhibited transendothelial migration of

monocytes supporting the notion that S100A8 and A9 are

involved in monocyte recruitment [100]. A role of the

S100A8-S100A9 heterodimer in the propagation of

inflammation has been suggested [101], but there are also

conflicting reports showing a rather anti-inflammatory

effect on macrophage and lymphocyte activation [102, 103].

Another pro-inflammatory S100 family member is

S100A12. Endothelial cells have been described to respond

to S100A12 with a strong upregulation of VCAM-1 and

ICAM-1 expression accompanied by enhanced adhesion of

mononuclear cells and granulocytes—a prerequisite for

extravasation [104]. Moreover, S100A12 stimulated a

strong chemotactic response in monocytes and induced

IL-1b, TNF-a and IL-2 secretion in murine macrophages

and human PBMC, respectively. In vivo systemic infusion

of S100A12 led to an increase in VCAM-1 expression in

the lung and injection of S100A12 into mouse footpads

stimulated a profound inflammatory response characterized

by leukocyte infiltration and subcutaneous edema. Due to

competition studies the effects of S100A12 were at least in

part mediated by RAGE, the only known receptor for S100

proteins so far [104].

Apart from myeloid S100A8, S100A9, and S100A12,

the brain protein S100B has been described to exert various

pro-inflammatory effects, like NF-jB-dependent induction

of IL-6 mRNA in neurons, iNOS activation in astrocytes,

and increased cyclooxygenase-2 (COX-2) expression in

microglia [105–107]. Yet, the RAGE-dependent induction

of iNOS mRNA expression as well as NO secretion by

microglia was only to be observed in combined treatment

with S100B and IFN-c [108, 109]. Since at least some of

the effects mentioned above were only dependent on the

presence of the extracellular but not the signal transducing

domain of RAGE, the involvement of RAGE in S100B-

mediated microglia activation remains obscure.

One of the open questions concerning the role of S100

proteins as necrotic cell-derived danger signals is if and

how they are released during necrosis, since so far only for

S100B a damage-associated release has been described in

an in vitro stretch injury model [110, 111]. However, due to

their high expression levels and small molecular weight, it

is realistic that also other S100 proteins might be released

during necrosis.

In addition to the passive release an activation-induced

secretion of S100A8, S100A9, and S100A12 by human

monocytes has been observed after interaction with TNF-a-

activated endothelial cells [112]. Similar to HMGB-1 S100

proteins lack a conventional leader signal and they are

supposed to be secreted via a nonclassical pathway

involving a functional tubulin network [113]. S100B is

constitutively secreted by astroglia, which can be further

augmented by a number of agents [114–116].

The S100A8-S100A9 complex and S100A12 are useful

diagnostic markers of inflammatory diseases, like arthritis

and chronic inflammatory lung or bowel disease. During

inflammation high concentrations of S100 proteins have

been found in synovial fluid, sputum, stool and blood

[117]. They are useful biomarkers of disease activity and

response to treatment, since they sensitively indicate

phagocyte activation and exhibit a strong correlation to the

status of inflammation [112]. Future studies have to clarify,

whether S100 proteins also represent therapeutic targets.

Heat-shock proteins (HSPs)

The highly conserved heat-shock proteins (HSPs) comprise

a set of proteins abundantly present in prokaryotes as well

as eukaryotes and act as molecular chaperones assisting the

correct folding of nascent and stress-accumulated misfolded

proteins to prevent their aggregation [118]. Additionally,

they exert various extracellular and immunomodulatory

functions. Under conditions of stress, including inflamma-

tion and infections, HSPs have been found in human sera

[119, 120].
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In mammals they have been grouped into five families,

according to their molecular weight: HSP100, HSP90,

HSP70, HSP60, and the small HSPs. The families are

composed of several members expressed either constitu-

tively (like HSC70) or inductively (like HSP70) exhibiting

various subcellular localizations. The cellular stimuli that

induce HSP expression include heat-shock, oxidative

stress, and other types of cellular insult.

HSP70, HSP90, GP98 and calreticulin have been shown

to be passively released during heat-induced necrosis, but

similar to HMGB-1 not during apoptosis [121, 122]. Yet,

again similar to HMGB-1, HSPs have also been reported to

be actively secreted by various cell types in response to a

variety of stress and activation signals [123]. In this sce-

nario the mechanisms of HSP transport to the plasma

membrane and export remain enigmatic, since cytosolic

HSPs do not contain leader peptides for secretion via the

classic pathway. Therefore, HSPs like several other ‘lead-

erless’ proteins are supposed to be secreted via nonca-

nonical pathways, including exosomes (HSP27, HSP70,

HSC70, and HSP90), secretory lysosomal endosomes

(HSP70), and a pathway involving masking of the KDEL

ER-retention signal (GP96) [124–127]. Yet, the knowledge

about the secretion of ‘leaderless’ proteins is still incom-

plete and needs further studies for clarification.

In the extracellular environment HSPs can exert potent

effects on immune cells and modulate the immune

response in a multitude of ways [128]. HSP70, HSP90, and

GP96 have been shown to stimulate the production of the

pro-inflammatory cytokines TNF-a, IL-1b, IL-6, and IL-12

in human monocytes and DCs [121, 129, 130] and treat-

ment with exogenous GP96 induced maturation of mouse

and human DCs [131]. But HSPs can also exert indirect

effects as peptide carriers. Since HSPs are molecular

chaperons, they bind peptides, including antigenic ones,

and piggyback them outside the cell. Such HSP-peptide

complexes have been observed to strongly promote T cell

activation by DCs. HSP-chaperoned peptides were swiftly

internalized by DCs and consecutively processed via the

endosomal pathway [132]. The former HSP-bound peptide

was then cross-presented in the context of MHC class I

molecules on the surface of the DC [133]. In vitro and in

vivo in tumor mouse models cross-presentation initiated

robust antigen-specific CD8?-T cell responses [134]. Thus,

HSPs might represent putatively powerful vaccination

agents for tumor immunotherapy, since they strongly foster

the cross-presentation of tumor-derived, antigenic peptides.

Heat-shock proteins also display anti-inflammatory

effects, which can be particularly noted in the context

of chronic inflammatory diseases. As an example, rheu-

matoid arthritis was postulated to be triggered by cross

reactive T cells recognizing common epitopes of mam-

malian and highly immunogenic prokaryotic HSPs [135].

Administration of the corresponding mammalian HSP

could ameliorate the pro-inflammatory responses to bac-

terial HSP epitopes leading to remission of inflammation

[136]. Additionally, treatment with HSP72 attenuated the

LPS- or TNF-a-induced HMGB-1 release from activated

macrophages in vitro [137]. In conclusion, depending on

the context, HSPs may be key players of pro- as well as

anti-inflammatory responses.

The heterogeneous group of HSPs is mirrored by the

confusingly large group of putative HSP receptors, includ-

ing CD91, CD40, the heterotrimeric TLR2/TLR4/CD14

cluster, LOX-1, and the scavenger receptors SCREC-1,

CLEVER-1, and SR-A [138–145], stimulating diverse cel-

lular signalling pathways, like for example the MyD88/

IRAK pathway for NFjB-activation [130, 146]. Conceiv-

ably, different HSPs recognize different receptors on dif-

ferent cell types and the multiplicity of receptors indicates a

certain specialization: TLR2, TLR4, and CD40 might be

adapted for transmembrane signalling, while, in the context

of cross-presentation, CD91 and the scavenger receptors

might be more important for the internalization of HSPs.

Uric acid (UA)

In 2003 uric acid (UA) was described as endogenous

danger signal released from dying cells displaying a strong

adjuvant activity by priming CD8?-T cell responses when

coinjected with antigen into mice [147]. Being the crucial

intracellular antioxidant in humans UA is constitutively

present in high intracellular concentrations (up to 4 mg/ml

in liver cells) and its concentration still increases during

cell injury, most likely due to an augmented metabolization

of nucleic acids [147]. Apart from CD8?-T cell responses

extracellular UA has also been reported to enhance CD4?-

T cell responses towards particulate antigens [148, 149].

The authors concluded that UA affects a step required for

the generation of helper and cytotoxic T cell responses and,

consequently, examined the reaction of antigen presenting

cells (APCs) towards stimulation with UA. In vitro murine

bone marrow-derived DCs responded to UA treatment with

maturation [147]. Furthermore, the application of UA as

adjuvant in an in vivo immunotherapy model with dying

tumor cells enhanced antibody production and improved

inhibition of tumor growth [150].

Uric acid readily forms monosodium urate (MSU)

microcrystals in extracellular body fluids suggesting that

MSU crystals are the biologically active extracellular form.

In vitro treatment with MSU crystals stimulated DC mat-

uration and in vivo reducing UA levels via administration

of allopurinol or metabolization by uricase inhibited the

immune response to antigens associated with transplanted

syngeneic cells and the proliferation of autoreactive T cells

in a transgenic model of diabetes [151].
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When MSU crystals precipitate and accumulate in

joints and periarticular tissues they cause serious inflam-

matory attacks, referred to as gout [152]. The presence of

MSU crystals has been reported to augment the respira-

tory burst capacity in polymorphonuclear granulocytes

and macrophages in this disease [153, 154] and to induce

the production of the pro-inflammatory cytokines TNF-a,

IL-1b, and IL-6 in human monocytes and synovial cells

[155–157]. Furthermore, MSU crystals induced the pro-

duction of neutrophil chemotactic factors, such as IL-8 (in

humans), KC, MIP-2 (in rodents), and consequently

neutrophil infiltration [158–161]. An additional role in

neutrophil attraction was attributed to the MSU-dependent

release of S100A8/A9 and S100A12, respectively [162,

163].

In order to unravel the responsible receptor, intraperi-

toneal injection of MSU crystals in mice deficient for

various TLRs and adaptor proteins with a Toll/IL-1

receptor (TIR) domain and subsequent analyses of neu-

trophil infiltration were employed [164]. None of the TLR

deficient mice (TLR-1, -2, -4, -2/-4, -6, -7, -9, or -11)

showed a reduction in MSU crystal-induced neutrophil

recruitment, although TLR2 and TLR4 had been shown to

be required for this activity in a murine air-pouch model

[165]. Chen and coworkers only observed a reduced

neutrophil recruitment in mice lacking MyD88. The

authors identified the IL-1 receptor as upstream activator

of MyD88 and concluded that MSU crystals initially

stimulate the inflammasome-dependent IL-1b production

in macrophages, leading to IL-1R- and MyD88-dependent

neutrophil attraction. This is substantiated by the fact that

MSU crystals have been described to activate the NALP3

inflammasome resulting in the production of IL-1b and

IL-18 [166]. Moreover, macrophages from mice deficient

in various components of the inflammasome have been

shown to be defective in MSU crystal-induced IL-1b
activation and mice deficient in the inflammasome or the

IL-1R exhibited impaired peritoneal neutrophil infiltration

after injection of MSU crystals [166]. These results

enable first insights into the molecular processes under-

lying the inflammatory conditions of gout, and further

support a pivotal role of the endogenous danger signal

UA in this scenario.

Adenosine-50-triphosphate (ATP)

The intracellular function in energy metabolism and the

extracellular function in neurotransmission of ATP are well

established since decades. Additionally, extracellular ATP

can act as danger signal released by necrotic cells [167]. In

healthy tissues the intracellular ATP levels are high

(5–10 mM), whereas its concentration in the extracellular

compartment is only in the nanomolar range. However,

transient or permanent ruptures of cell membranes by

stretch injury can lead to a substantial increase in the

extracellular ATP concentration [168, 169]. Moreover,

ATP can be actively secreted by various cell types [170].

The molecular mechanisms of this release are far from

being understood, but they are supposed to involve exo-

cytosis with complete or transient fusion between vesicle

and cell membrane (‘kiss and run’ release [171]) or the

liberation through connexin hemichannels [172].

Once in the extracellular space, ATP exerts a plethora of

effects on various cell types. Thus, it can act as chemoat-

tractant for microglia and immature DCs in vitro and in

vivo [173–176]. Besides its chemokine function extracel-

lular ATP has been described to modulate cytokine pro-

duction and immune cell activation. Stimulation with ATP

activated the NALP3 inflammasome and triggered IL-1b
release by human macrophages and DCs [57, 177, 178].

ATP-treatment of iDCs also promoted maturation as mir-

rored by upregulated expression of CXCR4 and CCR7 and

downregulated expression of CCR5 [179]. Functionally

this was reflected in DC migration towards SDF-1a and

ELC and decreased migration towards MIP-1b, thus,

favoring lymphnode localization. Additionally, stimulation

with ATP simultaneously augmented the constitutive pro-

duction of MDC and inhibited the LPS-induced IP-10 and

RANTES production. This led to a strong Th2 but not Th1

cell chemotaxis towards DC supernatants. Since DCs

matured by LPS or CD40L in the presence of ATP also

failed to induce the production of IL-6, IL-1-a, IL-1b,

TNF-a, and IL-12, whereas the up-regulation of CD80 and

CD86 and the release of the anti-inflammatory cytokines

IL-10 and IL-1 receptor antagonist remained unaffected

[180, 181], la Sala and colleagues concluded that ATP

shifts DC maturation towards a Th2-polarized immune

response. This is further substantiated by the observation

that bone marrow-derived mast cells release the Th2-like

cytokines IL-4, IL-6, IL-13, and TNF-a when stimulated

with ATP [182].

Extracellular nucleotides are recognized by P2 puriner-

gic receptors (P2Rs), which are ubiquitously expressed on

the surface of a variety of cells and are divided into the

P2XR and the P2YR subfamilies. P2XR and P2YR have

been identified as multimeric ligand-gated plasma mem-

brane ion channels and as GPCRs, respectively [169]. The

different subfamilies seem to transduce different physio-

logical effects in response to ATP ligation. Whereas the

molecular sensors mediating migratory responses towards

extracellular ATP belong to the P2YR subfamily [173–

175], the modulatory effects of ATP on cytokine produc-

tion and DC activation/maturation have been linked to the

P2XR subfamily [57, 178, 180]. Activation of P2XRs by
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extracellular ATP has been described to lead to an increase

in plasma membrane permeability for several ions, like

Na?, K?, and Ca2? [169]. P2X7 (formerly referred to as

P2Z) differs from the other P2XR family members due to

its ability to form a non-selective, reversible membrane

pore, which is permeable for low molecular weight

hydrophilic solutes. As downstream targets of P2XR sig-

nalling the transcription factors NF-jB and NFAT have

been identified [183, 184]. Conversely, ligation of P2YR

induced phospholipase C-mediated inositol trisphosphate

generation, Ca2? release from intracellular stores, and

adenylate cyclase stimulation or inhibition by utilization of

different G proteins (Gi/o or Gq/11) [169]. Intriguingly,

P2R-mediated responses are differentially regulated by the

local ATP concentration. The EC50-values of P2XRs have

been determined to be in the lM range, whereas P2YRs

already respond to nM concentrations of ATP [169]. These

observations are in concordance with the different biolog-

ical functions of the two subfamilies. For intermediate and

long distance chemoattraction receptors with higher affin-

ity (P2YRs) are required. In contrast, immune cell activa-

tion and maturation should only take place close to the site

of cellular injury, where the ATP-concentration is high.

Hence, receptors with lower affinity (P2XRs) are suitable.

The extracellular nucleotide metabolism also modulates

P2R-mediated responses, since ATP can be hydrolyzed to

adenosine-50-diphosphate (ADP) by ecto-ATP/ADPase

(CD39) and NTPDase 2 (CD73) [185, 186]. CD39 can also

hydrolyze ADP to adenosine-50-monophosphate (AMP)

and AMP can be further cleaved to form adenosine by the

ubiquitous 50-ectonucleotidase CD73. Adenosine itself has

been reported to exert a variety of effects on different

immune cells and it remains to be clarified in how far

metabolization of ATP might contribute to its function as

danger signal.

A crucial role for extracellular ATP in allergic reactions

was described by Idzko et al. [58]. Utilizing an experi-

mentally induced mouse asthma model they have shown

that intrapulmonal allergen challenge causes an acute

accumulation of ATP in the airways—a finding, which

could also be observed in asthmatic humans. Importantly,

when lung ATP levels were neutralized using apyrase or

when mice were treated with P2R antagonists, all cardinal

features of asthma were abrogated. Furthermore, Th2

sensitization to inhaled antigen was enhanced by endoge-

nous or exogenous ATP. These adjuvant effects of ATP

were due to the recruitment and activation of lung myeloid

DCs, which induced Th2 responses in the mediastinal

lymph nodes. In conclusion, these results suggest that the

danger signal ATP and subsequent purinergic signalling

events exert a key role in the allergen-driven lung inflam-

mation rendering ATP an attractive target for future

therapies.

mRNA, small nuclear ribonucleoproteins (snRNPs)

and genomic DNA

It is well accepted that non-host dsRNA (e.g. viral RNA)

and non-host DNA (e.g. non-methylated CpG DNA) exert

immunostimulatory effects [187]. But there is also evi-

dence that pro-inflammatory reactions can be stimulated by

self-derived nucleic acids. Necrotic cells generated by

freeze-thawing have been reported to release cytosolic

mRNA and incubation with extracellular mRNA led to an

activation and in vitro maturation of DCs [188]. Thus,

extracellular mRNA exhibited a DC stimulating potency

similar to LPS, dsRNA and CD40L, and induced produc-

tion of the pro-inflammatory cytokines IL-12, IFN-a, IL-8,

and TNF-a. Furthermore, on the surfaces of mRNA-treated

DCs the chemokine receptors CCR5 and CCR6 were

down- and CXCR4 was upregulated, preparing the DCs for

lymph node homing. In addition to mRNA prepared in

vitro RNA released from or associated with necrotic cells

stimulated DCs leading to induction of IFN-a secretion

[189]. Ni et al. [188] suggested the involvement of the

P2YR subfamily in extracellular mRNA-signalling, since

Poly(A) RNA mimicked at least some of the described

effects, which furthermore could be strongly reduced by

pre-incubation with pertussis toxin or ATP-mediated

desensitization. However, in vitro transcribed RNA lacking

a Poly(A)-tail induced DC maturation as well—although to

a lesser extent. Thus, other sensors apart from the P2YR

family have to be involved. In a follow-up study TLR3 has

been implicated to serve as a further mRNA receptor [189].

Heterologous RNA released from necrotic cells or gener-

ated by in vitro transcription stimulated TLR3- and NF-jB-

dependent DC maturation and pro-inflammatory cytokine

(IL-8, IL-12 and IFN-a) expression [189]. Yet, the ubiq-

uitous presence of RNases in the extracellular space and

the inherent instability of mRNA limit its danger signal

function both temporally and spatially. In addition, TLR3

is known to be located in the endosomal compartment.

Therefore, further studies are required to analyze if mRNA

released by necrotic cells is complexed with stabilizing

compounds in order to increase its longevity and to target it

to endosomes, a prerequisite for its function as damaged

cell-derived trigger of TLR3.

In addition to encoding mRNA also structural RNA was

reported to be released by necrotic cells and to stimulate a

proinflammatory response, particularly when complexed in

small nuclear ribonucleoproteins, like U1 snRNP [190]. U1

snRNP stimulated TLR7 signalling-dependent IFN-a
secretion from plasmacytoid DCs and TLR8 signalling-

dependent TNF-a secretion from ectopically TLR8-

expressing cells, respectively. In both cases the RNA

component of the particle was mandatory for the stimula-

tion, since it was sensitive to RNase but not proteinase
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treatment. Moreover, the activity could be mimicked by

short synthetic oligoribonucleotides. Notably, U1 snRNPs

were only stimulatory for plasmacytoid DCs if transfected

or taken up via Fcc-receptor II as RNP immune complexes.

Hence, snRNPs have to be taken up and directed to the

endosomal compartment in order to activate endosomally

located TLR7 or TLR8—a conclusion, which is further

strengthened by the observation that small ‘antimalarial’

molecules inhibiting the endosomal pathway can block the

immunostimulatory effects of U1 snRNPs [190].

Recently, while searching a ligand for the orphan mac-

rophage-inducible C-type lectin (Mincle) Yamasaki et al.

[191] identified the spliceosome-associated protein 130

(SAP130), a component of the U2 small nuclear ribonu-

cleoprotein (U2 snRNP), as another danger signal, which is

released during primary as well as secondary necrosis.

Ligation of Mincle by SAP130 stimulated FcRc- and

CARD-9-dependent cytokine (TNF-a, IL-6) and chemo-

kine (MIP-2, KC) production in vitro. Administration of

neutralizing anti-Mincle antibodies resulted in reduced

neutrophil recruitment into the thymus after whole-body

irradiation-induced thymocyte necrosis and co-injection of

theses antibodies with dead cells into the peritoneal cavity

led to a strongly reduced MIP-2 production with concom-

itantly decreased neutrophil invasion. Yet, in how far the

SAP130-Mincle ligand–receptor-system contributes to the

pathogenesis of chronic inflammation and autoimmunity

requires further examination, but it is obvious that SAP130

is a component of the spliceosome, which is known to be a

major nuclear antigen associated with some of these dis-

eases, including SLE [192].

In addition to mRNA and snRNPs, double stranded

genomic dsDNA released from sheared or osmotically

shocked necrotic cells has been shown to exert immuno-

stimulatory effects on murine macrophages and bone mar-

row-derived murine DCs as reflected by upregulated surface

expression of MHC I/II and costimulatory molecules

(CD40, CD54, CD69) [193]. Subsequent reports could also

show an induction of pro-inflammatory cytokines, such as

IFN-a, TNF-a, and IL-6, by DCs in response to extracellular

DNA [194–196]. Notably, transfection of dsDNA strongly

augmented its DC maturating capacity in comparison to

mere incubation with naked dsDNA and inhibitors of

endocytosis and endosomal acidification substantially

reduced DC maturation and cytokine production [194–196].

This suggests that the endosomal pathway is crucially

involved. Functionally, dsDNA enhanced APC function in

vitro as analyzed by the generation of antigen-specific T

cells. This finding could also be observed in vivo, since

significantly higher OVA-specific antibody titers were

induced by immunization of mice with the combination of

OVA antigen plus dsDNA in comparison to administration

of OVA alone. Coadministering OVA plus dsDNA also led

to a profoundly increased OVA-specific cytotoxic T cell

activity. Consecutive studies by different groups identified

the endosomally located TLR9 and subsequent MyD88

signalling to be vital elements in the context of genomic

dsDNA-stimulated DC activation [194–197].

IL-6

Cells induced to undergo necrosis by various agents,

including TNF stimulation, have also been reported to

autonomously produce and release the pro-inflammatory

cytokine IL-6 [198]. The authors observed that necrotic but

not apoptotic cell death coincided with NF-jB-and p38

MAPK-mediated upregulation and secretion of IL-6. Thus,

necrotically dying cells themselves are involved in the

expression and secretion of inflammatory cytokines besides

their capacity to induce inflammatory responses caused by

the leakage of intracellular danger signals.

Danger signals of post-apoptotic, secondary

necrotic cells

The clearance of apoptotic cells is a complex process and

must be considered being an integral part of the apoptotic

program. However, if the process of apoptotic cell clearance

is delayed or even fails, primary apoptotic cells become

secondary necrotic, as characterized by a loss of plasma-

membrane integrity and subsequent release of intracellular

contents. It could be argued that the repertoire of soluble

mediators released by secondary necrotic cells should be a

sum of the factors released by apoptotic and necrotic cells.

However, one has to pay regard to the fact that LPC, dRP

S19, EMAP-II or TyRS, are already released during bona

fide apoptosis and that due to the ubiquitous presence of

degrading enzymes in the extracellular space the stability of

these compounds is supposedly rather limited, rendering it

uncertain if these mediators are still present at the onset of

secondary necrosis. Furthermore, the factors liberated dur-

ing primary and secondary necrosis should differ funda-

mentally, since the crucial danger signals described in the

context of primary necrosis (discussed above) are processed

during apoptosis: ATP is consumed, intracellular proteins

are proteolytically processed, RNA is degraded and DNA is

internucleosomally cleaved [199]. However, the data on

this issue are scarce. The secondary necrotic cell-derived

danger signals convincingly described so far will be dis-

cussed in the following (Fig. 3).

Uric acid (UA)

The effects of UA and its monosodium salt MSU have

already been described above. All this also holds true for
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secondary necrosis, where the amount of available and

releasable UA has been reported to be even higher than in

the case of primary necrosis, most likely due to the deg-

radation of chromatin, which is enhanced in the late phases

of apoptosis [147].

Nucleosomes

Genomic DNA fragments in form of oligonucleosomes are

crucial danger signals of post-apoptotic cells. Whereas

during necrosis unspecific DNA cleavage leads to large-

scale fragmentation and cleavage products of many kbp in

length, apoptosis-associated internucleosomal DNA yields

free nucleosomes containing small DNA fragments of

180 bp or multiples of 180 bp in length. The small oligo-

nucleosomal DNA fragments can readily leave the nucleus

via the nuclear pore complexes, accumulate in the cytosol

and are finally released during secondary necrosis. At very

late stages of apoptosis the core histones and low molecular

weight DNA (approx 180 bp) could be detected in cell-free

supernatants of spontaneously apoptozing lymphocytes

[200]. Importantly, nucleosomes released from dying

human lymphocytes exerted a significant proliferative and

stimulatory effect on lymphocytes [200]. In vitro stimula-

tion with purified nucleosomes of mouse bone marrow-

derived DCs, human monocyte-derived DCs, and purified

human myeloid DCs induced their maturation and their

capability to stimulate allogeneic T cells [197]. Recent

reports have shown that HMGB-1 associated with those

secondary necrotic cell-derived nucleosomes is of crucial

importance [201, 202]. HMGB-1–nucleosome complexes

from secondary necrotic cells induced cytokine expression

in macrophages and DC maturation. In contrast, nucleo-

somes from viable cells devoid of HMGB-1 induced no

marked cytokine release. One of the receptors engaged in

HMGB-1-nucleosome-induced immune activation was

identified to be TLR2 with consecutive activation of

MyD88 [197, 202].

Patients with SLE have been reported to exhibit

defects in apoptotic cell removal and increased appear-

ance of secondary necrosis [203]. Circulating nucleo-

somes could be detected in the plasma of nearly 50% of

all patients but in less than 5% of normal healthy donors

[202, 204]. There was a significant correlation between

disease activity score (SLEDAI) and serum concentration

of nucleosomes. Most importantly, immunization with

HMGB-1-nucleosomes resulted in significantly increased

anti-dsDNA and anti-histone antibody titers in nonauto-

immune mice [202]. Hence, nucleosomes with tightly

bound HMGB-1 may play a crucial role in breaking the

immunological tolerance against dsDNA, which repre-

sents a key autoantigen in SLE (discussed further in this

issue by Kruse et al.).

Caspase-/granzyme B-generated autoantigens

Casciola-Rosen and colleagues [205–207] have shown that

secondary necrotic cells can act as autoantigen reservoirs

potentially initiating and driving systemic autoimmunity

in susceptible hosts. During apoptosis many autoantigens

targeted in systemic autoimmunity undergo posttransla-

tional modifications, such as caspase- or in particular

granzyme B-mediated cleavage or oxidation potentially

enhancing their immunogenicity [208]. Immunoblot anal-

yses with lysates of apoptotic and secondary necrotic cells

using highly specific human autoantibodies revealed that

several autoantigens, including poly (ADP-ribose) poly-

merase, topoisomerase I, SSB/La, U1-70 kd, or the

pyruvate dehydrogenase complex, were cleaved into their

signature apoptotic fragments, which were recognized by
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human autoantibodies [207, 209]. However, some auto-

antigens (e.g. ribosomal RNP, Ku, and SSA/Ro) appeared

to be resistant to proteolysis during cell death and,

therefore, other posttranslational modifications might have

initiated the responses against these autoantigens [206].

The authors suggested that the release of autoantigenic

neoepitopes in the context of the pro-inflammatory milieu

induced by dying cell-derived danger signals might insti-

gate a robust autoimmune response in the patients. It

remains to be clarified, if autoantigens liberated from

secondary necrotic cells can trigger this autoimmune

response in their free form or if complexing by HSPs and

consecutive antigen cross-presentation might contribute to

this scenario. Furthermore, since classical danger signals

of necrotic cells, like HSP90, have also been reported to

be caspase substrates and, thus, to be proteolytically

processed during apoptosis [210], it is intriguing to find

out, if these modifications increase, decrease or abro-

gate their functions as dead cell-derived danger signals.

Although the generation of autoantibodies against a pleth-

ora of intracellular antigens in different autoimmune dis-

eases supports the concept of a correlation between the

release of intracellular antigens during secondary necrosis

and autoimmunity, a causative relationship still has to be

finally proven.

Conclusions

The clearance of dying and dead cells has been examined

during the last years in numerous studies. In addition to

surface interactions, where receptors of the phagocyte get

into contact with the dying cell, soluble factors have been

identified to be released from the dying cell and to operate

over intermediate or even long distances. Multiple

attraction and danger signals have been characterized to

be orchestrating the process of dead cell removal,

including the subsequent response of the innate as well as

the acquired immune system in terms of pro- or anti-

inflammation, immune activation, and tolerance induction.

As summarized here, the repertoire of released substances

is dependent on the form of cell death. Consequently,

apoptotic, primary, and secondary necrotic cells obviously

‘smell’ and ‘feel’ different for the immune system. Until

now we have only gained first insights into the plethora of

effects exerted by dRP S19, TyRS, TSP-1, EMAP-II,

LPC, HMGB-1, HPSs, S100 proteins, uric acid, ATP,

genomic DNA and others. Future studies will help to

resolve the issue why and especially how the immune

system responds differently to the ‘interstitial fingerprint’

of apoptotic, primary and secondary necrotic cells. This

is of particular interest, since chronic inflammation,

autoimmunity, and missing tumor surveillance have been

linked to a deregulation of the appearance and the func-

tion of some of these factors. Thus, endogenous danger

molecules and attraction signals might represent promis-

ing biomarkers for various conditions of disease and may

also provide potential targets for future therapeutic

intervention.
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