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Preface

Over the last 15 years, apoptosis has moved from a peripheral circum-
scribed interest amongst a small group of scientists to the mainstream of mod-
ern biology and a highly prominent and, in some cases, dominant focus of
medical research. This is particularly true in the field of immunology where
more than 10 billion cells are turned over each day and cell death is a necessary
part of immune tolerance and contraction following immune activation.

In this volume of Current Directions in Autoimmunity on Apoptosis, con-
tributors discuss the three major areas of apoptosis research: Extrinsic Death
Receptor Pathways, Intrinsic Death Pathways, and the mechanisms responsible
for Apoptotic Cell Clearance. In each of these sections, the proteins and signal
transduction pathways are delineated and genetic alterations that lead to
autoimmune diseases are described. Although most cell death abnormalities
have been associated with systemic autoimmune disorders such as lupus, it is
evident that regulation of cell death is pertinent to disease expression in many
organ-specific diseases as well.

The precise understanding of how molecular defects in apoptotic pathways
lead to different diseases provides innovative directions in autoimmunity
research that will ultimately facilitate the development of new classes of dis-
ease-modifying agents.

Sincere thanks is given to the outstanding contributors of this volume for
their time and effort.

Keith B. Elkon
Seattle, Wash.
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Death Receptor Signaling and Its
Function in the Immune System

Stefanie C. Fas, Benedikt Fritzsching, Elisabeth Suri-Payer, 
Peter H. Krammer

Tumor Immunology Program, Division of Immunogenetics, 

German Cancer Research Center, Heidelberg, Germany

Abstract
Death receptors belong to the TNF (tumor necrosis factor)/NGF (nerve growth factor)

receptor superfamily. Signaling via death receptors plays a distinct role, e.g. in the immune

system, where it contributes to regulation of the adaptive immune response in various ways,

most notably by triggering activation-induced cell death (AICD) of T cells. Thus, dysregula-

tion of death receptor signaling, either allowing too much or too little apoptosis, can lead to

autoimmune disorders and also impacts on tumorigenesis or other diseases. In this chapter

we address components, molecular mechanisms and regulation of death receptor signaling

with particular focus on CD95 (APO-1, Fas). We discuss the role of death receptor-mediated

AICD in regulation of the adaptive immune response against foreign and self antigens in

comparison to cytokine deprivation-mediated death by neglect. Finally, the contribution of

dysregulated death receptor/ligand systems to autoimmune diseases such as diabetes, mul-

tiple sclerosis and Hashimoto’s thyroiditis is discussed.

Copyright © 2006 S. Karger AG, Basel

Death Receptors

Death receptor signaling plays a distinct role, e.g. in the immune system,

where it contributes to the regulation of the adaptive immune response but also

in other physiological and pathophysiological states such as development, dif-

ferentiation and tumorigenesis. Death receptors belong to the TNF (tumor

necrosis factor)/NGF (nerve growth factor) receptor superfamily. Members of

this family are type I transmembrane receptors, contain 1–5 cysteine-rich

domains in their extracellular domain and an 80 amino acid death domain (DD)

in the cytoplasmic tail which is essential for transduction of the death signal.

Six members of this death receptor subfamily are known so far (fig. 1),

namely TNF-R1 (tumor necrosis factor receptor 1; also known as CD120a), CD95

Extrinsic Death Receptor Pathways
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(also known as APO-1 and Fas), DR3 (also known as APO-3, LARD, TRAMP

and WSL1), TRAIL-R1 (TNF-related apoptosis-inducing ligand-receptor 1;

also known as APO-2 and DR4), TRAIL-R2 (also known as DR5, KILLER and

TRICK2), and DR6 [1]. In addition, the ectodysplasin-A receptor (EDA-R) and

the nerve growth factor receptor (NGF-R, p75, NTR) are sometimes referred to

as death receptors, because they contain cytoplasmic regions similar to death

domains. However, their death domains show striking structural and functional

differences from the classical death domain and no binding to FADD or

TRADD has been detected.

Death Ligands

Death receptors are activated by their natural ligands which have 

co-evolved as members of the TNF family (fig. 1). Except for lymphotoxin-�
(LT-�) they are type II transmembrane proteins, and all death ligands form

homotrimers or trimeric complexes of higher order such as hexamers. TNF-�,

CD95L (CD178, FasL, APO-1L) and TRAIL (APO-2L) have also been reported

to exist in a soluble form, cleaved from the membrane by metalloproteases. The

Fig. 1. Death receptors (DRs), decoy receptors (DcRs), death ligands and their

interactions. Members of the death receptors are characterized by extracellular cysteine-rich

domains (depicted as diamonds) and by an intracellular death domain.
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effect of cleavage from the cell membrane for the function of death ligands has

been controversially discussed. It has been reported that membrane-bound

CD95L kills human peripheral blood cells, whereas soluble CD95L blocks this

killing. However, others have reported that a form of soluble CD95L can medi-

ate cell death with similar efficiency as the membrane-bound form, and it has

been proposed that efficient killing is dependent on the target cell type [2].

At least one ligand is known for every death receptor, except for DR6. For

some ligands multiple receptors have been reported, some of which do not belong

to the death receptor families but all are members of the TNF-R/NGF-R super-

family. TNF-� and LT-� bind to TNF-R1 (and the non-death receptor TNF-R2),

TRAIL is the ligand for TRAIL-R1 and TRAIL-R2 (and the decoy receptors

TRAIL-R3/R4 and OPG), whereas CD95L (and LIGHT) bind to CD95 (fig. 1).

Decoy Receptors

In addition to death receptors, so-called decoy receptors (DcRs) were

found which also bind the same ligands of the TNF superfamily. To date, four

decoy receptors have been characterized, namely DcR3 (decoy receptor 3) bind-

ing CD95L, TRAIL-R3 (DcR1) and TRAIL-R4 (DcR2) binding TRAIL, and

finally OPG (osteoprotegerin). These receptors either lack functional intracellu-

lar death domains such as in the case of DcR3 or are even found as soluble

receptors like OPG and are therefore unable to transmit an intracellular signal.

Thus, DcRs, by sequestration of death ligands, may prevent signal transduction

from death receptors. However, the caveat remains that such functions of DcRs

have so far only been shown in overexpression studies.

CD95 System

The CD95 death receptor is the best characterized member among the

death receptors. CD95 is a widely expressed glycosylated cell surface molecule

which can also occur in a soluble form generated by differential splicing. It was

shown that CD95 receptors are expressed on cells as preassociated trimers by

interaction of their PLAD (pre-ligand binding assembly domain). Expression

of the CD95 gene is enhanced by IFN-� and TNF and by activation of lympho-

cytes [3]. Naturally occurring mutations of the CD95 gene cause complex

disorders of the immune system in mice, manifested as lymphoadenopathy

and autoimmunity, symptoms on the MRL background that are similar to those

of systemic lupus erythrematosus (SLE). In lpr (lymphoproliferation) mice, a

splicing defect results in greatly decreased expression of CD95. In lprcg (allelic
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to lpr) mice, a point mutation in the DD of CD95 abolishes transmission of the

apoptotic signal. However, CD95 ablation in lymphoid as well as nonlymphoid

tissue is necessary to generate lymphoproliferative disease, as selective inacti-

vation of CD95 in lymphocytes led to severe lymphopenia over time [4].

CD95-mediated apoptosis is triggered by its natural ligand, CD95L, or by

agonistic antibodies. CD95L is expressed in a far more restricted way than the

receptor, e.g. on activated T cells, at immune-privileged sites, on certain tumors

or upon post-ischemic reperfusion. CD95L can also be found on killer cell-

derived vesicles. In gld (generalized lymphoproliferative disease) mice, a point

mutation in the carboxy-terminus of CD95L impairs its ability to interact suc-

cessfully with its receptor. The symptoms from the disease arising from gld are

essentially the same as in lpr mice [3].

CD95 Signaling

Upon stimulation of CD95 with its corresponding ligand, CD95L, signal-

ing is either induced by conformational changes of preformed death receptor

trimers or, alternatively, by formation of multimeric complexes. Triggering of

CD95 leads to formation of a protein complex within seconds. This so-called

death-inducing signaling complex (DISC) contains the adaptor FADD/Mort1,

procaspase-8a and procaspase-8b, procaspase-10, CAP3 (a molecule that con-

tains the N-terminal death effector domains of caspase-8) and c-FLIP (fig. 2a).

FADD/Mort1 which, like CD95, contains a DD binds via homophilic interac-

tion to the DD of the receptor and recruits, via its death effector domain (DED),

two isoforms of procaspase-8 and procaspase-10 to the DISC. Recruitment to

the DISC leads to autoproteolytic activation of caspase-8 and caspase-10. The

prodomain of caspase-8 remains at the DISC whereas active caspase-8 dissoci-

ates from the DISC as an active heterotetramer consisting of two p10 and two

p18 subunits starting the execution phase of apoptosis by initiating the caspase

cascade [3, 5].

Recently, a refined model of the proximal steps of CD95 signaling for cer-

tain cell types (type I cells, see below) was proposed, involving (1) formation of

CD95 microaggregates; (2) DISC formation; (3) formation of large CD95 sur-

face clusters and (4) actin filament dependent internalization of activated CD95

[5]. Membrane lipid rafts frequently constitute scaffolds for large signaling com-

plexes such as the T cell receptor/CD3 complex. With respect to the CD95 sig-

naling complex, reports are highly conflicting and so far there is no indication

that these controversial data might be due to cell type or species specific differ-

ences. In Jurkat cells it has been suggested that CD95 is constitutively localized

to lipid rafts together with all its cytoplasmic signaling components and caspase-3,
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which, by the same group, was proposed to be a component of the DISC [6]. In

contrast, others showed, using the same cell line, that CD95 localizes to lipid

rafts only upon triggering of the T cell receptor, whereas another cell line

displayed constitutive raft localization of CD95 [7]. In murine cell lines and

primary thymocytes, a portion of CD95 constitutively localized to lipid rafts, but

neither FADD nor caspase-8 were recruited to rafts upon stimulation, suggesting

that apoptosis signaling by CD95 occurs through the non-raft fraction [8].

Fig. 2. Schematic representation of the CD95 and the TNF signaling pathways.

a CD95 signaling in CD95 type I or type II cells. b Two TNF-R1 signaling complexes: com-

plex I is formed at the membrane triggering NF-�B signaling. Complex II (traddosome) dis-

sociates from the receptor and signals apoptosis.
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Triggering of CD95 has also been reported to have costimulatory effects

under certain conditions. It has been proposed that one mechanism of costimu-

lation could be activation of the NF-�B pathway. Possible links to NF-�B sig-

naling are caspase-8, c-FLIP and RIP as discussed below.

Components of the DISC

Caspase-8/Caspase-10
Caspases comprise a family of cysteine proteases which specifically cleave

proteins after an aspartate residue. Caspases are produced as procaspases

(zymogenes) and are activated by proteolytic cleavage. Active enzymes are het-

erotetrameric complexes of two large subunits and two small subunits. The

genes encoding caspase-8, caspase-10 and c-FLIP are located on human chro-

mosome 2q33–34 in a cluster of 200 kb, suggesting that they arose from gene

duplication. Interestingly, there is no caspase-10 gene in mice. Both, caspase-8

and caspase-10 contain two tandem DEDs in their N-terminus and a C-terminal

caspase domain. Upon stimulation, they are recruited to the DISC, where auto-

proteolytic cleavage occurs, ultimately leading to release of the catalytically

active tetramer. Using caspase inhibitors such as zVAD-fmk or c-FLIPL it has

been demonstrated that caspase-8 has at least two different catalytic activities,

one initial at the DISC, required for full auto-activation and not inhibitable by

zVAD-fmk or c-FLIPL and the full catalytic activity of the heterotetramer which

can be blocked by zVAD-fmk. While multiple isoforms of caspase-8 and cas-

pase-10 have been described, only caspase-8a and caspase-8b, and caspase-10a,

caspase-10c and caspase-10d could be detected on protein level.

Recruitment of caspase-10 to the DISC and its activation was reported in

the case of CD95, TRAIL-R1 and TRAIL-R2 stimulation. However, it remains

controversial if caspase-10 can trigger cell death in the absence of caspase-8.

Thus, it might have other yet elusive roles. Importantly, caspase-10 does not

appear to be essential for DR-mediated apoptosis, as cell lines deficient in cas-

pase-10 are susceptible to CD95 triggering and the caspase-10 gene is missing

in mice. Several knock-out and transgenic mice underscore the central role of

the DISC-associated molecules FADD and caspase-8 in signaling via death

receptors. FADD and caspase-8 knock-out mice are lethal at embryonic day 11.

They show cardiac failure and abdominal haemorrhage. Due to embryonic

lethality FADD�/� chimeric mice were constructed. In thymocytes and fibrob-

lasts of these mice, CD95-mediated apoptosis was completely blocked.

Conditional ablation of caspase-8 in mice revealed that it is indeed essential for

CD95-mediated apoptosis in liver cells, thymocytes and T cells. In addition, it

was proposed that caspase-8 also serves nonapoptotic functions, as deletion of
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caspase-8 severely impairs hemopoietic progenitor function. T cell-specific

deletion of caspase-8 revealed reduced T cell numbers, impaired T cell

activation and increased susceptibility to viral infections. Recently, it has been

shown that caspase-8 deficiency in humans and mice abolishes activation of

NF-�B upon antigen receptor stimulation. Caspase-8 has been proposed to

activate NF-�B by causing the IKK (inhibitor of NF-�B kinase) complex to

associate with the Bcl10-MALT1 (mucosa-associated lymphatic tissue) adaptor

complex [9].

c-FLIP
Activation of caspase-8 at the DISC can be counteracted by FLIP proteins

which, like caspase-8, contain tandem DEDs. The first discovered member was

v-FLIP (viral FLICE-like inhibitory protein) expressed by �-herpesvirus.

Thirteen different mRNAs for cellular FLIP (c-FLIP, also known as

FLAME-1, I-FLICE, CASPER, CASH, MRIT, CLARP and Usurpin) have

been reported; however, so far only three, namely c-FLIPS, c-FLIPL and, recently,

c-FLIPR were detected on protein level. The short splice variant c-FLIPS confers

resistance to CD95-mediated apoptosis in primary human T cells upon costim-

ulation and is likely to contribute to the CD95 resistance of freshly activated 

T cells. c-FLIPS and c-FLIPR contain only tandem DEDs and are thus

structurally similar to v-FLIP. c-FLIPL contains not only tandem DEDs but is

structurally homolog to caspase-8, containing a protease-like domain in which

several amino acids, including the cysteine of the active site, are mutated. It is

found to be cleaved at the DISC but because c-FLIPL is not an active caspase,

the cleavage is not reciprocated [10]. The role of c-FLIPL is controversially dis-

cussed. Caspase-8 activation at the DISC is inhibited at two different cleavage

steps by splice variants of c-FLIP. A detailed analysis of the domains of c-FLIPL

revealed that its p10 subunit contributes to the first cleavage step of caspase-8

and therefore may provide a scaffold for caspase-8 activation [10]. In a cell-free

system heterodimers of caspase-8 and FLIPL show higher caspase activity and

might constitute the unit that catalyzes caspase-8 processing at the DISC [11].

High expression levels of c-FLIPL might still allow for this scaffold function,

but also act anti-apoptotic by preventing further caspase-8 processing. c-FLIP

isoforms are characterized by a short half-life time. It has been reported previ-

ously that mechanisms of differential upregulation or degradation of c-FLIP

isoforms might be important for the modulation of apoptosis sensitivity at the

DISC level [1].

Mice deficient in c-FLIP die at embryonic day 10.5 most probably due to

cardiac failure resembling the phenotype of caspase-8�/� and FADD�/� mice.

These similarities suggest that for heart development a functional interplay

between the three DISC components FADD, caspase-8 and c-FLIP is absolutely
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required. However, the question arises whether this interplay requires a signal

from a – known or unknown – death receptor or a different type of receptor.

Moreover, it remains elusive whether the signal required for heart development

is associated with regulation of apoptosis or reflects a novel role for the three

molecules involved. Mice carrying a T cell-specific v-FLIP-E8 transgene show

strongly reduced thymocyte numbers, although thymocytes of these mice are

resistant towards CD95-mediated apoptosis [10]. The reduction in thymocyte

numbers seems to be independent of the CD95-system since it was also

observed in a CD95�/� background. Interestingly, the thymic phenotype

resembles that of T cells from FADD-dominant negative transgenic mice, sug-

gesting that another death receptor system distinct from the CD95-system is

critically involved in thymocyte selection [10]. Another v-FLIP transgenic

mouse expressing v-FLIP-MC159 under control of the huCD2-enhancer dis-

played impaired CD8 T cell responses and defective memory formation. Mice

expressing human c-FLIPS under control of the proximal lck-promoter show

decreased T cell proliferation, similar to the v-FLIP-MC159 transgenic mice.

However, in contrast to the latter, the memory T cell pool was increased in

c-FLIPS transgenic mice. Furthermore, two different mouse models have been

described overexpressing c-FLIPL in a T cell-specific manner. In one model, 

c-FLIPL transgenic mice have an increased proliferative response to stimulation

via the T cell receptor. In addition, they display a TH2 cell (T helper cell 2)

cytokine bias and are more susceptible to allergic airway inflammation. The

second model, expressing c-FLIPL under a similar promoter displays a funda-

mentally different phenotype: Here, overexpression of c-FLIPL leads to reduced

proliferation upon triggering of the T cell receptor and concomitant reduced

cytokine production. Moreover, a mild thymic phenotype was observed with

reduced cell numbers and reduced positive selection. Multiple reasons might

account for these different phenotypes, such as different expression levels or

time points due to different promoter elements used. In addition, it has been

shown that, despite the high degree of structural similarity, v-FLIP and c-FLIPS

may act differently. Thus, a more refined analysis is warranted to elucidate the

role of c-FLIP in vivo.

Recently, CD95 has been shown to trigger the NF-�B pathway [12, 13].

However, the role of c-FLIP in linking the CD95 to NF-�B pathway has been

controversially discussed. c-FLIPS and c-FLIPL were shown to block CD95L-

induced NF-�B activation [12] as well as to induce NF-�B activation [14].

Further Reported DISC Proteins
PEA-15 (phosphoprotein enriched in astrocytes – 15 kDa), also known

as PED (phosphoprotein enriched in diabetes) was characterized as a DED-

containing protein that has been demonstrated to have a role in modulating
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apoptosis at the DISC level in astrocytes, neural progenitor cells and glioma

cells. PEA-15 was shown to inhibit CD95-mediated apoptosis, TRAIL-mediated

apoptosis and, in certain cell types, TNF-mediated apoptosis.

RIP (receptor-interacting protein) was described as a DD-containing pro-

tein interacting with CD95. In addition to its presence in the DISC, consider-

able amounts of RIP were shown in association with nonstimulated CD95.

Thus, it does not strictly fulfill the criteria of being a component of the DISC.

RIP has been implicated in CD95-dependent NF-�B activation, particularly

upon high expression of c-FLIPL and, in the absence of caspase-8, in CD95-

mediated necrotic cell death [12, 15].

Besides the above mentioned proteins several other proteins were reported

to directly interact with DISC proteins, namely Daxx, Fap-1, FLASH, DAP3,

FAF-1 and others. Endogenous binding and functional roles of many of these

proteins are unclear [for review, see 5].

Two Types of CD95 Signaling

Two pathways of CD95 signaling were described by our laboratory, distin-

guishable by the amount of DISC formation upon triggering of the receptor

(fig. 2a). In type I cells, following CD95 stimulation, strong DISC formation is

observed directly leading to efficient caspase-8 activation. Sufficient amounts

of caspase-8 are activated to directly activate downstream effector caspases

such as caspase-3 further activating caspase-6 and caspase-7 which all cleave

intracellular targets such as PARP (poly ADP-ribose polymerase) and ICAD,

the inhibitor of CAD (caspase-activated DNAse) ultimately leading to cell

death. In contrast, in type II cells hardly any DISC formation is observed and

only little active caspase-8 is formed. These cells depend on an amplification

loop via the mitochondria. Apoptosis in type II cells and strong activation of

caspases is dependent on cleavage of the BH3-only pro-apoptotic Bcl-2 homo-

logue Bid which leads to aggregation of Bax or Bak. This aggregation leads to

loss of the mitochondrial membrane potential (��m) and to the release of 

pro-apoptotic molecules from the mitochondria such as cytochrome c and

SMAC/Diablo. Cytochrome c in concert with APAF-1 (apoptosis-activating

factor-1) and caspase-9 form the apoptosome in which caspase-9 is activated

and subsequently activates effector caspases such as caspase-3.

Type II cells can be protected at the mitochondrial level by high expres-

sion of Bcl-xL and Bcl-2. Another step to mediate apoptosis inhibition is to

modulate IAP (inhibitor of apoptosis protein) expression which interferes with

SMAC/Diablo. The difference between the two CD95 signaling pathways on

the molecular level remains elusive. In addition to the differences described
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above, it has been suggested that CD95 is constitutively localized to lipid rafts

only in type I cells. It has also been proposed that actin-dependent internaliza-

tion is confined to type I cells. Finally, type I and type II cells can be distin-

guished based on their differential sensitivity to different recombinant CD95

ligands [2]. However, in vivo, there is not always a clear distinction between the

different CD95 types. Nevertheless, thymocytes are reported to be CD95 type I

whereas hepatocytes are CD95 type II cells. In primary human T cells a switch

from CD95 type II to CD95 type I has been observed upon stimulation [1].

TNF-R1 Signaling

TNF-R1 signaling (fig. 2b) differs from that via CD95 and TRAIL-R.

However, also a conserved extracellular domain was characterized that

mediates specific ligand-independent assembly of receptor trimers called

PLAD. In most instances, TNF-R1 signaling results in NF-�B activation.

However, cell death can be triggered by TNF-R1 under conditions of protein

synthesis block or NF-�B inhibition [16]. TNF-R1 stimulation has recently

been proposed to result in the formation of two signaling complexes [7].

Complex I is formed at the membrane comprising the following proteins: TNF-

R1, its ligand TNF, RIP, the adaptor protein TRADD (TNF-R-associated death

domain protein) and TRAF2 (TNF-R-associated factor 2). Complex I is pro-

posed to trigger the NF-�B pathway via RIP by recruitment of the IKK complex

mediating I�B degradation and to activate JNK through a TRAF-dependent

mechanism involving MEKK1. This complex was reported to translocate to the

cytosol where FADD, procaspase-8 and -10, c-FLIPL and c-FLIPS are recruited

to form the so-called complex II (traddosome) [7]. Activation of procaspase-8

takes place at complex II and is followed by activation of downstream death sig-

naling. In this model the switch between survival and death depends on the abil-

ity of NF-�B activation at complex I and on the efficiency of complex II

formation, caspase-8 activation and the amount of c-FLIP, that blocks caspase-

8 activation at complex II [for review, see 7]. Although this model provides an

elegant mechanism of life versus death decisions, it needs further experimental

confirmation.

Recent studies indicate that following TNF-binding, TNF-R1 translocates

to lipid rafts. In lipid rafts, TNF-R1 and RIP are ubiquitinated resulting in their

degradation by the proteasome pathway. Interfering with lipid raft organization

not only abolishes ubiquitylation, but also switches TNF-R signaling from pro-

survival NF-�B activation to apoptosis, indicating that lipids rafts are crucial

for the outcome of TNF-activated signaling pathways [7].
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Further Death Receptor Complexes

Signaling of apoptosis by other members of the death receptor subfamily

seems to follow similar basic rules. Receptor oligomerization is triggered by

binding of their corresponding ligands leading to a conformational change.

Upon triggering by their respective ligands TRAIL-R1, TRAIL-R2 and CD95

form a DISC with similar composition comprising the adaptor FADD, caspase-

8, caspase-10 and c-FLIP.

DR3 and DR6 signaling pathways are less characterized. These receptors

seem to be connected to survival signals. RIP and TRADD are recruited to the

receptor complex and DR3 and DR6 promote activation of NF-�B leading to

the expression of survival genes [17].

Activation-Induced Cell Death 

The adaptive immune response to antigens is characterized as a multistep

process: upon encounter of antigen, T cells become activated, differentiate into

effector cells and undergo clonal expansion. Following the peak of an immune

response, the majority of activated, antigen-specific T cells need to be elimi-

nated in order to maintain homeostasis of the T cell population. Elimination of

T cells during the termination phase occurs through apoptosis, which is mainly

induced via two mechanisms: (1) death by neglect caused by cytokine with-

drawal, and (2) activation-induced cell death (AICD) via death receptor

engagement. The role for each of these two mechanisms for peripheral T cell

death remains largely elusive [1].

Activated T cells express both CD95 and CD95L and are sensitive to

CD95-mediated apoptosis indicating that they are able to undergo suicide or

fratricide to terminate the immune response [18]. TCR-triggered CD95-

mediated apoptosis is also found in Jurkat T cells in vitro and a single TCR-

activated T cell in the absence of costimulation may autonomously decide to die

by apoptosis employing, at least in part, the CD95 pathway. These results

suggest a minimal model in which TCR-induced death in activated T cells

involves CD95/CD95L-mediated suicide. In vivo, the situation is less clear and

it is conceivable that CD95L could also be provided by inflamed tissue [19].

However, the CD95/CD95L system is not the only death system which plays

a role in deletion of peripheral T cells. Thus, it has been suggested that

late after triggering of the TCR in vitro, TNF-R2 and TNF dominate over the

CD95/CD95L system [19].

Death by neglect is induced by cytokine deprivation, which occurs during

the termination phase of an immune response. If antigen is successfully cleared
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by the immune system, T cell stimulation and costimulation become limited,

IL-2 levels decrease and T cells suffer from cytokine deprivation. Death by

neglect can be inhibited by the addition of any common �-chain cytokines or by

overexpression of anti-apoptotic Bcl-2 family members, but death still occurs in

lpr or gld mice, suggesting that it is independent of death receptor triggering

[20]. Release of the BH3-only-Bcl-3 homolog Bim from the dynein motor com-

plex has recently been implicated to be one of the main mechanisms to trigger

death by neglect. Bim-deficient mice were shown to be resistant towards death

by neglect similar to mice overexpressing Bcl-2. Another proposed mechanism

involves reactive oxygen species. Although it is possible that Bim and death

receptor-mediated AICD interact at some level to mediate peripheral deletion,

different mechanisms might be engaged depending on the way of antigen

presentation, for example, the presence of costimulatory proteins, the antigen-

presenting cell and, importantly, the amount of antigen and its persistence [19]. In

summary, death by neglect may be dominant in the removal of antigen-specific

T cells in the downphase of an immune response when clearance of low amounts

of antigen leads to cytokine deprivation. In contrast, death receptor-dependent

AICD mainly appears to contribute to the removal of T cells in the presence of

high antigen amounts or when antigen persists. Thus, AICD may play a role in

chronic infections and probably helps to ensure peripheral tolerance by the

removal of T cells specific for self antigen [1].

The role of AICD in different T cell subsets has only recently become of

interest and thus far remains largely elusive. However, it has been suggested

that T helper cells 1 (TH1) preferentially express CD95L and use the CD95

pathway for AICD, whereas TH2 cells are relatively resistant towards death

receptor-mediated AICD and express only minor amounts of CD95L. However,

they express high amounts of TRAIL and are able to kill TH1 cells in vitro in a

TRAIL-dependent manner [21]. Furthermore, our laboratory has recently

found that CD4�CD25highFoxP3� regulatory T cells (Treg) are highly sensi-

tive to CD95-induced cell death, while they are resistant to TCR-mediated

AICD [35]. Finally, ‘helpless’ CD8� T cells triggered in the absence of CD4�
helper cells are sensitive to TRAIL-mediated killing [22].

Role of Death Receptors in Central and Peripheral Tolerance

Regulation of the generation and function of the lymphocyte repertoire is

crucial to prevent autoimmunity. Since formation of the T cell receptor (TCR)

repertoire by recombination is a random process, the ‘useful’ thymocytes need

to be selected. It has been proposed that CD95-induced apoptosis might be

involved in clonal deletion of thymocytes that are highly reactive to antigens
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expressed in the thymus. However, mice deficient in components of the

CD95/CD95L system do not display alterations in the TCR repertoire, suggest-

ing that it is not involved in negative selection. The TRAIL system has also

recently been implicated in regulating negative selection. However, also for this

death receptor system conflicting data exist. Bcl-2 has also been reported to res-

cue thymocytes from negative selection which is consistent with the report that

mice deficient in Bim display a defect in negative selection, suggesting that

death receptors are not involved in this process [23, 24].

Negative selection in the thymus is not totally efficient, and a number of

mechanisms in the periphery exist that ensure tolerance, such as anergy, igno-

rance, regulatory T cells and apoptosis. In the periphery, it is conceivable that T

cells encounter self antigen multiple times, as it cannot be easily cleared.

Adoptive transfer experiments with TCR transgenic T cells carrying either

CD95 mutations or overexpressing Bcl-2 and recipients expressing the cognate

antigen revealed that deletion of such auto-reactive T cells is CD95-dependent

and is not prevented by Bcl-2 overexpression. In line with this observation, lpr
or gld mice contain autoreactive T cells that expand in vivo even though thymic

selection appears to be normal. Thus, AICD seems to be important for the

establishment of self tolerance in the periphery [1, 25].

Considering the important role of death receptors regulating immune

responses and function, it is not surprising that a complicated network of regu-

lation of these systems has evolved.

Principles of Death Receptor-Mediated Apoptosis 
in Autoimmunity

Recent evidence has suggested death receptor-mediated apoptosis as a

possible key player in the pathogenesis of several autoimmune disorders [26].

Both increased and decreased sensitivity to death receptor-mediated apoptosis

may be involved in autoimmunity. Whereas apoptosis defects may be responsi-

ble for ineffective deletion of autoreactive lymphocytes by AICD during the

down phase of an immune response, excessive apoptosis contributes to the

destruction of target tissue in the affected organs. Genetic alterations in compo-

nents of death receptor pathways as well as cytokine-driven dysregulation of

such components have been reported to contribute to autoimmune diseases.

Alterations in death receptor-mediated apoptosis may have opposing effects

in different autoimmune diseases: increased survival and resistance of target

tissue towards apoptosis is in the focus of therapy in several organ-specific

autoimmune diseases including multiple sclerosis (MS), Hashimoto’s thyroditis

(HT) and insulin-dependent diabetes mellitus (IDDM) [26]. In contrast, resistance
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of epithelial cells to TNF-induced apoptosis in Crohn’s disease may be crucial

in maintaining a sustained autoimmune response [27].

Here we focus on emerging paradigms of death receptor-mediated

apoptosis as common denominators in various organ-specific autoimmune

diseases.

Genetic Alterations in Death Receptor Pathways
Unlike most organ-specific autoimmune diseases, the autoimmune lym-

phoproliferative syndrome (ALPS) is typically observed in relatively rare cases

during childhood. Patients with ALPS clinically present a non-malignant accu-

mulation of lymphocytes in lymphoid organs, hyper-gammaglobulinemia,

autoantibody production, glomerulonephritis and arthritis. Resistance of

lymphocytes towards CD95L-mediated apoptosis and towards AICD is an

obligatory criteria for the diagnosis of ALPS and is thought to allow lympho-

cyte accumulation and autoantibody production [28]. Mutations in CD95,

CD95L, caspase-10 and other still unknown alterations of the CD95 pathway

may constitute the molecular basis of the disease and define subtypes of ALPS.

However, CD95/CD95L-independent defects are thought to trigger the onset of

the disease, as parents with the same mutation as their children are often

reported to be disease-free. Similarly, lpr mice (retroviral insert in the CD95

gene) mice or gld mice (mutation in CD95L) only develop autoimmune disease

in susceptible mouse strains. Recent reports further support a close relation

between genetic alterations in the CD95 pathway and autoimmunity. Children

with caspase-8 mutations present clinically with the association of ALPS-like

lymphocyte accumulation and immunodeficiency [29].

Resistance of Autoaggressive Lymphocytes to Death 
Receptor-Mediated Apoptosis
Genomic alterations in death receptor genes may also be involved in

autoimmune diseases which are thought to involve multiple genetic defects.

Polymorphism in the CD95 gene [30] has been reported to be associated with

female susceptibility to MS. Although such genetic studies often fail to com-

bine genetic alterations with a clear pathogenetic mechanism, they may reflect

the emerging paradigm of death receptor dysfunction in autoimmunity. Further

work is needed to test if such polymorphisms may contribute to the relative

resistance of T cells towards CD95-mediated apoptosis in MS. A combination

of sustained T cell activation and reduced sensitivity of T cells towards CD95-

mediated apoptosis has been suggested as a pathogenetic factor in MS.

Similarly, the presence of autoreactive T cells may reflect a defect in the

clonal deletion of harmful B and T cells in other autoimmune diseases like

IDDM [26].
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Death Receptor-Mediated Apoptosis in Target Tissues
Organ-specific autoimmunity leads to cell death in target tissues. Although

a variety of mechanisms have been proposed to account for tissue destruction,

several reports indicate that death receptor triggering is one major mechanism.

In MS, oligodendrocytes have been described to express high levels of CD95.

Infiltrating T cells, macrophages, microglial cells and astrocytes express CD95L

and may trigger excessive CD95-mediated apoptosis of oligodendrocytes [26].

Similarly, in IDDM �-cells upregulate CD95 and were suggested to be killed

during insulitis by CD95L-positive, autoreactive T cells [26], although this is

currently debated. Furthermore, infiltrating lymphocytes do not necessarily con-

fer cell death of target tissue by direct killing. In HT, T cells approaching thyroid

follicles are highly sensitive to CD95 stimulation and undergo apoptosis when

interacting with CD95L-positive thyroid follicular cells. It has been proposed

that thyrocytes kill themselves by autocrine/ paracrine apoptosis [26] and a sim-

ilar mechanism may account for deletion of acinar cells in Sjogren’s syndrome

[31]. Whereas normal thyrocytes express CD95L and only very low amounts of

CD95, HT thyrocytes strongly express both CD95 and CD95L during active

phases of the disease. Of note, normal thyrocytes, � cells and oligodendrocytes

do not express significant levels of CD95. Upregulation of CD95 and sensitiza-

tion of target tissue cells towards apoptosis is a crucial step for CD95-mediated

apoptosis of tissue cells which is thought to depend on infiltrating cells and their

inflammatory cytokines [26].

Modulation of Death Receptor-Mediated Apoptosis 
in Autoimmunity
Typically, lymphocyte infiltrates in autoimmune diseases such as MS,

IDDM or HT are dominated by autoreactive TH1 cells. TH1 cells produce 

IFN-� and IL-1� which in turn not only induce upregulation of CD95 on � cells

or oligodendrocytes, but also stimulate production of other inflammatory media-

tors like nitric oxide (NO) or TNF-� [26]. However, disease-specific factors

should also be taken into account. In IDDM, high glucose itself induces CD95

upregulation and � cell apoptosis and in MS, brain cell death may also involve

TRAIL-mediated apoptosis [32]. Moreover, uncontrolled expansion of auto-

aggressive lymphocytes may not only be explained by relative apoptosis-

resistance of self-reactive cells. As mentioned above, autoreactive T cells are still

highly CD95L-sensitive in HT. Other mechanisms such as defects in survival or

immunosuppressive function of CD4�CD25highFoxP3� Treg may contribute to

an uncontrolled expansion of autoaggressive lymphocytes. Reduced numbers of

Treg are observed in myasthenia gravis, and a reduction of suppressive Treg func-

tion has been reported in MS [33, 34], RA and other autoimmune disorders.

Furthermore, we observed a high sensitivity towards CD95L-mediated apoptosis



Fas/Fritzsching/Suri-Payer/Krammer 16

of unstimulated, constitutively CD95-positive Treg both in human and mice [35].

Accordingly, Treg may be modulated by the CD95/CD95L system which further

highlights the versatility of potential death receptor modulation in autoimmunity.
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Abstract
The death receptor Fas/TNFRSF6 is a key player in lymphocyte apoptosis induction.

Patients lacking a functional Fas/TNFRSF6 receptor develop a chronic lymphopro-

liferation termed Autoimmune LymphoProliferative Syndrome (ALPS), characterized by a

benign tumoral syndrome, autoimmune cytopenias, hyperglobulinemia (G and A) and

accumulation of TCR�� CD4�CD8� cells (called double-negative, or DN, T cells).

Inherited mutations in the TNFRSF6 gene are responsible for most ALPS cases (ALPS-I).

Caspase 10 gene mutations are found in a few of the remaining cases (ALPS-II). In a third

group of patients (ALPS-III), somatic mosaicism of Fas/TNFRSF6 mutations as found in

sporadic cases. Consequences of this finding will be discussed in terms of functional and

molecular diagnosis as well as in the understanding of the pathophysiological basis of

ALPS.

Copyright © 2006 S. Karger AG, Basel

Control of lymphocytes homeostasis is essential to ensure efficient

immune responses and prevent autoimmunity. Expansions followed by contrac-

tions of the lymphocytes pool are the basis of adaptive immune responses, and

apoptosis is a crucial cellular modus operandi of the contraction phases. The

death receptor Fas is a key player in lymphocyte apoptosis induction and

patients lacking a functional Fas receptor develop a chronic lymphoprolifera-

tion termed autoimmune lymphoproliferative syndrome (ALPS). In rare instances,

defects of the Fas signaling pathway have been associated with ALPS. Although

these defects with familial history are usually caused by inherited mutations of
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the corresponding genes, somatic mosaicism of these Fas mutations were also

found in sporadic cases of ALPS.

Fas Signaling and Apoptosis

The death receptors delineate a subfamily of the tumor necrosis factor

receptor (TNF-R) family that includes five receptors containing a similar intra-

cellular ‘death domain’ (DD). These receptors are TNF-R1 (TNFRSF1A) [1],

Fas/APO-1/CD95 (TNFRSF-6) [2, 3], TRAMP/DR3/WSL1/APO-3/LARD

(TNFRSF25) [4–8], TRAIL-R1/DR4/APO-2 (TNFRSF10A) [9], TRAIL-

R2/DR5/Trick/Killer (TNFRSF10B) [10–15] and DR6 (TNFRSF21) [16]. Fas

is a prototypical member with an 80 amino acid residues intracellular DD. This

DD is the functional link between extracellular signals provided by ligands of

the TNF family and the apoptotic machinery governed by the caspases (fig. 1).

Adaptor molecules, such as the Fas-associated death domain (FADD) protein,

belonging to an emerging family containing a ‘death effector domain’ (DED)

[17], enable formation of a multimolecular complex called death-inducing

signaling complex (DISC) [18]. Other cytoplasmic proteins were reported to

interact with Fas such as Daxx [19], RIP [20] and FAF [21], but their roles in

Fas-induced apoptosis remain a matter of debate.

DISC formation differs between cell types in ways that affect the efficiency

of Fas signaling [22]. In recently activated T cells or ‘type II’ cell lines the DISC

forms inefficiently. Fas molecules are not associated with glycosphingolipid-

enriched microdomains, called rafts, and strong cross-linking of Fas is required to

induce apoptosis. On the contrary, in restimulated primary T cells or in ‘type I’

cells, Fas is associated with lipid rafts. The DISC forms efficiently and moderate

Fas-cross-linking can trigger apoptosis. Recently, signaling protein oligomeric

transduction structures (termed SPOTS) have been characterized upon Fas

ligation by agonistic antibodies [23]. Formation of these structures requires intact

Fas DD and FADD, but is independent of caspase activity. The procaspase-8 and

procaspase-10 are then activated, probably after forced oligomerization in

SPOTS. This caspase activity is required for the following steps that are capping

of Fas and internalization [24]. Production of large amounts of activated caspase-

8 and caspase-10, in type I cells, promotes activation of various downstream

caspases, including caspase-3, caspase-6 and caspase-7, and then triggers apopto-

sis. In such cells the Fas-induced apoptosis cannot be inhibited by Bcl-2 or Bcl-xl.

In type II cells, the low amount of activated caspase-8 and caspase-10 allows the

cleavage of Bid, a pro-apoptotic member of the BH-3 only proteins family, but

not of caspase-3. Truncated Bid (tBid) molecules then complex with and inhibits
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Bcl-2 in the outer mitochondrial membrane, thereby activating a mitochondrial-

dependent cell death pathway.

Another key player in the DISC is the molecule called Flip [25]. The cFlip

gene encodes, like its viral homolog vFlip, proteins that are structurally similar

to caspase-8 and caspase-10. Alternative splicing gives rises to two isoforms.

The short isoform, FlipS, like vFlip, consists of two DEDs and can inhibit death

receptor signaling by competing the recruitment of caspase-8. The long iso-

form, FlipL, is a caspase-8 like molecule composed of two DEDs and small and

large subunits that lack enzymatic activity. FlipL has a dual role. Low amount of

FlipL is required to enable a full DISC activity. However when present in large

amount it inhibits the caspases activation [26]. A defect of the DISC component

Fig. 1. Fas signaling pathway. Fas is self-trimerized through interactions of the amino-

terminal domain termed pre-ligand-associating domain (PLAD). Upon interaction with

membrane FasL (mFasL), homophilic interactions of death domains allow the association of

Fas with the cellular adapter called FADD. FADD contains another domain called the death

effector domain allowing interactions with procaspase-8 (Mach/Flice) and 10 (Flice-2) in a

death-inducing signaling complex (DISC), thereby connecting Fas to a proapoptotic path-

way. The FasL/Fas interaction can be mimicked in vitro by the use of cross-linked agonistic

anti-Fas monoclonal antibody.
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like FADD, caspase-8, caspase-10 or FlipL profoundly blocks apoptosis induced

by death receptors. In contrast, defects of down stream molecules affect only

partially this ‘extrinsic’ pathway of apoptosis.

Mouse Models of Fas Signaling Defect

Defects of Fas-induced apoptosis were first described in natural mouse

mutant strains termed lpr (for lymphoproliferation) [27]. Adult MRL/lpr mice

develop splenomegaly and adenopathy as well as hyperimmunoglobulinemia

(hyper Ig), anti-nuclear antibody and nephritis. They accumulate CD4�, CD8�
TCR ��� T cells called double-negative (DN) T cells in peripheral lymphoid

organs. The lpr strain carries a retrotransposon insertion within the fas gene,

leading to an almost complete defect of Fas expression. It is proposed that lpr
CD8� T cells cannot be killed following stimulation by self-antigen.

Consequently, they modulate the co-receptor, and accumulate as IL-10 secreting

anergic cells [28, 29]. Other natural mutants developing the same phenotype

were also described, i.e. the lprcg and gld mice [30]. In the lprcg strain, a missense

mutation within the Fas DD allows the expression of a nonfunctional protein. In

the gld mouse, a missense mutation in the extracellular domain of FasL abro-

gates its interaction with Fas. The lymphoproliferative syndrome develops in all

homozygous animals whereas autoimmune manifestations depend on genetic

backgrounds, suggesting the involvement of modifier genes [31, 32].

Several engineered animal models of Fas deficiency have been generated.

Fas or FasL-deficient mice develop a severe lymphoproliferative syndrome,

earlier than the corresponding natural mutants [33, 34]. Interestingly, a condi-

tional Fas KO model underscored the role of nonlymphoid Fas-deficient cells in

the onset of the lymphoproliferative disease [35]. Surprisingly, FADD or

caspase-8-deficient mice [36–38], as well as transgenic mice expressing a dom-

inant-negative form of FADD [39–41] or a DISC inhibitor, such as CrmA [42],

p35 baculovirus protein [43] or Flip [44], do not develop a lpr-like syndrome in

spite of a profound impairment of apoptosis induced by Fas or Trail-R. This is

consistent with the observations in humans that autoimmune lymphoprolifera-

tive syndromes are found associated with Fas or caspase-10 deficiency, whilst

caspase-8 deficiency rather leads to combined immunodeficiency (see below).

The Autoimmune Lymphoproliferative Syndrome

Biological and Clinical Presentation
In 1967, Canale and Smith [45] reported a condition characterized by non-

malignant lymphadenopathy associated with autoimmune features in children.
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Lymphocyte phenotyping of ALPS patients revealed the presence in high propor-

tion of unusual polyclonal TCR�� CD4�, CD8� (called double-negative or DN)

lymphocytes. By analogy with the lpr model, defects of the Fas pathway were

identified in ALPS patients [46–48].

Lymphocyte counts are variably increased, reflecting the intensity of the

lymphoproliferative syndrome [49]. Chronic generalized lymphocyte activation

was demonstrated by the presence of high levels of HLA-DR expression on

peripheral CD3 T cells as well as by the presence of high levels activation mark-

ers such as soluble interleukine-2 receptor, soluble CD30 and soluble Fas-ligand

in sera of ALPS patients [49, 50]. DN T cells are detected in excess in the blood

of most patients with ALPS and may account for 1–60% of T cell counts [46, 51].

Human DN T cells exhibit a phenotype of antigen-experienced cytotoxic T cells

(TCR��(high), CD2�, CD5�, CD27��, CD28�, CD57�, CD45RA�
RO�CD31�, CD62Ldull, CXCR-5�, perforin�) [52]. Detailed CD45 expres-

sion analysis on human DN T cells confirmed strong similarities with their

murine counterparts, which express the B220 marker. Human DN T cells are

CD31� but in contrast to recent thymic emigrants [53] they have a very low con-

tent of T cell recombination circle (TREC) [Rieux-Laucat, unpubl. data]. A strik-

ing feature of ALPS-Ia consists in overproduction of IL-10 by DN T cells along

with reduced IL-12 production by monocytes [54]. This is likely a secondary

regulatory event attempting to counterbalance the persistence and activation of

autoimmune clones. This is consistent with the observation made in a mouse

model where IL-10 was found to exacerbate autoimmune manifestations [29].

Polyclonal hyper IgG and A is a very frequent finding while the level of

serum IgM is usually reduced. However, in rare cases hypo Ig has been

described [55]. Polyclonal B cell lymphocytosis with expansion of CD5� B

cells is also a characteristic finding [51].

In lymph nodes, paracortical areas are hyperplastic and contain many

large lymphocytes with numerous mitoses. Many of those cells do express

the Ki-67 antigen (indicative of active proliferation) and markers associated

with cytotoxicity, such as perforin and CD57. The majority of the paracortical

cells were DN cells (fig. 2), i.e. TCR�� CD3� CD45RO� CD45RA�. T

and B cells accumulate in paracortical areas while the overall architecture of

lymphoid organs is preserved [49, 56]. Apoptotic cells are often seen [49], sug-

gesting the activation of compensatory apoptotic pathways. In addition, there

is also excessive B lymphocyte accumulation with plasmocytosis in some

patients but not all. In the spleen, expansion involves the red pulp and to a

lesser extent the white pulp. Lymphoid cells in the red pulp are similar to the

ones observed in paracortical areas of lymph node. Periarteriolar sheets are

also enlarged. DN T cells can also infiltrate the liver at the level of the portal

tracts and sinusoids.
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Clinically, two forms of the disease can be described, a rare severe form

and a frequent milder form.

The severe form is generally associated with a complete Fas deficiency

(see below) and a massive proliferation starting at birth, suggesting a process

that had started in the prenatal period [46, 49]. This active lymphoproliferation

can cause massive lymphadenopathy, splenomegaly and hepatomegaly (not

associated with liver dysfunction) (fig. 3). In this setting, hyperlymphocytosis

was noted with a very high proportion (up to 70%) of DN T cells. If not treated

by bone marrow transplantation (see below) [57], this condition is lethal [58].

Autoimmune manifestations are marginal in this condition but could have been

underestimated considering the severity of the proliferative syndrome.

The milder form of the ALPS is the most frequent one. Onset of symptoms

occurs in early childhood (0 to 5 years, at 2.3 years on average) [55]. However,

onset in adulthood is occasionally observed. Splenomegaly fluctuates in a given

patient or from patient to patient and splenectomy is often performed because

of discomfort or hypersplenism. Lymph node enlargement is multifocal and

their size fluctuates with time [59]. Sometimes, blood lymphocytosis or

increased adenopathy (in number and in size) are observed after splenectomy.

In contrast, a paradoxical decrease in lymph node has been observed during

viral infection [45]. Hepatomegaly, when observed, is mild and is not associated

Fig. 2. Immunohistology of lymph node from ALPS-Ia patient. Immunohistochemical

labeling for CD3 (dark grey) CD4 and CD8 (light grey) showing typical expansion of double-

negative  (DN) T cells in the paracortex.
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Fig. 3. Abdominal CT scan in an ALPS-0 condition. Hepatomegaly and massive

lymph node enlargements are visualized (splenectomy was performed at 3 months because of

hypersplenism). L � Lymph nodes; H � hepatomegaly.

with liver dysfunction. The lymphoproliferation may also involve the thymus,

which is enlarged as visualized by computed tomographic studies [59].

Autoimmune manifestations are found in about 70% of the patients [51,

55]. Age at onset varies considerably in contrast to the lymphoproliferative syn-

drome. The most common autoimmune manifestations involve hematological

lineages leading to anemia, thrombocytopenia and neutropenia and are associ-

ated with corresponding autoantibodies. A similar spectrum of symptoms may

be seen in patients with Evan’s syndrome [60]. Indeed, in a small cohort of ES

patients, a functional Fas defect together with increased proportion of DN

T cells was documented [61]. Hemolytic anemia is the most frequent one and

has been found associated with dyserythropoiesis in two cases [62]. Other

autoimmune manifestations can be observed such as glomerulonephritis,

Guillain-Barre syndrome, uveitis, arthritis, hepatitis and diabetes [50, 55, 63].

Autoimmune manifestations involving the skin include urticarial rashes, vas-

culitis as well as linear IgA disease [64]. Autoimmune basis is suspected in

some cases of seizure, autism, ovarian failure and mucosal ulceration [65]. In

contrast to lpr mice, typical lupus was never detected in Fas-deficient patients.

Autoantibodies towards cardiolipin, smooth muscle, nuclear antigens as well as

rheumatoid factor are commonly detected, but anti-DNA antibodies were never
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seen. Of note, autoimmunity appears to be always associated with autoantibod-

ies, although direct pathogenic intervention of T cells in some of the autoim-

mune process cannot be excluded. Failure to thrive is a frequent symptom in

children, but splenectomy could reverse it in a number of cases. By a long-term

follow-up of a number of patients, it has been possible to determine that there is

a significant reduction of lymphoproliferation in a number of them over time

[55]. Nevertheless, Fas mutations represent a significant risk factor for malig-

nancy. Liver carcinoma (in 1 patient with hepatitis C infection) and multiple

thyroid and breast adenomas together with basal cell carcinomas in another one

were reported [48].

A study performed on a cohort of ALPS patients and relatives showed that

the risk of non-Hodgkin as well as Hodgkin lymphoma in carriers of heterozygous

TCR�� DN T cells
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Fig. 4. Lymphoproliferation in ALPS-Ia and ALPS-Im. Fas-deficient cells (dark) and

Fas-proficient cells (light), co-exist in ALPS-Im patients, showing the somatic mosaicism. In

ALPS-Ia patients or in their clinically unaffected relatives, all cells are mutated and exhibit a

Fas-mediated apoptosis defect. Unsolved questions are: (1) What is the role of the DN T

cells, or of the cells that generate them, in the induction and the persistence of ALPS? (2) Is

Fas only controlling proliferation towards self-antigen? (3) Is the central tolerance preserved

in ALPS? Normal T cell homeostasis in healthy carriers of Fas mutations suggests the

existence additional factors, which can either protect these carriers or activate onset of the

disease in patients.
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Fas mutation was, respectively, 14 and 51 times higher than expected [66]. In

this study, the average age of lymphoma occurrence was 28 years. This obser-

vation is in accordance with the description of somatic Fas mutations in both

children and adult leukemia and lymphomas [62, 67–69]. However, as dis-

cussed below, somatic mutations of Fas, most likely occurring in hematopoietic

progenitor, are also associated with classical benign ALPS [70].

Treatment indications depend on the type and severity of the symptoms. In

many patients, the clinical status does not require any treatment. Splenectomy is

often performed because of discomfort and hypersplenism. But sometimes it is

also required because of protracted autoimmunity toward blood cells [50, 55].

In some patients autoimmunity tends to be severe, requiring aggressive

immunosuppressive regimens including steroids and cyclophosphamide [49].

The anti-folate drug Fansidar®, or a combination of pyrimethamine and sulpha-

doxine, were found effective in some cases [71], especially for the lymprolifer-

ative manifestations.

In 2 severe cases, characterized by progression of lymphoproliferation in

spite of chemotherapy including cyclophosphamide, vincristine and pred-

nisone, bone marrow transplantation was performed from an unrelated donor in

1 case [72] and in a haploidentical situation in the other [57]. In both cases,

bone marrow transplantation led to correction of the Fas deficiency and to dis-

appearance of clinical and biological manifestations.

Molecular Basis of the ALPS

Based on the molecular defect, ALPS can be subdivided into at least five

subtypes. Complete expression defects, associated with a severe form of the

disease, are termed ALPS-0 to underline the complete absence of Fas, at least

on lymphocytes. In this regard, the ALPS-0 is similar to the Fas-null mice.

ALPS-Ia defines functional Fas deficiencies (with slightly diminished or nor-

mal Fas expression). They are associated with heterozygous dominant muta-

tions of Fas. ALPS-Ib is used for the FasL defect; it may be inappropriate, since

the phenotype of the unique described case is dissimilar to other ALPS patients.

ALPS-II is used to describe defects of the Fas signaling pathway such as defects

of caspase-10. In contrast, the caspase-8 deficiency may not be classified as

ALPS since it is rather associated with combined immunodeficiency. Finally,

ALPS-III describes patients presenting with ALPS symptoms but with a normal

in vitro Fas-induced apoptosis. In a recent work, somatic heterozygous domi-

nant Fas mutations have been identified in a group of ALPS-III patients. It was

proposed to call these cases ALPS-Im to refer to the mosaicism observed in

these cases.
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ALPS-0: Complete Expression Defect of Fas

ALPS caused by complete Fas deficiency (ALPS-0) are consequences of

homozygous null mutations. Three cases of homozygous mutations have been

reported [46, 58, 73]. Given that heterozygous parents were healthy, it was pro-

posed that these mutations were recessive [29, 58]. However, observation of

another unpublished family with ALPS-0 does not support this conclusion. In

that family, whereas the heterozygous mother is healthy, the heterozygous

father presented with symptoms of classical ALPS-Ia [Rieux-Laucat et al.,

unpubl. obs.]. Importantly, cells from both parents exhibited a Fas-induced

apoptosis defect of the same magnitude. The child who received both mutated

alleles is presenting with complete Fas deficiency and typical ALPS-0. From

this example, it can be suggested that most, if not all, mutations are dominant,

and that when homozygous, they lead to a more severe phenotype. In one fam-

ily, three siblings were compound heterozygotes and developed a moderate

form of ALPS. One mutation resulted in an amino acid substitution in the extra-

cellular domain [74]. It is unclear whether this modified Fas molecule has an

impaired function.

ALPS-Ia: Partial Functional Fas Deficiency

ALPS-Ia is the consequence of heterozygous dominant Fas mutations and

more than seventy ALPS-Ia patients are described [49, 52, 55, 56, 58, 62, 65,

73–83]. Mutant Fas molecules exert a transdominant negative effect on wild-type

molecules [80, 84]. Seventy percent of the identified mutations affect the intra-

cellular domain (ICD) and most of those mutations are localized within the DD.

ICD mutants result in reduced FADD binding and caspase recruitment much

greater than a 50% reduction as predicted in a 1:1 non-cooperative interaction

between Fas and FADD [84]. This implies cooperativity between Fas subunits

in the recruitment of FADD, consistent with the presence of only 1 of 8 normal

trimers in this setting. One third of mutations affect the extracellular domain

(ECD) of Fas. The PLAD model explains how ECD mutants resulting from

nonsense mutations can affect triggering of apoptosis. Although unable to

anchor the membrane, they can still complex with wild type Fas through the 

N-terminal domain [85]. The identification of a mutation leading to a stop

codon at position �12 [Rieux-Laucat et al., unpubl. obs.], suggest that the sig-

nal peptide and the very first residues of Fas can constitute a functional PLAD.

Alternatively, it can be expected that such a short mutant would not be

expressed, thus leading to haplo-insufficiency. This last hypothesis is consistent

with experiments performed on thymocytes from heterozygous Fas KO mice,



Rieux-Laucat 28

which exhibit a reduced Fas-induced apoptosis [86]. Missense mutations in

ECD result in expression of an abnormal Fas molecule, most likely incapable of

an interaction with FasL.

Of note, ALPS-Ia patients may have clinically unaffected relatives with the

same apoptotic defects (and same mutations) [55, 79, 80]. Thus, from a func-

tional point of view, mutations are fully penetrant. On the contrary, the clinical

penetrance is partial since only 70% of Fas mutation carriers will develop the

disease. This clinical penetrance is highest for ICD missense mutations, reaching

90%. Mutations leading to ICD truncation have a clinical penetrance of roughly

75%. Finally, the clinical penetrance dropped to 30% for ECD mutations. This is

the unique genotype-phenotype correlation in ALPS. No other correlation could

be found between the type of mutation, magnitude of the functional defect and

severity of the syndrome. The partial clinical penetrance strongly indicates that a

second event should be associated to Fas mutations in order to cause an overt

ALPS. Genetic rather than environmental factors, like in lpr mice, likely influ-

ence the ALPS expression, and account for variable penetrance of some muta-

tions. Interestingly, mutations of both Fas alleles (either in homozygous or in

compound heterozygous) are associated with full clinical penetrance. Similarly,

in mice, symptoms develop only in homozygous animals. However, it was

reported that double-heterozygous lprcg/gld animals develop a mild lymphopro-

liferative disease [87]. These findings suggest that defects in the Fas/FasL path-

way can synergize and direct development of the syndrome.

ALPS-Ib: A Unique Example of Human FasL Deficiency

A unique case of dominant FasL mutation was found in a screen of 75

patients presenting with features of systemic lupus erythematous along with

chronic lymphoproliferation [88]. This case was defined as ALPS-Ib despite the

lack of some biological and clinical criteria found in ALPS (DN T cells and

splenomegaly were absent). Of note, inheritance of this mutation could not be

proven. The phenotype of lymphoproliferation and gld mice being identical, one

could predict an occurrence of FasL mutations in humans as frequent as Fas

mutations. The absence of inherited FasL mutations in ALPS suggest either that

FasL is more important for human development than it is in mice (thus, a FasL

defect would not be compatible with life) or that a FasL defect would cause a

completely different disease. This could be an immune deficiency (if FasL is

involved in triggering cell proliferation), or other severe disease (related to poten-

tial extra-hematopoietic manifestations) masking the diagnosis of ALPS.

Alternatively, a potential unforeseen second ligand in humans could lead to an

absence of phenotype.
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ALPS-II: Defect of the Death Receptors Signaling Pathway

Lymphocytes from ALPS-II patients exhibit abnormal lymphocyte Fas-

mediated apoptosis, but normal Fas expression and sequence. Lenardo’s group

has reported the occurrence of caspase-10 mutations associated with ALPS in

two families [89]. Moreover, apoptosis triggered by other DRs (TNFRSF1,

TNFRSF25 and TNFRSF10A and B) is also impaired in caspase-10 deficiency,

strongly indicating that besides caspase-8, the related caspase-10 is also inte-

grated into the DISC upon death receptors engagement. Accordingly, recent

work confirmed the key role of caspase-10 in Fas-induced apoptosis [90, 91]

and its capacity to cleave Bid and trigger the caspase cascade activation [92].

Importantly, the V410I mutation identified in a patient with ALPS-II was found

at the heterozygous state with a high frequency in the Danish population [93,

Vonarbourg et al., unpubl. data], questioning its involvement in the onset of the

disease. However, this polymorphic mutation has not been found at the

homozygous state in a healthy patient. Regardless of the relevance of V410I,

the dominant caspase-10 mutation has been validated and underscores the phys-

iological role of this caspase in the cascade leading to apoptosis.

A homozygous caspase-8 mutation has been described in two siblings

from a consanguineous family. They presented with lymphoproliferative syn-

drome associated with clinical and biological immunodeficiency [94]. The

defect in activation of T and B lymphocytes found in this situation suggested

that caspase-8 is involved in early TCR and BCR signaling. Recently, Su et al.

[95] showed that caspase-8 deficiency in humans and mice specifically hinders

activation of the transcription factor NF-�B after stimulation through antigen

receptors, Fc receptors, or Toll-like receptor-4 (TLR4 ) in T, B and natural killer

cells, thereby explaining the phenotype of combined immunodeficiency (CID).

Consequently, the classification of the caspase-8 deficiency as ALPS-IIb

(OMIM#607271) is perhaps inappropriate.

ALPS-III: ALPS without in vitro Fas Functional Defect

We have investigated more than 50 patients who presented with lymphopro-

liferation and autoimmunity but normal in vitro Fas-induced apoptosis as well as

normal FasL gene (see ALPS-Ib). Therefore, this type of ALPS remained enig-

matic until recently. Retrospectively, we observed that most cases were sporadic

and that the diagnostic criteria for ALPS were met in only 20% of these patients.

We thus pursued the hypothesis that an increased proportion of DN T cells

(above 2%) reflected the accumulation of cells that carry a Fas deficiency.

Purification of the DN T cells led to the identification of heterozygous dominant
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Fas mutations [70]. Whereas these mutations were found in 100% of the DN T

cells, they were detected in only a fraction (10–20%) of other cell subsets such as

CD4� or CD8� T cells, B cells, NK cells, monocytes or granulocytes. In one

case, the mutation was found in 1% of the CD34� progenitor-enriched popula-

tion of the spleen. In contrast, these Fas mutations remained undetectable in

epithelial cells from the mouth or skin and thus were somatic rather than

germline mutations. They most likely occurred during embryonic or fetal devel-

opment. We proposed to term these cases ALPS-Im in order to underline the

somatic mosaicism observed in these patients. Analyses of in vitro-activated T

cells revealed that the mutant T cells (including DN as well as CD4� and CD8�
T cells) exhibited a paradoxical spontaneous apoptosis in culture. Therefore,

mutant cells were absent when the functional assay was performed, thus explain-

ing the normal in vitro Fas-induced apoptosis in ALPS-Im patients [70]. In con-

clusion, a subgroup of patients with ALPS-III carries somatic Fas mutations in

hematopoietic cells in the absence of any malignant condition. These patients are

probably at risk for lymphomas, like those with inherited mutations. Whether the

progeny of ALPS-Im patients will be at risk to develop an ALPS depends on the

extent of the mosaicism and the presence of mutation in germ cells. In future

work, it will be of interest to decipher the mechanisms by which a fraction of

mutant T cells can trigger an overt ALPS in mosaic patients, and to determine

whether all sporadic cases of ALPS with normal in vitro Fas-induced apoptosis,

are caused by somatic mosaicism of Fas mutations or of other genes involved in

the Fas pathway, such as FasL, FADD and caspase-10.

Pathophysiological Mechanisms in ALPS

The characteristic feature of ALPS with Fas deficiency is chronic lympho-

proliferation. The initial explanation was that Fas-deficient cells accumulate

because of apoptosis resistance. However, if it fits with a progressive develop-

ment of the disease in aging mice, it cannot explain the early onset of ALPS in

children or in neonates. In addition, the frequent observation of spontaneous

apoptosis of T cells in ALPS (either DN T cells or single positive CD4 or CD8)

supports a dynamic generation/removal process of DN T cells. In ALPS condi-

tion, active proliferation cause a production of DN T cells which is faster than

the removal by compensatory apoptotic mechanisms. Importantly, the propor-

tion of DN T cells stays steady over time in a given patient (without treatment),

but may vary from patient to patient. Modifier genes encoding products

involved in apoptosis might thus control expression of the disease. DN T cells

have been shown to secrete high amounts of soluble FasL (sFasL) and IL10. It

was also shown that sFasL can potentially inhibit the cytotoxic activity of the
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membrane form (mFasL) [96]. This could theoretically explain the generalized

proliferation observed in ALPS-Im in spite of the low proportion of mutant

cells (fig. 4). In addition, IL-10 can enhance the proliferation of autoreactive B

cells [29] and induce regulatory T cell apoptosis [97]. These combined effects

could potentially account for the onset of autoimmunity as observed in the

majority of ALPS patients. It thus remains to explain why some ALPS-Ia

patients do not develop autoimmune manifestations, and why responses to

exogenous antigen (such as vaccination as well as viral or bacterial infections)

are normally controlled. This suggests that the Fas pathway is controlling AICD

during chronic exposure to auto antigens but not to exogenous antigen (fig. 4).

It was proposed that chronically stimulated T cells downmodulate CD28 and

therefore become more sensitive to FasL-induced cell death [98]. Fas-deficient

T cells escape cell death, proliferate and can activate Fas-deficient B cells. In

physiological setting, FasL expressing T cells kill normal autoimmune B cell

clones, likely because chronic exposure to antigens no longer induce protecting

signals from cell death. Fas deficient B cells will thus escape this regulatory

process and further proliferate. CD40L/CD40 T/B interaction can induce plas-

mocyte differentiation and isotype class switch, thereby explaining the hyper-

IgG and A found in more than 80% of ALPS patients. Interestingly, correction

of Fas only in T cells enables to control both lymphoproliferation and autoim-

munity [99]. Therefore, the Fas pathway deficiency creates a defect in periph-

eral tolerance. Defects of central tolerance of T cells in lpr mice remain a matter

of controversy [100, 101]. The increased proportion of mutant cells in the

periphery as compared to hematopoietic progenitors in one ALPS-Im patient

supports a role for Fas during lymphoid and myeloid development [70].

Autoimmune features vary from strain to strain carrying the lpr mutation.

These manifestations are moderate in C57BL6 or 129 mice [86]. This important

finding shows that Fas mutations are a predisposing factor for the onset of

autoimmunity, but that the latter requires other genetic susceptibility factors.

Loci encoding some of them have been recently mapped [32]. Further genetic

studies of mice should thus lead to the identification of other important gene

products in the control of autoimmunity. Similarly, in humans, several modifier

gene products might be involved, and might affect T cell proliferation or apop-

tosis, as well as elimination of auto-reactive cells.
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Abstract
The current studies of apoptosis in rheumatoid arthritis (RA) suggest that the TNF

ligand-receptor superfamily (TNFRsF) molecules, downstream pathways (activation of pro-

apoptosis or anti-apoptosis pathway), cell types (lymphocytes and synovial fibroblast), and

the mechanism that triggers apoptosis (tolerance induction-related, downmodulation of

inflammation-related, or DNA damage-related) all exhibit a capability to determine the

induction or prevention of RA. This series of defects at different levels and in different cells

have been shown to lead to T cell and synovial hyperproliferation, defective apoptosis, exces-

sive apoptosis, or bone erosion. In this chapter, we summarize the available knowledge of the

regulation of TNFRsF and their likely pathogenic roles in RA to help identify candidate tar-

get cells and target molecules for delivery of gene constructs to modulate apoptosis to pre-

vent the development of RA in both humans and mice.

Copyright © 2006 S. Karger AG, Basel

The members of the TNF ligand-receptor superfamily (TNFRsF) are inti-

mately involved in the regulation of the proliferation and death of immune cells

and are of particular interest in relation to their role in the genesis of arthritis

and autoimmune disease. The number of receptors, and their corresponding lig-

ands that are recognized as members of the TNFRsF has increased rapidly, and

the biological functions of these molecules are now being revealed (table 1).

Many therapeutic strategies that target members of the TNFRsF, and their sig-

naling pathways, have been proposed for the treatment of arthritis and auto-

immune disease.
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Table 1. Summary of the major TNF ligand-receptor superfamily members that are associated with 

autoimmune disease

Ligand Receptor Functions and connection with autoimmune disease

TNF-� TNFR1 (CD120a) – increase in human RA patients

TNFR2 (CD120b) – TNF-� transgenic mice develop arthritis spontaneously

promotes apoptosis but also inflammatory response

promotes apoptosis but also inflammatory response

FasL (CD95L, Fas (CD95) mutation leads to generalized autoimmune disease 

or CD178) in gld mice

mutation leads to generalized autoimmune disease 

in lpr mice

TRAIL (Apo-2L) TRAIL-R1 (DR4) – blockade leads to CIA and EAE

TRAIL-R2 (DR5) – upregulation inhibited the development of CIA

TRAIL-R3 (DcR1) induction leads to apoptosis or activation of NF-�B and JNK

TRAIL-R4 (DcR2) induction leads to apoptosis or activation of NF-�B and JNK

DcR3 does not have a death domain and mainly inhibit apoptosis

has only a partial death domain and does not induce apoptosis

can bind to FasL and prevent the FasL-mediated apoptosis

TWEAK DR3 (TWEAK-R, induces apoptosis and costimulation of T cells

WSL-1, TRAMP, deficiency leads to abnormal thymocyte negative selection

LARD)

Unidentified DR6 deficiency leads to increased T cell proliferation and altered 

Th1 and Th2 response

BAFF (Blys, THANK, TACI – supports the survival and proliferation of activated B cells

TALL-1, zTNF4) BAFF-R – Blys transgenic mice develop lupus-like autoimmune 

BCMA disease

inhibits B cell activation

deficiency lead to B cell maturation defects

does not appear to be crucial for B cell activation

RANKL RANK induction of osteoclast formation

OX40L OX40 (CD134) expressed in RA synovial sublining cells

– expressed on T lymphocytes in synovial fluid from 

RA patients

– in vivo treatment of IL-1R�/� arthritis mice with an 

anti-OX40 antibody suppressed the development of 

spontaneous arthritis

4-1BBL 4-1BB (CD137) s4-1BBL were significantly higher in RA patients

– s4-1BBL were significantly higher in RA patients

– agonistic anti-CD137 treatment of DBA/1 mice inhibited 

humoral immune response and prevented the development 

of collagen-induced arthritis
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Regulation of Cell Proliferation and Apoptosis by TNFRsF

Structurally, the members of  TNFRsF share several common features (fig. 1).

All members of the receptor family are type I transmembrane proteins with con-

served cysteine-rich repeats and a certain degree of homology in the extracellular

domain. A subgroup of receptor family members contains a conserved ‘death

domain’, which is responsible for transducing an apoptosis signal in the cytoplas-

mic domain. All members of the ligand family are type II transmembrane pro-

teins, which can be expressed in both a membrane-bound and a secreted form.

The oligomerization of the receptor as a consequence of interaction with its lig-

and is required to deliver a functional signal. An immune cell may express either

the receptor or ligand alone or express paired receptors and ligands on the cell

surface simultaneously. Therefore, the interaction between the receptor and ligand

in immune cells can be associated with both autocrine and paracrine responses.

Functionally, the members of the TNFRsF can deliver signals leading to

either apoptosis or survival and proliferation. For each TNFRsF member, the dif-

ferentiation between cell death and proliferation depends upon the type of cell

and its functional status. The receptors of the superfamily share signal transduc-

tion pathways in common with the apoptosis signal transduction being mediated

through the Fas-associated death domain (FADD)/caspase-8 cascade, and the stim-

ulatory signal transduction being mediated primarily by TNF receptor-associated

factors (TRAFs) and the NF-�B pathway (fig. 2). The balanced expression of the

death receptors and the survival receptors on immune cells and their appropriate

signaling maintains the homeostasis of the immune system and also regulates

death or survival of tissue targets of autoimmune attacks.

Regulation of Apoptosis by Bcl-2 Family Members

The family of Bcl-2-related proteins also functions as a regulator of

apoptosis (fig. 3). These molecules share homology at four conserved Bcl-2

Table 1. (continued)

Ligand Receptor Functions and connection with autoimmune disease

GITR GITRL removal of GITR-expressing T cells or administration of 

a monoclonal antibody to GITR produced organ-specific 

autoimmune disease in otherwise normal mice

constitutively expressed on retinal pigment epithelium and in 

high levels on photoreceptor inner segments
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homology (BH1-4) domain regions, which control the ability of these proteins

to dimerize and affect apoptosis. The conserved domains BH1, BH2, and BH3

participate in the formation of various dimer pairs as well as the regulation of

cell death. The Bcl-2 family includes the death antagonists Bcl-2, Bcl-XL, Mcl-1,

and A1, as well as the proapoptotic molecules Bax, Bcl-Xs, Bak, Bik, Bid,

Bim, and Bad. The overall ratio of the death agonists to antagonists determines

the susceptibility to a death stimulus. Bcl-XL, Bcl-2, and Bax also can form 

Fig. 1. The TNF superfamily of ligands and receptors. The extracellular region of the

TNFRsF receptors carries two to six repeats of a cysteine-rich subdomain that have approxi-

mately 25% homology. For example, Fas has three cysteine-rich subdomains, and TNFR1

has four such subdomains. The intracytoplasmic death domain is shown by the rectangular

box, and the different TRAF sites are shown by different color-coated circles. This figure has

been modified and adapted from the ALEXIS Immunology catalog (copyright permission

granted by the ALEXIS Platform, San Diego, Calif., USA and from Koopman WJ: Apoptosis

and autoimmune disease, chap 26,; in Mountz JD, Zhou T (eds): Arthritis and Allied

Conditions, ed 15. Baltimore, Lippincott Williams & Wilkins).
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ion-conductive pores in artificial membranes. Bcl-2 and Bcl-XL display a recip-

rocal pattern of expression during lymphocyte development.

Bid and Bad possess the minimal death domain BH3, and the phosphory-

lation of Bad at Ser-112, Ser-136, and Ser-155 residue connects proximal sur-

vival signals to the Bcl-2 family. In contrast, the dephosphorylated (active)

form of Bad binds to pro-survival Bcl-2 family members at the mitochondria.

The binding of Bad to pro-survival Bcl-2 proteins is followed by the oligo-

merization of the proapoptotic Bcl-2 proteins Bax and Bak, which results in

Fig. 2. Apoptosis signaling pathway. Apoptosis signaling by a death inducing signal-

ing complex (DISC) was mediated by binding of the Fas-associated death domain (FADD)

and Fas-like IL-1-converting enzyme (FLICE), otherwise known as caspase-8, to Fas. The

formation of the DISC depends upon cross-linking of the Fas molecule. This leads to pro-

duction of active caspase 8. In the case of tumor necrosis factor 1, the first molecule to bind

to DISC is the TNF receptor apoptosis death domain (TRADD), followed by assembly of the

same molecules as described for Fas. TNF receptor signaling by TNF-� acts through TRAF-

2 and Rip to activate NF-�B inhibitor kinase (NIK). This phosphorylates I�B� and I�B�
chains. The phosphorylated I�B� and I�B� are rapidly degraded in the proteasome. The NF-

�B 40-kDa and the NF-�B 65-kDa dimer undergo nuclear translocation which is guided by

nuclear localization. Nuclear translocation of NF-�B leads to upregulation of a number of

genes including anti-apoptosis genes (adapted with copyright permission from Koopman

WJ: Apoptosis and autoimmune disease, chap 26,; in Mountz JD, Zhou T (eds): Arthritis and

Allied Conditions, ed 15. Baltimore, Lippincott Williams & Wilkins).
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mitochondrial dysfunction, cytochrome c release, caspase activation, and apop-

totic cell death.

Regulation of Apoptosis of Rheumatoid Arthritis Synovial
Fibroblasts

It has been reported that the synovial fibroblasts that undergo hyperplasia in

patients with rheumatoid arthritis (RA) have several dysregulations in Fas and Fas

Fig. 3. Regulation of apoptosis by Bcl-2 family members. Protein-protein interactions

between Bcl-2 family members regulate apoptosis function. Bax can form homodimers or

heterodimers with either Bcl-2 or Bcl-XL. Formation of Bax homodimers promotes cell

death where Bax heterodimerization with either Bcl-2 or Bcl-XL blocks cell death. Bad, a

proapoptotic Bcl-2 family member, heterodimerizes with Bcl-2 and Bcl-XL and promotes

cell death. Bid can be directly activated by Fas and promote cell death. Members of the Bcl-2

family have been suggested to play a role in mitochondrial ion channel formation and pro-

mote the release of cytochrome c for mitochondria (adapted with copyright permission from

Koopman WJ: Apoptosis and autoimmune disease, chap 26,; in Mountz JD, Zhou T (eds):

Arthritis and Allied Conditions, ed 15. Baltimore, Lippincott Williams & Wilkins).
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ligand expression, apoptosis function, and the expression of other apoptosis

molecules, such as p53. Analysis of fresh synovial tissue sections from patients

with RA reveals higher apoptosis of the type A (macrophage-like) synovial lining

cells with little apoptosis of type B (fibroblast-like) synovial cells. Synovial

fibroblasts have been demonstrated to be sensitive to apoptosis in a human T cell

leukemia virus 1 (HTLV-1) tax transgenic mouse model when high levels of anti-

Fas antibody were injected intra-articularly [1]. These and similar experiments

were carried out by using a novel anti-Fas monoclonal antibody including RK-8

and HFE-7A [2], which can cross-link Fas and induce apoptosis in some strains of

mice without causing significant liver toxicity. Transfection of human Fas ligand

into RA synovial fibroblasts that were transplanted into SCID mice also resulted in

the induction of apoptosis. TNF-� has been shown to either inhibit or facilitate Fas

signaling in human RA synovial fibroblasts. To date, the studies indicate that Fas

apoptosis signaling may be defective in human synovial fibroblasts and that this

signaling can be modulated by other cytokines, such as TNF-� and transforming

growth factor-� (TGF-�), that are present in abundance in the joint tissue.

The TNF-Related Apoptosis-Inducing Ligand 
(TRAIL)-Mediated Apoptosis

TRAIL, another member of the TNF superfamily, has an apoptosis-inducing

activity that is equivalent to that of TNF-� and Fas ligand. TRAIL has been of

particular interest in the development of therapeutics because it differs from

TNF-� and Fas ligand in that it induces apoptosis of tumor cells preferentially,

with little or no effect on normal cells. At least five receptors for TRAIL have

been identified, two of which, DR4 (TRAIL-R1) and DR5 (TRAIL-R2), are

capable of transducing an apoptosis signal whereas the other three (TRAIL-R3,

TRAIL-R4 and OPG) serve as decoy receptors to block TRAIL-mediated apop-

tosis. All five receptors for TRAIL share significant homology in their extracel-

lular ligand-binding domain.

Recent studies indicate that defective TRAIL-mediated apoptosis has the

potential to contribute to the development of autoimmune disease. Blockade of

TRAIL-mediated apoptosis with the soluble receptor, DR5, has been shown to

significantly increase the susceptibility of mice to collagen-induced arthritis

and experimental allergic encephalitis. DR5 is of great interest as it is selec-

tively expressed by abnormally proliferating pathogenic cells, and selective tar-

geting of DR5 may induce apoptosis of autoimmune cells.

A novel anti-human DR5 antibody can induce apoptosis of RA synovial

fibroblasts [3]. Synovial fibroblast cells isolated from patients with RA, but not

those isolated from patients with OA, expressed high levels of DR5 similar to
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most malignantly transformed tissues and cells. In contrast, the expression of

other death receptors such as DR4, did not differ between RA and OA synovial

cells. DR5-mediated apoptosis was highly selective for the RA synovial cells as

all primary RA synovial cells but not OA synovial cells were susceptible to 

anti-DR5-mediated apoptosis. In contrast, there was no difference in Fas-

mediated apoptosis between the two types of synovial cells. In vitro treatment

of RA synovial cells with anti-DR5 strongly inhibited the production of matrix

metalloproteinases (MMPs) induced by pro-inflammatory cytokines. In a

human RA synovial cell xenograft model, treatment with anti-DR5 effectively

inhibited hyper-proliferation of RA synovial cells and completely prevented the

bone erosion and cartilage destruction induced by RA synovial cells. These

results indicate that increased DR5 expression and susceptibility to DR5-

mediated apoptosis are characteristic of the proliferating synovial cells in RA

and suggest that specific targeting of DR5 on RA synovial cells with an

agonistic anti-DR5 antibody may be a potential therapy for RA.

Signaling Pathways of Apoptosis in Rheumatoid Arthritis 
Synovial Fibroblasts
The signaling pathway for Fas in synovial fibroblasts has not been studied

extensively, but several observations indicate that Fas signaling is downregu-

lated. Fas apoptosis has been shown to involve the Jun kinase and the AP-1

pathways, as well as ceramide signaling. Other investigators have reported that

the Jun kinase pathway is a critical MAPK pathway for IL-1-induced collage-

nase gene expression in synoviocytes and in joint arthritis, suggesting that Jun

kinase is an important potential therapeutic target for RA [4].

Another pathway of growth regulation in RA synovial fibroblasts involves

TNF-receptor signaling. TNF-receptor signaling can activate a potent anti-

inflammatory pathway by NF-�B nuclear translocation. A mutant form of I�B

also has been used in human RA synovial cell lines to block nuclear transloca-

tion of NF-�B in response to TNF-� [5]. This leads to unopposed activity of the

proapoptotic pathway and high apoptosis of human RA synovial cells. The

inhibitor of apoptosis (IAP) gene products play an evolutionarily conserved role

in regulating programmed cell death in diverse species ranging from insects to

humans. Human XIAP, cIAP1, and cIAP2 directly inhibit caspase 3, 6, and 7.

The IAPs also can block cytochrome c-induced activation of pro-caspase-9 and

inhibit Fas-mediated apoptosis. The murine homologue of the human X-linked

IAP, called miap, has been mapped to the X chromosome. We previously [6]

showed that XIAP was upregulated by TNF-� in rheumatoid arthritis synovial

fibroblasts (RASF), and this upregulation was inhibited using a dominant

negative form of I�B plus TNF-� XIAP is an inhibitor of apoptosis after TNF-�
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signaling since transfection of primary RASF with an XIAP antisense aden-

ovirus promoted to apoptosis of RASF. Therefore, XIAP is a TNF-�-inducible

specific inhibitor of apoptosis in RASF. This and other modulators of the TNF

receptor or the Fas apoptosis pathway may be therapeutically beneficial in facil-

itating apoptosis of synovial tissue in patients with RA.

An important pathway of apoptosis resistance for some synovial cells

appears to be expression of mutant p53 [7]. It was hypothesized that free radical

production associated with the highly oxidative metabolism present in the

inflammatory synovium may lead to mutations of the p53 tumor-suppressor

gene. Overexpression of p53 has been shown to result in significant apoptosis

of human and rabbit synovial cells in culture. Furthermore, intra-articular inject-

ion of an Ad-p53 vector resulted in a significant reduction in leukocytic infil-

trate and extensive and rapid induction of synovial apoptosis in the rabbit knee

without affecting cartilage metabolism. Thus, p53 may be a critical regulator of

fibroblast-like synovial cell proliferation, apoptosis, and invasiveness. Abnor-

malities of p53 function might contribute to synovial lining expansion and joint

destruction in RA.

Akt Regulation of Fas Apoptosis of RASF
TNFR signaling also has been shown to activate PI 3-kinase and Akt, also

known as protein kinase B, in HepG2 liver cells and U937 cells. Akt is a serine-

threonine protein kinase that is regulated by PIP3 and has been implicated in

signaling survival in a wide variety of cells, including fibroblastic, epithelial, and

neuronal cells as well as T cells. Akt was first recognized as an anti-apoptosis

factor during analysis of signaling by insulin-like growth factor-1 (IGF-1),

which promotes the survival of cerebellar neurons. We have observed previously

that the levels of phosphorylated Akt (P-Akt) are higher in RASF than in OASF

[8]. The levels of P-Akt and Akt kinase activity were increased by stimulation of

primary RASF with TNF-�. Treatment of RASF with the phosphatidylinositol

(PI) 3-kinase inhibitor, wortmannin, plus TNF-� resulted in apoptosis of 60%

of RASF within 24 h. This pro-apoptosis effect was specific for Akt, since

equivalent levels of apoptosis were observed upon TNF-� treatment of RASF

transfected with AdAkt-dominant-negative (DN) and with AdPTEN, which

opposes the action of Akt. We propose that, under pathologic conditions

observed in RASF, there is increased activation of Akt which inhibits the

apoptosis pathway leading accumulation of the RASF [8]. It was first proposed

that oncogenes may result in increased proliferation or dysregulated growth of

cells associated with autoimmune disease. Elevated expressions of oncogenes

were first observed in RASF with the reports of increased expression of ras and

myc, and the association of oncogene expression with invasiveness of synovium.
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TNFRsF as Regulators of  T Cells in RA

Death Domain Receptors in T Cells and Autoimmunity
The immunological functions of most members of the TNF receptor and

ligand family have been identified. All of the receptors with an apoptosis-

inducing function are involved in the downmodulation of the immune response.

One of the most important functions of the death receptors is to mediate the AICD

of immune cells. AICD is a highly regulated event that involves several apoptosis

signaling molecules, including Fas and the TNF-R, which are expressed on dif-

ferent cell types including B cells, T cells, and macrophages [9]. The identifica-

tion of mutations of the murine fas and fas ligand genes over a decade ago

indicated that the products of these genes are a pair of receptor/ligand molecules

that are specialized to carry out the function of apoptosis. Moreover, the identi-

fication of mutated fas and fasL genes in the autoimmune lpr/lpr and gld/gld
strains of mice, respectively, provided the first evidence that autoimmune dis-

ease could result from defective apoptosis of immune cells. A major function of

Fas-mediated apoptosis is in the AICD of T cells, which is critical for mainte-

nance of peripheral T cell tolerance. On activation, T cells express increased lev-

els of both Fas and Fas ligand, which enables apoptosis to occur in an autocrine

fashion. Studies using a T cell receptor transgenic mouse model have demon-

strated that failure of Fas-mediated apoptosis results in increased production of

self-reactive T cells in the periphery and decreased clonal deletion of superanti-

gen-stimulated T cells. Other biological functions of Fas-mediated apoptosis

include: (1) a role in the immunosurveillance function of cytotoxic T cells and

natural killer (NK) cells, both of which express high levels of Fas ligand and

mediate apoptosis of virally infected host cells, and (2) a role in immunoprivi-

lege, in which overexpression of Fas ligand by the immunoprivileged tissues and

organs prevents attack by T cells and other inflammatory cells.

Defective apoptosis or a reduction in the levels of apoptosis of autoim-

mune T cells may lead to the development of autoimmune disease, and it was

logical to assume that manipulation of the levels of Fas would be an effective

therapeutic strategy. The feasibility of this approach has been limited to date,

however, by the severe liver toxicity associated with administration of both sol-

uble Fas ligand and agonistic anti-Fas antibodies. Strategies to avoid toxicity

have included the local delivery of the fasL genes and the development of mon-

oclonal antibodies that target Fas and induce effects on inflammatory cells

selectively, thereby bypassing the associated potential for liver toxicity.

T cell apoptosis is associated with sequential activation of the caspases,

which cleave after Asp residues, beginning with caspase 8 (fig. 3). Caspases are

expressed constitutively in most cells, residing in the cytosol as a single-chain

proenzyme. These are activated to fully functional proteases by a first proteolytic
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cleavage that divides the chain into large and small caspase subunits and a sec-

ond cleavage that removes the N-terminal domain (prodomain). Inefficient acti-

vation of caspase-8 results in direct activation of Bid, a proapoptotic member of

the Bcl-2 family, and the C-terminal fragment acts on mitochondria, triggering

cytochrome c release. The released cytochrome c binds to apoptotic protease-

activating factor-1 (Apaf-1), which self-associates and binds to and activates

caspase-9. This is associated with a decrease in inner mitochondria membrane

potential corresponding to the opening of the inner membrane permeability

transition (PT) pore complex and loss of the ability to take up certain dyes. In

immune cells in which this mitochondrial amplification loop is important, anti-

apoptosis Bcl-2 family members can suppress Fas-induced apoptosis. Bcl-2

and Bcl-XL act to prevent cytochrome c release and thus interfere with this path-

way. Activated caspase-9 and caspase-8 then act on the terminal caspases 3, 5,

and 7 that are activated immediately before cell death. Strong signaling through

the Fas receptor can lead directly to high levels of activated caspase-8 activity

and immediate activation of terminal caspases 3, 6, and 7, resulting in death of

the cell.

Regulation of T-cell Apoptosis in Rheumatoid Synovium
Initial investigations of apoptosis in rheumatoid synovium indicated that

apoptotic cells were confined to the synovial lining layer and that the infiltra-

ting T cells express high levels of Bcl-2 and FLIP exhibited high resistance to

apoptosis [10]. In other studies, either lower expression of Bcl-2 in the synovial

fluid T cells, or no significant difference in Bcl-2 expression, in synovial tissue

T cells of patients with RA compared with those of osteoarthritis (OA) and

reactive arthritis has been reported [11]. Many studies support the concept that

T cells in the synovium of patients with RA are activated and correspondingly

express increased levels of Fas and Fas ligand, and tend to undergo Fas-mediated

apoptosis. The question remains, however, as to whether this upregulation of

apoptosis is sufficient to effectively eliminate the T cells that promote the

inflammatory disease.

APC-FasL Eliminated Peripheral T Cells and Ameliorated Murine
Arthritis Induced by Mycoplasma pulmonis Infection
We have shown that elimination of autoreactive T cells in FasL mutant B6-

gld/gld mice using FasL cell therapy was effective in ameliorating arthritis induced

by an infectious pathogen, mycoplasma [12]. However, this treatment itself did not

induce synoviocyte apoptosis and did not completely prevent the infected mice

from the development of arthritis. We infected adult B6-gld/gld mice with a

moderate intravenous dose of M. pulmonis and observed both acute periarticular

inflammation and severe, chronic, erosive arthritis in B6-gld/gld mice. Similar
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inoculation of congenic wild-type B6-�/� mice resulted in a self-limiting acute-

phase inflammatory response without leading to the development of arthritis. We

further used a novel FasL gene delivery strategy in which antigen-presenting cells

(APC) isolated from Fas mutant lpr mice (lpr-APC) were transfected ex vivo with

an adenovirus (Ad) vector (AdCMVLoxpFasL � AxCANCre) to bypass the

induction of liver toxicity. Treatment of mice with lpr-APC-AdFasL reduced the

degree of synovial inflammation and arthritis induced by M. pulmonis infection at

both the early and chronic phases of the response to the infection (fig. 4). In asso-

ciated with this, there was a significantly reduced number of PBMC and the abnor-

mal CD3�B220�T cells in the lymph node, but there was no enhanced induction

of apoptosis in synovial fibroblast in lpr-APC-AdFasL-treated mice compared to

lpr-APC-AdLacZ-treated mice. These results indicate that the combination of a

genetic defect and an environment trigger can contribute to the onset and develop-

ment of certain forms of arthritis, and that defective downmodulation of the T cell

response by Fas/FasL-mediated apoptosis can be an important pathogenic factor in

this process. These results further suggest that effective elimination of autoimmune

lymphocytes and proliferating synoviocytes are both important to prevent the

development of arthritis induced by mycoplasma infection.

TNFRsF that Serve as Co-stimulatory Molecules in RA

OX40 and RA
In contrast to the death receptors, the survival receptors of the TNFRSF

function as co-stimulatory molecules to stimulate activation and proliferation

of immune cells. Co-stimulatory molecules including OX40 and 4-1BB are

expressed at low levels on naïve T cells and are inducible. OX40 has been pro-

posed to be an inducible ligand important in TNF-�-inducing T cell activation

in murine arthritis model and blocking the interaction of OX40 with its ligand

suppressed the spontaneous development of autoimmune arthritis the IL-

1Ra(�/�) arthritis model [13]. T lymphocytes in synovial fluid and synovial

tissue from RA patients have been shown to express OX40, while OX40L was

expressed on sublining cells in synovial tissue. These results suggest that liga-

tion of OX40 with OX40 ligand may play an important pathogenic role to acti-

vate CD4� T cells during the development of arthritis.

We have recently discovered that the BXD2 recombinant inbred strain of

mice develops increased rheumatoid factor by 6 months of age and 90% of the

mice develop spontaneous erosive arthritis by 1 year of age [14]. We have further

identified that BXD2 mice develop an erosive arthritis associated with develop-

ment of synovial fibroblasts capable of producing RANK ligand (RANKL) that
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induces development of osteoclasts [15]. To determine if CD4 T cell and synovial

fibroblasts interaction can result in increased RANKL production, CD4 T cells

and mouse synovial fibroblasts cell lines (MSF) from B6 mice were compared to

co-cultured T cells in BXD2 MSF. There was increased RANKL production by

BXD2 synovial fibroblasts, compared to B6 synovial fibroblasts cultured with

BXD2 T cells compared to B6 T cells, respectively. This increased RANKL pro-

duction was enhanced and co-culture of BXD2 synovial fibroblasts with BXD2 T

cells stimulated by anti-CD3, but there is less enhancement of B6 synovial

fibroblasts co-cultured with B6 CD4 T cells. To determine if the expression of

Fig. 4. Development of post-M. pulmonis infection-induced acute lymphocytic infil-

tration and chronic arthritis in gld mice was markedly ameliorated by lpr-APC-AdFasL treat-

ment. Infection of FasL defective gld mice with M. pulmonis resulted in severe acute (1 week

postinfection) lymphocytic infiltration and chronic (8 weeks postinfection) destructive

arthritis and development of aggressive synovial fibroblast that eroded and invaded joint car-

tilage and bone. The development of M. pulmonis-induced arthritis in gld mice was signifi-

cantly inhibited by simultaneous treatment of these mice with an  antigen-presenting cell

(APC)-FasL cell gene therapy strategy. Adenovirus was transfected into APCs derived from

lpr mice, which lacked expression of Fas and therefore, would not undergo autocrine apopto-

sis. These APCs could then be transferred in vivo into mice and survive for at least 2 weeks.

Systemic administration of lpr-APC-AdFasL is found to migrate primarily to the lymphoid

organs of these mice and mediate apoptosis.
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OX40 is upregulated on T cells from BXD2 and B6 mice by interaction with syn-

ovial fibroblasts, T cells were co-cultured for 24 or 72 h in the presence of mouse

synovial fibroblasts (MSF). At days 1 and 3, there was a 2- to 4-fold increase in

the expression of OX40 mRNA in T cells from BXD2 mice co-cultured with

BXD2 MSF compared to the expression of OX40 mRNA in T cells from

C57BL/6 mice (B6) after co-culture with B6 MSF (fig. 5). These results provide

evidence that the interaction of T cells from BXD2 mice with BXD2 mouse syn-

ovial fibroblasts is associated with the upregulation of OX40 in the BXD2 T cells.

4-1BB and Arthritis
The T cell costimulatory receptor 4-1BB (CD137) is induced when T cells

receive antigen-specific signals. 4-1BB signaling is TRAF2-dependent and can

act independently of CD28 signaling. A major effect of 4-1BB appears to be on

T cell survival. 4-1BB engagement prevents activation-induced cell death in

T cells, and in vivo administration of agonistic anti-4-1BB during superantigen

treatment of mice prolonged T cell survival, with greater effects on CD8 T cells.

This effect of 4-1BBL on T cell survival is dependent on NF-�B activation,

which in turn induces Bcl-XL and Bfl-1, as well as of cyclins D2 and E, and

inhibited expression of the cyclin-dependent kinase (cdk) inhibitor p27kip1

[16]. Additionally, 4-1BB signaling has been shown to interfere with activation

and function of CD4�CD25� regulatory T cells in induced tolerance to experi-

mental autoimmune thyroiditis [17].

Despite these findings, engagement of the 4-1BB costimulatory molecule has

been shown to inhibit and reverse the autoimmune process in collagen-induced

Fig. 5. MSF-induced increased expression of OX40 in T cells. MSFs were isolated from

2-month-old B6 and BXD2 mice. Early passages of MSFs from each strain were co-cultured

at 37�C with T cells isolated from the isogenic strain of mice. The suspension cells (T cells)

were separated from MSFs at the indicated time point. RNA was isolated from T cells. The

expression of OX40 in T cells was determined using a real-time PCR (RT-PCR) method. The

results represent the ratio of OX40 in T cell cultures with or without MSF for B6 and BXD2

mice.
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arthritis and establishes lasting disease resistance. In the presence of 4-1BB liga-

tion and Toll-like receptor 3 (TLR)3 and/or TLR4 triggering, CD8 T cell clonal

expansion and survival was profoundly augmented. These rescued CD8 T cells

suppressed CD4 T cell proliferation via a TGF-�-dependent mechanism. Thus, 4-

1BB and TLR ligands induce survival of specific effector CD8 T cells with sup-

pressive recall potential, which may explain the possible role of 4-1BB activation

in prevention of autoimmune disease.

4-1BB was not expressed on T cells of BXD2 mice or B6 mice (unpubl.

data). After 2 and 3 days of culture of BXD2 T cells with BXD2 MSF, there was

high expression of 4-1BB in the T cells, compared to unstimulated T cells, or to

B6 T cell stimulated with B6 MSF. Our results on BXD2 mice suggest that upregu-

lation of OX40 and perhaps also 4-1BB may play an important retro-regulatory

mechanism by which MSF can activate T cells, which in turn may induce other

factors such as IL-17 enhance RANKL production (see below).

Role of TNFRsF RANK and RANKL in Bone Erosion

RANKL and RASF
Osteoclasts have been shown to develop adjacent to bone in rheumatoid

arthritis, and are thought to cause of bone erosions [18]. It has been shown that

receptor activator of NF-�B ligand (RANKL; also known as ODF, OPGL [osteo-

protegerin ligand], TRANCE and TNFsF11) is essential for the induction of

macrophages/monocytes to develop into mature osteoclasts. During normal bone

metabolism, RANKL is expressed by the stromal cells and osteoblast precursor

cells of the bone marrow and is one of the factors that couple osteoclast formation

and osteoblast formation such that bone turnover is balanced appropriately. In

patients with RA, both the T cells and the synovial fibroblasts have been found to

produce RANKL, and it has been proposed that this promotes osteoclast

development. In the TNF-� transgenic mouse model of arthritis, osteoprotegerin,

a decoy receptor of RANKL, protects against joint erosions suggesting that the

production of RANKL plays a pathogenic role in the development of the erosions.

Analysis of RANKL and Osteoclast Development in BXD2 Mice
We recently identified that in the joints of BXD2 mice, there are large num-

bers of osteoclasts that reside in close proximity to the macrophages and synovial

fibroblasts in the active erosion sites [15]. Mouse synovial fibroblasts (MSFs)

from the joint of BXD2 mice, but not control B6 or D2 mice, constitutively pro-

duce high levels of RANKL. Co-culture of BXD2 MSF with BXD2 macrophages

resulted in the development of osteoclasts that are capable of resorbing bone as

demonstrated by the osteoclast resorption pit assay. Constitutively enhanced
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expression by the isolated BXD2 MSF indicates that these cells do not require

external signals for RANKL production. We [6] have shown increased NF-�B

nuclear translocation in synovial fibroblasts from patients with RA. Increased

systemic circulation of macrophages that are c-Fms-positive and express RANK

has been observed in inflammatory disease [19]. It has been proposed that

through the action of chemokines, these macrophages migrate from their origin in

the bone marrow to the site of inflammation in the synovium. Macrophages

are present throughout the hyperplastic lesion in the synovium of BXD2 mice,

and are present at the interface between the site of synovial fibroblast hyperplasia

and the bone, and that these macrophages likely develop into osteoclasts at this

site (fig. 6).

Fig. 6. A proposed model for T cell/MSF interaction to induce bone erosion in the BXD2

arthritis mouse model. We have recently identified that the BXD2 strain of mice develop an

erosive arthritis associated with development of synovial fibroblasts capable of producing

RANK ligand (RANKL) that induces development of osteoclasts. The possible T cell factors

that may potentiate the induction of RANKL from BXD2 MSFs included several TNFsF pro-

teins including TNF-�, OX40, and 4-1BB as well as several proinflammatory cytokines includ-

ing IL-1, IL-6, IL-17, and IL-23. The representative bone erosion associated with macrophage

derived osteoclasts is shown. Paraffin-embedded sections of the hind paws of 6-mo-old BXD2

mice were stained with immunoperoxidase labeled with antibody against mouse Mac-3 (dark

staining upper panel) or tartrate-resistant acid phosphatase (TRAP) (lower panel).

TNFRsFs: TNF�, OX40, and
4-1BB

Cytokines: IL-1, IL-6, IL-17,
and IL-23

RANKL

TRAP staining

Mac3+ M�

BXD2 MSF

M�

M�

M�



TNF Ligand-Receptor Superfamily and Arthritis 53

Regulation of RANKL by TNF-a, IL-1b, IL-17 and IL-23
Upregulation of RANKL in bone marrow stroma has been shown to be reg-

ulated by many cytokines, including TNF-� and IL-1�. IL-17 is a T cell-derived,

proinflammatory cytokine that is involved in the development of various inflam-

matory diseases. RASF exhibit increased RANKL production after stimulation

with IL-17 (fig. 6). IL-17 expression is greatly enhanced in IL-1Ra(�/�) mice

[20], suggesting that IL-17 activity is involved in the pathogenesis of the arthritis

that develops in these mice. IL-23 is a heterodimeric cytokine composed of a

unique p19 subunit, and a common p40 subunit shared with IL-12. IL-12 is

important for the development of T helper (Th)1 cells that are essential for host

defense and tumor suppression. In contrast, IL-23 does not promote the develop-

ment of interferon-�-producing Th1 cells, but is one of the important factors

required for the expansion of a pathogenic CD4� T cell population, which is

characterized by the production of IL-17, IL-6, and TNF-� [21]. CD4 T cells

and mouse synovial fibroblasts cell lines from B6 mice were compared to co-

cultured T cells in BXD2 mouse synovial fibroblasts. There was increased RANK

ligand production by BXD2 synovial fibroblasts, compared to B6 synovial

fibroblasts cultured with BXD2 T cells compared to B6 T cells, respectively. This

increased RANK ligand production was enhanced and co-culture of BXD2

synovial fibroblasts with BXD2 T cells stimulated by anti-CD3, but there is less

enhancement of B6 synovial fibroblasts co-cultured with B6 CD4 T cells (fig. 6).

This production of RANK ligand could be further enhanced by addition of IL-23

through co-culture. Blocking of IL-17 with anti-IL-17 did not completely this

upregulation of RANK ligand. These results suggest that proinflammatory

cytokines produce by T cells may play an important role in modulating RANK

ligand production by BXD2 MSF.
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Abstract
A functional immune system is dependent on the generation and selection of a lymphocyte

repertoire that is sufficiently diverse to respond to innumerable foreign antigens yet be adequately

self-tolerant to avoid the development of autoimmunity. Programmed cell death by a process

known as apoptosis is responsible for negative selection of nonreactive leukocyte precursors and

autoreactive thymocytes, killing of infected and transformed cells by cytotoxic lymphocytes and

deletion of superfluous activated lymphocytes by activation-induced cell death (AICD) and peri-

pheral deletion at the termination of an immune response. Mitochondrial respiration is required to

meet the energy requirements of activated and proliferating peripheral lymphocytes. Several mito-

chondrial proteins have been implicated as regulators of apoptosis in the immune system that are

required for prevention of autoimmunity. Recent discoveries have shed light on mitochondrial

functions as they relate to cell death, including caspase-dependent and -independent apoptosis,

mitochondrial death substrates and events that disable mitochondrial functions during apop-

tosis. These discoveries, taken with reports that the specific manner by which a cell dies greatly

impacts on the nature of subsequent immune responses, highlight an exciting era of research on

mitochondrial function and its role in apoptosis and the effects on immune responses.

Copyright © 2006 S. Karger AG, Basel

Apoptosis in the Immune System

The immune system is constantly changing and adapting to defend the body

from pathogens and potentially dangerous cells. The ability to mount a response

requires production of large numbers of lymphocytes with a sufficiently diverse

repertoire but devoid of autoreactive clones. Generation of these lymphocyte

populations requires exquisite control over the selection of appropriately reactive

Intrinsic Death Pathways
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cells and deletion of those that are either nonreactive or excessively responsive to

self-antigen. Further, vast numbers of cells produced during an immune

response must subsequently be removed to maintain homeostasis. Immune cells

that are no longer required are generally removed by activating apoptotic path-

ways. Failure to remove infected cells, potentially tumorigenic cells or cells that

are no longer required, can result in lymphoproliferative disorders, autoimmune

diseases, persistent infection or cancer.

Apoptosis was originally defined by the morphological features of a dying

cell, including overall cell shrinkage, formation of membrane blebs, nuclear con-

densation and chromatin margination [1]. The underlying cellular events leading

to the morphological changes during apoptosis include DNA fragmentation, as

seen by oligonucleosomal ladders in gels of genomic DNA, loss of asymmetry

in the plasma membrane resulting in exposure of phosphatidylserine (PS), loss

of mitochondrial function and release of mitochondrial proteins into the cyto-

plasm. Apoptotic cells display a number of signals on the external surface of the

plasma membrane indicating to macrophages, dendritic cells and nonprofes-

sional phagocytes, such as neighboring epithelial cells, to engulf the dying cell

[2]. In this way, the vast numbers of cells produced during an immune response

can be readily removed, often without detection at a physical level.

It was originally thought that the purpose for death by apoptosis, in which

the plasma membrane retains its integrity until well after the dying cell was

engulfed, was simply to avoid spillage of cellular contents that would undoubt-

edly lead to a disseminated inflammatory response which would then lead to

the generation of autoreactive lymphocytes following inappropriate display

of self-antigens. However, in addition to allowing for efficient disposal, it is now

apparent that death by apoptosis and the interactions between dying cells and

phagocytes play a much greater role than originally suspected in the generation

of immune cell repertoires, regulation of immune responses and maintenance of

self-tolerance. Rapid and efficient removal of apoptotic cells avoids secondary

necrosis, thereby tempering the inflammatory response, and defects in uptake

have been implicated as a causal factor in the development of autoimmune dis-

orders, such as systemic lupus erythematosus (SLE) [2, 3]. Uptake of apoptotic

cells has also been proposed to enhance cross-priming of antigen displayed in

the context of MHC class I, further influencing decisions toward tolerance fol-

lowing engulfment of apoptotic cells and/or apoptotic bodies.

Apoptosis in the Regulation of Immune Responses

Most healthy cells display very little PS on the outer leaflet of the plasma

membrane. Loss of PS asymmetry (known as PS-flip) results in exposure of PS
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on the outer leaflet of the plasma membrane and is considered a hallmark of

apoptotic death. In addition to providing a convenient research marker for apop-

tosis, PS-flip contributes to the recognition of apoptotic cells by phagocytes

expressing the PS receptor (PSR). PSR is a member of recognition receptors

that bind signals displayed by apoptotic cells and facilitates uptake of apoptotic

cells. Engagement of PSR has the additional effect of stimulating secretion of

immune suppressive cytokines IL-10 and TGF-� by both de novo synthesis and

release from intracellular stores. In fact, dying lymphocytes themselves have

been shown to secrete IL-10 while in the death throes of apoptosis. Therefore,

the underlying mechanisms leading to death by apoptosis contribute to the

removal of dangerous cells while tempering a commensurate inflammatory

responses and maintaining a suitably self-tolerant but functional peripheral

lymphocyte pool.

Historically, it was thought that PS displayed on apoptotic cells triggered

macrophage recognition and phagocytosis. It is now clear that several recep-

tor/ligand interactions and opsonins are involved in this process. Engagement

of CD36, �v�3 and �v�5 integrins, CD14 and CD68 caused tethering but little

internalization. Engagement of the PSR does not trigger binding or phagocyto-

sis on its own, but stimulates internalization of dead/dying cells that are already

tethered by other receptors [2].

In the thymus, the MER surface receptor kinase has been shown to be crit-

ical for the removal of apoptotic cells. Mice with a targeted disruption of MER

(MER�/�) displayed normal susceptibility to apoptosis induced by the gluco-

corticoid, dexamethasone, but there were increased numbers of thymocyte

corpses [4]. MER�/� mice also had pronounced lupus-like defects, thus sup-

porting the notion that apoptosis and engulfment are vital to select and maintain

a self-tolerant immune cell repertoire [4, 5].

The involvement of apoptosis in immune cell regulation was firmly estab-

lished when it was discovered that the underlying defects in the lpr (lympho-

proliferative) and gld (generalized lymphoproliferative disorder) mouse strains

were mapped to mutations in the Fas and Fas-ligand genes, respectively.

Corresponding mutations in the human Fas and Fas-ligand genes are associated

with autoimmune lymphoproliferative syndrome (ALPS) Type Ia and Ib,

respectively (see [6] and chapters by Fas and coworkers and Rieux-Lacat, this

vol.). The syndromes in both mice and humans show a diversity of phenotypic

penetrance as a function of genetic background, but are characterized by

splenomegaly and lymphadenopathy with an accumulation of double negative

(CD4�CD8�) T cells and the presence of antinuclear and anti-DNA autoanti-

bodies characteristic of patients with SLE.

It now appears that death by apoptosis may serve a more subtle function

in that apoptotic cells present their contents to antigen-presenting cells in a
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different way than necrotic cells, which release or expose their cellular con-

tents. The first demonstration that apoptotic cells have a qualitatively different

effect on the immune responses came from experiments in which cells dying by

apoptosis or necrosis were fed to dendritic cells (DC) [7]. Engulfment of cells

induced to die by apoptosis resulted in better antigen presentation by DC in the

context of both MHC class I and class II, but DC that were exposed to necrotic

cells showed a greater activation. This may reflect a tempered response by DC

when only apoptotic cells are present, whereas necrotic cells are likely per-

ceived as a danger signal that triggers a more profound immune response.

Many of the processes governing cell death, including generation of the

apoptotic signals to phagocytes and the biochemical events within the dying

cell will all impact on the resulting immune response. Conversely, disruption of

biochemical events during death and engulfment may lead to situations in

which tolerance is broken and autoimmunity results.

Pathways to Apoptosis

Generally, the morphological features that define apoptosis are orchestrated

by a family of cysteine proteases known as caspases [8]. The caspase protease fam-

ily can be divided into two genetically and functionally distinct groups: the initia-

tors and executioners. Initiator caspases are characterized by a long pro-domain

that serves as an interaction domain allowing intermolecular homotypic interac-

tions with adaptor proteins. Initiator caspases (caspase-8, -9, -10 and -2) are acti-

vated by association in an activation complex whereas the executioner caspases are

activated by removal of their short pro-domain and intramolecular, interchain

cleavage that allows the formation of an (��)2 tetramer [9]. Caspases share a pref-

erence for cleavage of substrates at the C-terminal side of aspartate residues, and

include amongst their protein substrates, other caspases, with initiator caspases

causing the proteolytic activation of the executioner caspases in a protease cascade.

With one exception, the only proteases known to cleave and activate executioner

caspases are other caspases. The exception is the serine protease, granzyme B, a

key cytolytic effector protease expressed by cytotoxic lymphocytes [10].

Initiation of the caspase-dependent death pathways can be divided conve-

niently into two categories, the intrinsic and extrinsic pathways engaged

by intracellular and extracellular stimuli, respectively (fig. 1). The extrinsic

pathway is characterized by death induced by ligands of the tumor necrosis

family (e.g. TNF-�, Fas-ligand (CD95L; CD178) and TRAIL) upon engage-

ment of their corresponding receptors (i.e. TNFR1, Fas (CD95) and DR4/5)

which triggers recruitment of adaptor molecules that facilitate the association

and activation of caspase-8 (and possibly caspase-10).
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The intrinsic pathway is engaged in response to an intracellular stress or

disruption to a cellular process. The signals that trigger the intrinsic pathway

are many and varied, including, but not limited to, genotoxic stress and growth

factor withdrawal or transfer of granzyme B from cytotoxic lymphocytes, and

most rely on the transmission of a biochemical death signal via the mitochon-

dria, centrally placed in this pathway. During apoptosis, the mitochondrial outer

membrane becomes permeable releasing several soluble proteins from the

mitochondrial intermembrane space, including cytochrome c and SMAC/

Diablo. After release, cytochrome c interacts with the cytosolic adaptor protein,

APAF-1 and dATP to form a complex known as the apoptosome which forms

the foundation upon which caspase-9 is recruited and activated [11]. Caspase-9,

although assuming an active conformation at this point, is not yet free to per-

form its apoptotic duties; it is held inactive by members of the inhibitor of

apoptosis protein (IAP) family [12], predominantly the X-linked IAP (XIAP),

with possible involvement of c-IAP1 and c-IAP2. The inhibitory effect of XIAP

is repressed by SMAC/Diablo [13, 14], a resident mitochondrial protein

released coordinately with cytochrome c, although not necessarily in a mecha-

nistically identical fashion. Repression of IAP by SMAC/Diablo targets the for-

mer for degradation by the proteasome and allows ‘release’ of active caspase-9,

which then cleaves and activates caspase-3. Caspase-3 can also be inhibited by

XIAP, an inhibition that is overcome by SMAC/Diablo. Activation of the execu-

tioner caspases (caspase-3, -6 and -7) then results in the generation of cellular

hallmarks and morphological features that have come to define apoptosis.

Although the intrinsic and extrinsic pathways are often drawn in parallel,

there are many points of crosstalk and potential for feedback and/or amplifica-

tion. In the intrinsic pathway, the mitochondrion figures prominently and there-

fore ‘normal’ mitochondrial function and activities of resident mitochondrial

proteins are central to affecting death processes. It now appears that pathways

utilized and the biochemical events leading to death will impact on the effi-

ciency of clearance of a deleterious or undesirable cell population, such as

autoreactive thymocytes and the events during death can impact on the nature of

an immune response in the periphery.

Modulation of Mitochondrial Events in 
Apoptosis – the Bcl-2 Proteins

Modulation of mitochondrial events during apoptosis is regulated in large

part by the Bcl-2 proteins. This protein family consists of members related by

the BH (Bcl-2 homology) domains and are divided into two groups, one with

activities leading toward engagement of apoptotic process and the other that
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Fig. 1. General pathways of apoptosis. In the intrinsic pathway, transmission of stress

signals is mediated by the BH3-only members of the Bcl-2 protein family. BH3-only proteins

function with the pro-apoptotic multidomain (BH1–3) Bcl-2 proteins to effect release of

mitochondrial proteins. The concerted action of the pro-apoptotic Bcl-2 proteins is countered

by the pro-survival members of this protein family (fig. 2). Upon release into the cytosol

cytochrome c is recruited into the apoptosome with APAF-1 and dATP resulting in recruit-

ment and activation caspase-9. Release of active caspase-9 is facilitated when XIAP inhibi-

tion of caspase-9 (and possibly caspase-3) is overcome by SMAC/Diablo, which is released

from mitochondria concurrently with cytochrome c. Activated caspase-9 cleaves and acti-

vates caspase-3 and the executioner caspases which bring about the end stages of the death

program. Release of additional mitochondrial proteins, AIF and HtrA2/Omi mediate nuclear

events during death that are not dependent on the presence of active caspases, although
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presents an opposing, pro-survival activity (fig. 2). Bcl-2, the prototypic family

member was discovered in at t(14:18) translocation in follicular B-cell lym-

phomas which placed the Bcl-2 gene under the regulation of the immunoglobu-

lin heavy chain promoter and resulted in inappropriate Bcl-2 overexpression

and survival of B cells that should not have escaped selection [15]. Survival of

immature and potentially self-reactive B cells into the periphery leads to two

undesirable scenarios: escape of B cells capable of surviving in the absence of

appropriate growth signals and survival of potentially self-reactive clones.

A role for Bcl-2 proteins in T cell selection was proposed shortly after the elu-

cidation of its role in B cell maturation and selection, however it was discovered

that inappropriate overexpression of Bcl-2 during T cell development, although

central deletion was reduced, overexpression did not adversely affect the estab-

lishment of self-tolerance during thymocyte selection [16]. As additional Bcl-2

proteins were discovered, our understanding of their involvement in apoptosis

in the immune system has also increased, with family members involved in vir-

tually every stage of lymphocyte selection, development, activation and dele-

tion. Members of this protein family have emerged as key regulators of

lymphocyte apoptosis and therefore on events that influence the prevention or

development of autoimmunity [16].

The first members of the Bcl-2 family were discovered based on an ability

to protect cells from various apoptotic stimuli, but it was soon discovered that

some members of this growing protein family, although they share regions of

significant homology, appeared to be necessary to promote apoptosis. As the

family grew, it became evident that the family could be subdivided into two

groups, one promoting cell death and the other opposing the action of the first

and thus protecting from apoptosis. The pro-apoptotic group is further subdi-

vided based on structural and functional criteria. The BH3-only proteins

contain only the third BH-domain and appear to function as sensors of intracel-

lular stress. BH3-only proteins, upon activation, function in concert with a

member of the second subgroup BH1-3 proteins (fig. 2) [16].

Many of the stressors that stimulate the BH3-only proteins are encoun-

tered under physiological conditions common during lymphocyte development

release of AIF  appears to require caspase activity. The extrinsic, death receptor, pathway is

triggered by caspase-8 recruitment to the death inducing signaling complex (DISC) which

forms when a death receptor is engaged by its ligand. The nature of the DISC and the mech-

anism by which caspase-8 becomes activated is dependent on the specific death receptor.

Active caspase-8 has been shown to cleave the BH3-only protein, Bid, to engage the intrinsic

pathway or, alternatively to cleave and activate caspase-3 directly. The latter of which is not

inhibitable by Bcl-2.
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Fig. 2. The activities of the three groups of the Bcl-2 protein family. BH3-only pro-

teins serve as sensors of cellular stress, which includes growth factor (cytokine) withdrawal,

detachment from substrata, encounter with cytotoxic proteases (e.g. granzyme B or caspase-

8 vs. Bid), glucocorticoid by immature thymocytes, genotoxic stress (e.g. DNA-damaging

chemotherapeutics) and antigen receptor engagement in T and B cells. After activation, BH3-

only proteins interact with multidomain (Bax-like) proteins that then integrate or associate
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and function. For example, glucocorticoid, an effective inducer of death in

thymocytes, has been shown to induce expression of Bim and PUMA [16].

Similarly, cytokine withdrawal results in the removal of signaling events and

trigger Bim and Hrk while inducing expression of PUMA and NOXA under

certain conditions. Bim, along with Bmf, have been implicated as sensors of

anoikis, caused by cell detachment and disruption of integrin signaling and dis-

turbance of the actin cytosleleton. Disruption of the cytoskeleton in this way

causes Bmf dissociation from the dynein light chain of the myosin V motor

complex. Cytokine withdrawal has also been shown to result in the reduced

phosphorylation of pBad causing Bad to dissociate from 14-3-3 proteins and

migrate to the mitochondria. Phospho-Bad has also been found in the mito-

chondrial intermembrane space in a complex with the enzyme glucokinase,

which normally converts glucose to glucose 6-phosphate, effectively trapping

glucose in the cell for use in glycolysis. In this context, dephopshorylation of

Bad (whether by direct dephosporylation or inhibition of Bad-kinases) during

glucose deprivation is a trigger for Bad activation.

Bid is currently the only member of this group known to be activated by

cleavage. The cytotoxic protease granzyme B and the initiator caspase, caspase-8,

both have proteolytic activity against Bid, albeit at different cleavage sites.

The C-terminal fragment of cleaved Bid, known as tBid, is the apoptotically

active fragment, although a role for the N-terminal fragment has not been

ruled out [17].

Genotoxic stress (such as that induced by DNA damaging chemotherapeu-

tic agents failed mismatch repair or during recombination during lymphocyte

development) induces PUMA and NOXA by a p53-responsive mechanism [18]

and p53 itself has recently been demonstrated to possess an activity similar to

that of the BH3-only proteins [19]. Importantly, signaling through the T cell and

B cell antigen receptors in autoreactive clones, which is the hallmark of apopto-

sis induced during negative selection, causes Bim and Bik-dependent apoptosis.

Clearly, dysfunction of any of these proteins can have profound impact on the

susceptibility of immature and self-reactive lymphocytes to physiological death

stimuli, thus creating an environment conducive to the development of autoim-

munity. It is worth noting that the effects of the BH3-only proteins in the

immune system are often more prominent in conjunction with cell cycle

with the mitochondrial membrane which results in release of apoptogenic proteins. The con-

certed action of BH3-only and Bax-like proteins is inhibited by members of the pro-survival

family members. It is important to note that not all members of each group is capable of sub-

stituting for all members in its group and not all pro-survival members confer protection for

all members of the pro-apoptotic groups.



Pinkoski/Waterhouse/Green 64

defects. For a comprehensive review of BH3-only proteins in the immune sys-

tem see reference [16] and the chapter by Hughes et al. in this volume.

Each of the BH3-only proteins is capable of translocating to the mitochondria

and acting in concert with a member of the multidomain group to trigger release of

mitochondrial proteins. The multidomain group includes Bax, Bak, Bok and Bcl-

xs. Recent evidence suggests that ‘activated’BH3-only proteins trigger monomeric

Bax (and by extension its relatives) to form openings in the mitochondrial outer

membrane of a size sufficient to allow passage of macromolecular complexes [20].

Formation of Bax membrane pores is dependent on the lipid composition of the

outer membrane, with cardiolipin as a key component [21]. Interestingly, cardi-

olipin is primarily found in specific regions of the outer membrane and apparently

absent from contact points between the outer and inner membranes, which may

serve to restrict permeabilization by Bax to the outer membrane, thus providing

access only to proteins of the intermembrane space.

Bax and Bak appear to have overlapping or compensatory roles in apoptosis

and their importance has been clearly established from studies using mice with

targeted disruption of both Bax and Bak genes. Initial characterization showed a

severe lymphadenopathy and splenomegaly among other developmental distur-

bances. To limit the investigation into the role of Bax/Bak in thymocyte selec-

tion, hematopoietic stem cells from Bax�/�Bak�/� mice were used to

reconstitute RAG1�/� recipient animals [22]. Bax�/�Bak�/� recipients dis-

played significant increase in the percentage of CD3�CD4�CD8� double-

negative thymocytes. Further, thymocytes from these animals displayed an

overall resistance to apoptosis induced by glucocorticoid and anti-CD3 stimula-

tion relative to wild type counterparts. Consistent with the thymocyte profile

(i.e. high double-negative population) indicative of a defect in negative selection,

thymocytes from these mice were also able to survive much longer than wild-

type controls ex vivo and were largely resistant to cytokine withdrawal. The phe-

notype of Bax�/�Bak�/� reconstituted mice with respect to defects in thymic

and lymphoid development is similar to that observed for knockout mice lacking

the BH3-only protein, Bim, suggesting that Bim and Bax/Bak function in a com-

mon pathway as critical mediators of apoptosis in negative thymocyte selection.

Further evidence to support a major role for Bcl-2 proteins in thymic

development comes from studies of IL-7 receptor alpha chain knockout mice,

IL-7R��/�. IL-7 is required for normal T development and withdrawal, by

depletion of IL-7 or disruption of the receptor, leads to thymocyte apoptosis due

to cytokine withdrawal that is modulated by the Bcl-2 proteins. IL-7 has been

shown to induce the expression of Bcl-2 and in the presence of IL-7R signaling,

Bad is rendered inactive by phosphorylation and sequestration in complex with

14-3-3 proteins. Removal of IL-7 results in downregulation of Bcl-2 and activa-

tion of Bad which functions with Bax to induce apoptosis. Studies in mice with
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targeted disruption of both Bax and IL-7R� genes showed that deficiency of

Bax partially rescued thymocytes from a deficiency in IL-7R� [23]. It will be

interesting to learn if the Bax�/�Bak�/� double knockout will completely

rescue thymocytes devoid of IL-7R signaling.

Bcl-2 sequesters BH3 domains of the BH3-only proteins, thereby prevent-

ing BH3 motifs from inducing the conformational changes necessary for

oligomerization of Bax/Bak in the outer mitochondrial membrane [20]. The

Bcl-2 domain responsible for interacting with BH3 domains has been targeted

for therapeutic potential. Small molecule inhibitors were designed based on the

BH3-binding region of Bcl-xL and used to target Bcl-2 in a region that prevents

sequestration of BH3-only proteins, thus sensitizing cells to apoptotic stimuli

[24]. While not directly apoptotic when delivered alone, one of these BH3

mimetopes was used successfully in a small cell lung cancer xenograft model

and found to sensitize cells to apoptotic stimuli that were previously blocked by

Bcl-2. It is important to note that this inhibitor was not apoptotic by itself and

still required a trigger to induce death.

The follicular lymphoma cell line, FL5.12, is dependent on IL-3 to 

survive, however, when these cells overexpress Bcl-xL, they are resistant to 

IL-3-withdrawal. It is interesting that Bcl-xL expressing FL5.12 cells do not

continue to grow and proliferate as they do in the presence of IL3, but they

undergo a reduction in size and downregulate most cellular functions leading

toward a senescent like phenotype that can be rescued upon re-introduction of

IL-3 [25]. While it remains arguable as to the actual function a cell might carry

out once it has become senescent, in the context of immune cell selection and

repertoires, etc., space itself may be an important consideration in the body’s

ability to mount an appropriate immune response. Therefore, a cell that is capa-

ble of surviving in the absence of growth factors, even if it is incapable of per-

forming basic functions, such as proliferation, may impact the potential for

additional responses, simply by occupying the space required to expand another

responding lymphocyte pool.

Electron Transport

Mitochondria are key organelles in all organisms that rely on aerobic respi-

ration. They appear to have arisen from the symbiotic relationship between an 

�-protobacteria and an early amitochondriate eukaryotic cell – although the

identity of the early players and the nature of the first union or if this union ever

took place remains open to scientific and philosophic debate. Mitochondria con-

sist of two lipid bi-layers, of which the inner membrane may be derived from the

protobacteria and the outer membrane may be derived from the eukaryotic cell
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(fig. 3). The inner membrane encapsulates the matrix, which houses such activi-

ties as the Krebs cycle (also known as the tricarboxylic acid; TCA) cycle, detox-

ification of reactive oxygen species (ROS) and production of proteins encoded

by mitochondrial specific DNA. The mitochondrial inner membrane contains

the complexes of the electron transport chain that generates a proton based trans-

membrane potential (��m) that fuels the generation of ATP by ATP synthase.

The compartment formed between the two mitochondrial membranes, known as

the intermembrane space, houses proteins such as cytochrome c which transfers

electrons from electron transport chain complex III to complex IV in the electron

transport chain and creatine kinase which participates in creatine metabolism.

The outer and inner membrane also contain protein complexes required for the

transport of nuclear encoded proteins to their respective compartments (TIMs

and TOMs) and translocation of metabolites such as ADP/ATP (VDAC and

ANT). Functionally, mitochondria are also involved in cellular processes such as

metabolism of amino acids, steroids and fatty acids, and have been proposed to

act as a storage sink for intracellular calcium and maintain pH all of which may

impact on cellular stress and viability [26].

Therefore, in addition to promoting caspase activation (as discussed in fig-

ures 1 and 2), release of proteins from mitochondria during apoptosis is likely

to impact on vital survival functions carried out by mitochondria. For example,

loss of cytochrome c would likely impair its ability to transfer electrons from

complex III to complex IV thereby impairing ability of mitochondria to gener-

ate ��m, resulting in loss of ATP production. Indeed it has been proposed that

in cases where caspase activation is inhibited, loss of mitochondrial function as

a consequence of release of proteins from the intermembrane space may result

in death of the cell by a nonapoptotic program as a consequence of passive loss

of ATP or an active process mediated by other mitochondrial proteins such as

AIF or EndoG. Recent evidence, however, suggests that loss of mitochondrial

functions may be an active process rather than the passive loss of function orig-

inally proposed.

The electron transport chain is responsible for generating and maintaining

the proton gradient across the inner mitochondrial membrane that is measured

as ��m. ��m is important for production and transport of ATP as well as

transport of mitochondrial proteins and metabolites. Loss of ��m is indicative

of death by apoptosis and a relationship between ��m drop and death has

recently been established. In an unbiased search for caspase-3 substrates, p75

(NDUSF1) was identified [27]. p75 is a 75-kDa subunit of the respiratory com-

plex I, which, with coenzyme Q, transfers electrons to complex III (fig. 3).

Cleavage of p75 by caspase-3 is a destructive event that impairs electron trans-

port at one of the two earliest entry points (fig. 4). Use of mutants of p75

(p75(D255A)) rendered uncleavable by caspase-3, shed new light on the
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importance of suppressing mitochondrial activity during caspase-dependent

apoptosis. Cells expressing p75(D255A) showed sustained ��m and ATP lev-

els during the response to apoptotic stimuli. ROS production was reduced,

which suggests that ROS production is a byproduct of caspase-dependent

II

ATP

ADP 
�P

P� 

ADP 

NAD�
NADH 
� H�

e�

C

C
Q

I
III

V

V

H�

H�

H�

H�

H�

H�

ROS

Q

H+

V 
D 
A 
C 

A 
N 
T

Krebs 
cycle

ADP 

ADP 

ATP 

ATP 

Work

Work

NADH 
� H�

NAD�

III IV

½ O2

½ O2

H2O

IV

H2O

Pyruvate

Glucose

Glucose

ATP

ADP 
�P

� �

Plasma membrane

Apoptosome

Apoptosis

��m

Fig. 3. Mitochondrial respiration. Energy in the form of ATP is produced by complex

series of events in which pyruvate, the final product of glycolysis, is transferred to the mito-

chondrial matrix where it fuels the Kreb’s (TCA) cycle. As part of the Krebs cycle, succinate

is converted to fumarate by complex II resulting in the production of an electron that is trans-

ported along the electron transport chain, first by coenzyme Q to complex II and then by

cytochrome c to complex IV. A proton gradient of approximately �180 mV (��m), pro-

duced as a consequence of transfer of electrons along the electron transport chain is then

used by complex V to convert ADP and free phosphate to ATP. ATP is exported by the ade-

nine nucleotide transporter (ANT) and voltage-dependent anion channel (VDAC) to release

ATP into the cytosol to fulfill cellular requirements. Reactive oxygen species are produced

primarily as a byproduct of the reactions involving electron transport from complex I to com-

plex III. Release of cytochrome c without concurrent termination of the early events in elec-

tron transport could therefore result in continued ROS production until the late stages of

death at which point mitochondrial function fails terminally. C � Cytochrome c; Q � coen-

zyme Q; I–IV refer to the respective respiratory complexes.
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apoptosis events rather than a causal factor. As expected, other caspase-

mediated events were not affected, such as cytochrome c release and DNA frag-

mentation, however membrane events were significantly delayed. There was a

sustained asymmetry of the plasma membrane and delayed breach of plasma

membrane integrity indicating delayed progression to secondary necrosis.
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Fig. 4. Release of cytochrome c results in caspase-9 activation following formation of

the apoptosome. Active caspase-9 cleaves and activates caspase-3 which then, among its

apoptotic substrates, feeds back on the mitochondria where it cleaves p75, a component of

the respiratory complex I. Cleavage of p75 is proposed to terminate the activity of complex I,

thereby diminishing ATP production, attenuating ROS production and ensuring a sustained

drop in ��m and cessation of survival functions as the dying cell enters the final stages

of apoptosis in preparation for engulfment. Mutant cytochrome c which retains electron

transport activity but is unable to form a functional apoptosome cannot initiate the apoptotic

program. Release of a cytochrome c mutant unable to form a functional apoptosome has

allowed the dissection of cytochrome c’s apparently disparate death functions and established

a clear role for cytochrome c as an active player in thymocyte and lymphocyte apoptosis.
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Although it has not yet been formally established, there are profound

implications of this discovery with respect to the regulation of immune

responses. Taken with the observation that cells dying by necrosis elicit a dif-

ferential effect on APC activation compared with apoptotic cells, it is a distinct

possibility that caspase-dependent attenuation of mitochondrial function con-

tribute to the signals that influence APC activation. At a simplistic level, the

delay of PS-flip will also delay recognition of a dying cell by phagocytes, which

in turn will determine the degree to which a dying cell is allowed to progress

down the death pathway before being engulfed and therefore will determine the

manner in which it is perceived by the phagocyte.

Due to the indispensable involvement of cytochrome c in respiration,

simple ablation of the cytochrome c gene only demonstrated that cytochrome c
was required for progression of apoptosis in cells utilizing glycolysis as the

major source of ATP. Mutation of a critical lysine residue (K73A) abrogated the

ability of cytochrome c to interact with APAF-1, but left the electron transport

functions intact [28]. The inability of released cytochrome c to form a func-

tional apoptosome has allowed the dissection of the former’s life and death

functions (fig. 4). Mice carrying cytochrome c KA/KA displayed severe

lymphoid disturbances including depletion of double positive (CD4�CD8�)

thymocytes, marrow pre-B cells, and splenic B and T cells. The lymphoid defi-

ciencies in the KA/KA mice were found to be the result of external factors

because reconstitution of recipient mice by adoptive transfer of KA/KA cells

resulted in a phenotype similar to Bim�/� and Bax�/�Bak�/� knockouts,

notably lymphadenopathy and splenomegaly. Activation-induced cell death

appeared to be relatively normal following LCMV challenge, but some T cells

showed an enhanced resistance to secondary stimulation with anti-CD3,

which is an indicator of a pre-disposition to development or persistence of

autoreactive clones. Further data from the KA/KA mice suggest that stress

induced thymocyte death proceeds in a manner that is independent of apopto-

some formation but is still caspase-dependent and a function of APAF-1

monomers.

An interesting additional note to the release of mitochondrial proteins is

that it has been reported that AIF and EndoG release is dependent on active cas-

pases, whereas cytochrome c, SMAC/Diablo and HtrA2 is not [29]. This opens

the possibility of selective release of proteins from the intermembrane space.

Given that the macromolecular pore formed by Bax should be sufficiently large

to allow passage of both AIF and EndoG, there may be other forces to overcome

to effect their release, such as cleavage of an adaptor protein or disruption of a

mitochondrial complex. There is a strong likelihood that a cell that is not capa-

ble of fully engaging the execution phase of apoptosis may be capable of recov-

ering its mitochondrial function. This may bear on the survival of peripheral
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T lymphocytes during the period of activation during which caspase-8 activity

appears to be necessary for lymphocyte function, without the induction of

apoptosis.

Mitochondrial Metabolism in Life and Death Decisions

There is emerging evidence showing the involvement of additional mito-

chondrial proteins and metabolic pathways impacting life and death decisions.

In resting lymphocytes, little energy is required to meet cellular demands.

However, upon activation by encounter with antigen or nonrestricted (poly-

clonal) triggering of the TCR, metabolic requirements escalate rapidly and

mitochondrial activity responds accordingly to meet new demands.

Transcription and translation of cytokines and effector proteins is rapidly

ramped up as is the replicative machinery necessary to drive clonal expansion.

With the new activation and proliferation state comes an increased demand for

energy that is met, in large part, by a greater dependence on aerobic processes

governed by mitochondrial events such as the TCA cycle and electron trans-

port/oxidative phosphorylation. Increased mitochondrial energy output comes

with a commensurate increase in the byproducts of energy generated in this

way. Under normal physiological conditions, production of ROS may serve as a

feedback signal indicating the output of the complex I-associated entry into the

electron transport chain. Elevated ROS are often observed during apoptosis,

thought to be a consequence of mitochondrial dysfunction during death. In

AICD of peripheral T lymphocytes, ROS produced as a byproduct of height-

ened mitochondrial activity during lymphocyte activation and proliferation, was

proposed to be the triggering factor of AICD. A mechanism whereby ROS initi-

ates apoptosis is not known, but elevated ROS have been postulated to induce

the expression of Fas-ligand and initiate the Fas-mediated apoptosis pathway.

This latter model is consistent with early reports showing the necessity for Fas:

Fas-ligand interactions and the associated death pathway for AICD of periph-

eral T cells.

Further linking mitochondrial functions with life and death decisions, the

TCA cycle enzymes succinate dehydrogenase and fumarate hydrolase, have both

been implicated as tumor suppressors. SDH is a multimeric enzyme that cat-

alyzes the conversion of succinate to fumarate in the mitochondrial matrix.

Inhibition or dysfunction of SDH results in the accumulation of cytosolic succinate

that HIF-� prolyl hydroxylases, which in turn prevents the de-stabilization of

HIF-� by the von Hippel-Lindau gene product (pVHL) [30]. Therefore, increased

cytosolic succinate levels leads to a sustained stabilization and activation of HIF-�.

HIF-� then induces expression of genes responsible for angiogenesis and
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glyocolysis, all of which contribute to survival and growth of transformed cells

into tumors. These recent data showing a connection between the TCA cycle and

tumorigenesis is currently outside the realm of autoimmunity, however, any

affect on a cellular process that confers altered growth and survival advantages

under suboptimal conditions has the potential to affect the death of lymphocytes,

whether in the progression of lymphoid tumors or development of autoimmu-

nity. This example illustrates how mitochondrial function, and in this case dys-

function, communicates signals to the cytosol and nucleus which in turn have a

profound impact on life and death decisions.

It is interesting to note that thymus specific ablation of the VHL gene

resulted in reduced thymic cellularity corresponding to a significant reduction

in the number of CD4�CD8� double-positive, CD4� and CD8� single-positive

subsets [31]. The decreased numbers of thymocytes was attributed to increased

apoptosis that is triggered in a HIF-dependent manner. Caspase-8 was impli-

cated as a key effector in this model, as a caspase-8 inhibitor restored numbers

of VHL null thymocytes. It is not yet clear how the apparently apoptotgenic

effects of HIF1� in the thymus can be reconciled with the apoptosis inhibitory

activity observed in SDH mutants. It is possible that physiologically occurring

hypoxic microenvironments in the thymus rely on HIF activity for some vital

function during thymocyte development.

Conclusion

As the mechanisms of apoptosis become more clearly defined, another

subtle subtext is also emerging: that the biochemical and cellular events that

occur during cell death have a profound impact on the manner in which dying

cells interact with their environment. Therefore, how an immune cell dies influ-

ences the regulation of positive and negative selection, peripheral lymphocyte

deletion and the regulation of immune responses as they contribute to tolerance

or autoimmunity.

Disclaimer/Apologies

It has not been possible to cite comprehensively all of the primary litera-

ture for the many thousands of research reports that have led to discoveries

discussed in this chapter. We apologize to the countless numbers of researchers

whose invaluable contributions to this explosive area of research have not been

cited directly.
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Abstract
Apoptosis is essential for the development, function and homeostasis of the immune

system. Experiments with transgenic and gene knock-out mice have shown that defects in the

control of apoptosis in the hematopoietic system can promote the development of autoimmu-

nity or hematological malignancy. In contrast, excessive apoptosis of normally long-lived

hemopoietic cells can lead to lymphopenia and immunodeficiency. In mammals, cell death

in response to developmental cues and many cell stress signals is regulated by the opposing

factions of the Bcl-2 family of proteins. In particular, the pro-apoptotic subgroup called

BH3-only proteins, which includes Bim, is critical in the initiation of apoptosis in response

to many death stimuli. Bim has been found to be an important regulator of the negative

selection of B lymphocytes in the bone marrow and of T lymphocytes both in the thymus and

the periphery. Mice lacking Bim accumulate self-reactive lymphocytes, develop auto-

antibodies and on certain genetic backgrounds succumb to SLE-like autoimmune disease.

Abnormalities in Bim expression and the thymic deletion of auto-reactive lymphocytes have

also been implicated as a component of the complex, polygenic predisposition to autoim-

mune diabetes seen in NOD mice. Bim is also an essential regulator of T lymphocyte apop-

tosis during the termination of an immune response. This chapter focuses on the role of Bim

in the development and function of the immune system and its potential role in autoimmu-

nity. Degenerative disorders due to increased apoptosis mediated by Bim are also discussed.

Copyright © 2006 S. Karger AG, Basel

Introduction

All metazoan organisms have developed the mechanism of programmed

cell death, or apoptosis, for the destruction and removal of redundant, damaged

or infected cells [1, 2]. Apoptosis is required for normal tissue morphogenesis,
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maintenance of homeostasis and development and function of an effective

immune system. Abnormalities in the cell death pathway have been implicated

as a cause or contributing factor in autoimmune disease, cancer, immunodefi-

ciency and certain other degenerative diseases [2]. This chapter focuses on Bim,

a pro-apoptotic member of the Bcl-2 protein family, that is essential for initia-

tion of developmentally programmed cell death and stress-induced apoptosis

[3]. The role of abnormalities in Bim function in autoimmunity, defects in

immune system function and degenerative diseases will also be covered.

Overview of the Molecular Control of Apoptosis

Apoptotic cell death is characterized by cellular destruction by aspartate-

specific cysteine proteases, called caspases [4]. Through proteolysis, caspases

destroy vital cellular proteins, such as lamin or gelsolin, and activate enzymes

that degrade DNA (CAD) or promote cell demolition by some other process

[4]. According to their structure and function, caspases can be divided into two

groups: effector caspases (caspase-3, -6 and -7), which cleave several hundred

cellular substrates, and the initiator caspases which activate the effector cas-

pases from their inactive zymogen state [4]. In mammals two distinct but ulti-

mately converging apoptosis signaling pathways control the activation of

caspases [5]. These are the Bcl-2 protein family-regulated pathway (also known

as the stress, mitochondrial or intrinsic pathway) and the death receptor (also

called extrinsic) pathway (fig. 1).

The death receptor pathway is triggered when so called death receptors,

members of the tumor necrosis factor receptor (TNF-R) family with an intra-

cellular death domain (DD, such as Fas/APO-1/CD95 or TNF-R1, on the

cell surface are engaged by their ligands [2]. Upon activation, death receptors

recruit the adaptor protein FADD (Fas-associated death domain) via homotypic

interaction directly (or, in the case of TNF-R1, indirectly via another adaptor,

TRADD) to its death domain. FADD then binds via its death effector domain

(DED) to one of the two DEDs in pro-caspase-8. Aggregation promotes

activation and proteolytic processing of pro-caspase-8 molecules and this

then allows activation of effector caspases. In some cell types, including

lymphocytes, this pathway only converges with the Bcl-2-family-regulated

pathway at the level of effector caspase activation. However, in some other

cell types, such as hepatocytes, caspase-8 proteolytically activates the pro-

apoptotic Bcl-2 family member Bid, which then engages the Bcl-2-regulated

apoptotic pathway (see below). This appears to act as a critical amplification

loop in these cells to generate sufficient caspase activity for apoptosis to

proceed [6].
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The Bcl-2-regulated apoptotic pathway is activated by a broad range of

stimuli, including developmental cues, cytokine withdrawal and many cytotoxic

drugs. The decision of whether a cell will survive or undergo apoptosis is made

by the interaction of the various pro- and anti-apoptotic members of the Bcl-2

protein family [2].

The Bcl-2 protein family consists of approximately twenty members that 

are related to each other by four regions of significant amino acid sequence

Fig. 1. Two major pathways to apoptosis. Apoptosis is mediated either by the death

receptor pathway (extrinsic) or by the Bcl-2 family-regulated pathway (intrinsic). Both path-

ways converge on the activation of effector caspases (see text).
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similarity – so-called Bcl-2 homology domains (BH1–4) (fig. 2). According to

function, family members can be broadly divided into pro-survival and pro-apop-

totic groups [2]. Pro-survival Bcl-2 family members all share 4 (or at least 3) BH

regions and include Bcl-2 itself as well as Bcl-xL, Bcl-w, Mcl-1 and A1/Bfl1.

The pro-apoptotic members can be further subdivided according to their struc-

ture and function into two sub-families: the Bax/Bak-like proteins (also including

Bok/Mtd, Bcl-xS) which have 3 or at least 2 BH regions, and the BH3 only pro-

teins, which share with each other and the Bcl-2 family at large only the BH3

domain. The interactions between the different sub-groups of the Bcl-2 protein

family in the control of apoptosis are described in more detail below.

BH3-Only Proteins and the Control of Apoptosis

BH3-only proteins include Bad, Bik (also known as Blk or Nbk), Hrk (also

known as DP5), Bid, Bim (also known as BOD), Noxa, Puma (also known as

BBC3) and Bmf. These proteins act as sensors of developmental cues and a

broad range of cellular stress signals [3]. The pro-apoptotic activity of BH3-only

proteins can be regulated by several transcriptional and post-translational

Fig. 2. The Bcl-2 family of apoptosis regulators. The Bcl-2 family is composed of pro-

survival and pro-apoptotic members which contain one to four of the Bcl-2 homology (BH)

signature domains.
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mechanisms [7]. For example, upon DNA damage Puma and Noxa are transcrip-

tionally activated by the tumor suppressor p53, whereas cytokine withdrawal

induces Bim expression through the transcription factor FOXO3A. Bad, Bid and

Bim can also be regulated post-translationally through phosphorylation or

proteolysis which affects their subcellular localization and interaction with other

Bcl-2 family members [3, 7]. When activated by apoptotic stimuli BH3-only

proteins translocate to intracellular membranes, such as to the cytosolic aspect of

the mitochondria and endoplasmic reticulum, where they bind to Bcl-2-like pro-

survival family members. This interaction occurs by insertion of the �-helix

formed by the BH3 region of BH3-only proteins into the hydrophobic groove

formed by the BH1, -2 and -3 regions of the pro-survival proteins. Studies with

bax/bak double knock-out mice have demonstrated that developmentally

programmed and stress-induced apoptosis [8, 9] as well as cell death triggered

by enforced expression of BH3-only proteins requires the multi-BH domain con-

taining pro-apoptotic Bcl-2 family members Bax and Bak [10, 11]. This demon-

strates that BH3-only proteins are essential for apoptosis initiation whereas

Bax/Bak are required at a point further downstream. Also, since bax and bak sin-

gle knock-out mice are essentially normal (with the exception of the sterility of

bax�/� males) Bax and Bak appear to have largely overlapping functions.

How BH3-only proteins, Bax/Bak-like proteins and Bcl-2-like pro-survival

proteins interact to control apoptosis is still unclear. It has been proposed that

BH3-only proteins directly activate Bax/Bak and that Bcl-2-like proteins pro-

mote survival by acting as a sink for the BH3-only proteins. This model appears

unlikely to us because no high affinity (direct) binding of BH3-only proteins to

Bax/Bak-like proteins could be demonstrated so far. We prefer the model that

Bcl-2-like pro-survival proteins keep Bax/Bak in check in healthy cells and that

BH3-only proteins initiate apoptosis by binding to Bcl-2-like proteins thereby

freeing Bax/Bak. Since BH3-only proteins differ in their affinity for different

pro-survival Bcl-2 family members [12], it is possible that apoptotic stimuli

must activate an appropriate set of BH3-only proteins to overcome the protec-

tive effect of the Bcl-2-like pro-survival proteins. Differences in expression of

pro-survival proteins may thus explain cell type specific differences in

responses to cytotoxic stimuli.

The mechanisms by which activated Bax/Bak trigger apoptosis are also

still not fully understood. Bax/Bak activation causes mitochondrial release of

cytochrome c and other apoptogenic proteins (e.g. AIF, Diablo/Smac, EndoG).

Cytochrome c together with the adaptor protein Apaf-1 then recruits and

oligomerizes pro-caspase-9 to form the ‘apoptosome’. This promotes autocat-

alytic activation of caspase-9, which in turn activates effector caspase-3, -6 and

-7, initiating proteolysis and cellular destruction. Studies with Apaf-1 and

caspase-9 knock-out mice have shown that developmentally programmed cell
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death can occur in the absence of the apoptosome [13]. Effector caspase activ-

ity was still evident in these cells (albeit at much lower levels than in wt cells)

and synthetic caspase inhibitors could delay mitochondrial release of

cytochrome c [13, 14]. It is therefore possible that caspases acting upstream of

the mitochondria can initiate apoptosis and that the apoptosome functions as a

very important amplification loop in apoptosis signaling. Alternatively, the

death seen in the absence of the apoptosome may be mediated by a caspase-

independent mechanism, such as Bax/Bak-induced mitochondrial release of

death inducing molecules. Bax/Bak have been postulated to form channels in

the outer mitochondrial membrane and to modulate mitochondrial channel pro-

teins, but it is also possible that they can directly activate certain initiator cas-

pases. Since apoptosis signaling appears to proceed not through a strictly linear

pathway, but seems to be composed of inter-connected amplification loops, it is

possible that more than one of the proposed models is in fact correct.

Bim

Bim (Bcl-2-Interacting mediator of cell death), one of the pro-apoptotic

BH3-only proteins, is essential for initiating apoptosis in response to many

physiological or experimentally applied death stimuli in a range of cell types,

including hematopoietic cells, neurons, the developing kidney and melanocytic

stem cells. Two groups independently discovered Bim in1998: one by screening

a �-phage expression library from a mouse thymic lymphoma using Bcl-2 as

bait [15] and the other by screening of a yeast two-hybrid library from ovarian

tissue using Mcl-1 as bait [16]. Alternative splicing gives rise to three main iso-

forms of Bim, BimEL, BimL and BimS (extra-long, long and short) [15], with

BimEL being the most abundant, followed by BimL [17]. Several additional

isoforms (also resulting from alternative splicing) have been described, but it is

not clear yet which form(s) is/are critical for cell death. Bim is expressed in

many cell types, including most lymphoid cell types, epithelial cells, male and

female germ cells and certain neuronal populations [17].

The pro-apoptotic activity of Bim is controlled by both transcriptional and

post-translational mechanisms. Induction of Bim transcription has been demon-

strated following growth factor withdrawal and other cytotoxic stimuli. For exam-

ple, increased levels of Bim transcription has been demonstrated in neurons

following growth factor withdrawal, transient ischemia or status epilepticus and

in hematopoietic cells following growth factor withdrawal or antigen receptor

stimulation [18–21]. It has been reported that members of the c-Jun N-terminal

kinase (JNK) family through activation of AP1 transcription factors mediate

induction of Bim expression in growth factor-deprived neurons but this could not
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be reproduced [22] by another group, which proposed that JNK activates BimEL

through direct phosphorylation [18]. Cytokine withdrawal in hematopoietic cells

has been shown to increase Bim mRNA and protein expression through activation

of the forkhead-like transcription factor FOXO3A (also known as FKHRL1) [20].

Post-translational modifications thought to be important in the control of

Bim include phosphorylation and ubiquitination. ERK-mediated phosphoryla-

tion of Bim in hematopoietic cells has been shown to increase ubiquitination

and proteosomal degradation of Bim and to thereby promote survival of cells

receiving cytokine support [23–25]. A reduction in Bim ubiquitination in osteo-

clasts has been demonstrated following growth factor withdrawal and this was

associated with reduced proteosomal degradation of Bim, Bim accumulation

and increased cell death.

In healthy cells, Bim can be sequestered from its Bcl-2-like pro-survival

relatives by binding to the microtubular dynein motor complex via dynein light

chain (LC) 8 [26]. Following certain apoptotic stimuli, such as treatment with

the anti-cancer drug taxol, Bim is released and able to translocate to bind its

pro-survival relatives. The relative importance of these different mechanisms of

transcriptional and post-translational control of Bim function is unclear and can

probably be tested most reliably by generating Bim mutant (knock-in) mice in

which critical regulatory regions are removed.

It has been postulated that upon activation, Bim initiates apoptosis by bind-

ing to and neutralising pro-survival Bcl-2 family proteins and/or by direct acti-

vation of Bax/Bak. We believe that the second scenario is unlikely because no

direct binding of Bim to Bax/Bak with physiologically relevant affinity could

be demonstrated so far. Interestingly, unlike some BH3-only proteins (e.g. Noxa

or Bik), Bim has been shown to be able to bind to all pro-survival Bcl-2 family

members [12], consistent with the observation that its loss produces a more pro-

found phenotype in knock-out mice than loss of some of its relatives [27].

Bim Is Critical for Apoptosis and Homeostasis in the 
Lymphoid and Myeloid Compartment

Bim is expressed in many hematopoietic cell types and is vital for the

maintenance of homeostasis in the hematopoietic system. Bim knock-out mice

have abnormally increased numbers of lymphoid and myeloid cells [28]. In

young bim�/� mice, mature T cells (CD4�8� and CD4�8�), B cells, gran-

ulocytes and monocytes numbers in peripheral lymphoid tissues are increased 

2- to 4-fold compared to wt animals.

With age, bim�/� mice develop progressive lymphadenopathy and

splenomegaly and accumulate IgG-secreting plasma cells [28]. This is associated
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with hypergammaglobulinemia with increased levels of IgG (10-fold), IgM 

(3-fold) and IgA (3-fold) and high titres of autoantibodies to nuclear antigens

(e.g. dsDNA, histones, smRNP), similar to human systemic lupus erythematosus

(SLE). On a mixed genetic background (C57BL/6 � 129/Sv), but not on an

inbred C57BL/6 background, older bim�/� mice succumb to a fatal systemic

autoimmune disease mainly in the form of a diffuse proliferative glomeru-

lonephritis with immune complex deposition. Some animals also develop histo-

logical evidence of cardiac infarction and vasculitis. By one year of age �55% of

bim�/� and even �35% of bim�/� mice die from this disease, indicating a

gene dosage effect.

Consistent with findings from in vivo analysis of bim knockout mice,

bim�/� lymphocytes are resistant to a range of apoptotic stimuli in vitro.

Immature bim�/� CD4�8� thymocytes are resistant to cell death induced by

cytokine withdrawal or treatment with ionomycin, which deregulates calcium flux,

or the anti-cancer drug taxol, which stabilizes microtubules [28]. Under these con-

ditions Bim-deficient thymocytes survive 10–30 times better than wild-type cells,

whilst bim�/� cells have an intermediate phenotype. Loss of Bim provides only

minor protection from apoptosis following treatment with dexamethasone or 

�-radiation and has no effect on cell death triggered by phorbol 12-myristate 

13-acetate (PMA) or Fas ligand [28]. Similar resistance to apoptotic stimuli was

observed in bim�/� pre-B cells, mature T and B cells [28] and granulocytes [29].

These results demonstrate that Bim is an important limiting factor in con-

trolling the initiation of apoptosis in lymphoid and myeloid cells in response to

cytokine withdrawal and calcium flux, but is dispensable for other apoptotic

stimuli. This is indicated by the increasing resistance to cell death seen with

progressive reduction in the level of Bim expression from bim�/� to bim�/�.

This is reinforced by the observation that removal of Bim expression provided

similar protection from cell death following cytokine withdrawal or treatment

with ionomycin as Bcl-2 overexpression, which is able to protect cells from all

Bcl-2 regulated (‘intrinsic’) apoptotic stimuli [30].

Experiments involving crosses between bcl-2�/� and bim�/� mice have

provided further insight into the critical opposing roles that these two proteins

play in controlling lymphocyte homeostasis. Due to increased apoptosis, bcl-
2�/� mice have abnormally low numbers of lymphoid and myeloid cells and

these cells are abnormally sensitive to many apoptotic stimuli [31, 32].

Remarkably, removal of a single allele of bim (bcl-2�/� bim�/�) restores lev-

els of all hematopoietic cell populations substantially [33]. When both alleles of

bim are removed (bcl-2�/� bim�/�) both lymphoid and myeloid cell numbers

are increased, close to the levels seen in a bim�/� mouse.

In summary, the absence of Bcl-2 increases the likelihood of cells dying due

to the unopposed action of Bim, whilst concomitant removal of Bim abrogates
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this effect. Therefore the relative balance of these two opposing proteins appears

to be important in deciding which way the balance is tipped between the cell liv-

ing or dying. Other Bcl-2 family members, in particular the pro-survival protein

Mcl-1 [34] and the pro-apoptotic BH3-only protein Puma [35, 36], have also

been found to be important regulators of lymphoid and myeloid cell apoptosis.

Bim and Thymocyte Selection

T cells are derived from immature progenitors that migrate to the thymus

for development and selection. During development in the thymus more than

90% of T cells undergo programmed cell death [37]. This occurs through a

process of positive and negative selection, which only allows cells with

functional but not self-reactive T cell receptors (TCR) to mature and leave the

thymus.

T cell survival during the first stages of thymic development (CD3–4�8�
pro-T cells) is dependent on continued exposure to IL-7. In mice lacking IL-7,

IL-7R� chain or the common � chain (�c), required for signaling by IL-2, -4,

-7, -9 and -15, levels of immature and mature T and B lymphocytes are signifi-

cantly reduced [38, 39]. In contrast mice expressing an IL-7 transgene develop

progressive lymphadenopathy [40]. IL-7 stimulation has been shown to

increase expression of Bcl-2 in lymphoid cells and expression of a bcl-2 trans-

gene can restore normal numbers of lymphocytes in IL-7Ra�/� mice indicat-

ing that this cell death is controlled by the Bcl-2 family of proteins [41, 42].

Removal of Bim increased thymocyte numbers, but clearly not to normal levels,

and restored near normal numbers of mature T cells in IL-7R��/� mice [43].

The rescue was less complete than when Bcl-2 is over-expressed, indicating that

Bim is probably one of several pro-apoptotic proteins involved in thymocyte

apoptosis induced by the absence of IL-7 signaling.

Developing thymocytes first undergo TCR� and then TCR� chain gene

rearrangement to form an MHC-restricted TCR [44]. TCR� is initially

expressed in combination with the invariant pT� chain and the CD3 protein

complex as the so-called pre-TCR. Pre-TCR signaling is required for develop-

ment from the CD3–4–8� pro-T to the immature CD4�8� stage and loss of

pT� results in developmental arrest and apoptosis, at a similar stage to that seen

in scid, rag-1�/�, rag-2�/� and CD3	�/� mice. The apoptosis of cells in the

absence of pre-TCR signaling was not affected by Bcl-2 overexpression [45]

but could be reduced by blocking death receptor signaling with a dominant

negative inhibitor of FADD [46]. Since FADD-DN expression inhibited this

death only partially, it remains possible that it also involves the action of 

pro-apoptotic Bcl-2 family members that are not potently opposed by Bcl-2.
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This hypothesis can be tested by generating mice that lack components of the

pre-TCR or rag-1/2 plus one or several BH3-only proteins (e.g. Bim or Puma).

Once the TCR� chain is expressed, pre-TCR signaling activates TCR�
gene rearrangement in late stage pro-T (CD4–8�25–44�) and then immature

CD4�8� thymocytes. Cell survival during TCR� chain gene rearrangement

appears to be maintained by up-regulation of Bcl-xL expression, under the con-

trol of the steroid transcription factor ROR� and transcription factors that act in

the wnt signaling pathway [47].

Immature CD4�8� thymocytes expressing a TCR that binds with low

affinity to MHC molecules incorporating self-antigen-derived peptides are pos-

itively selected for differentiation into mature T cells, which then emigrate into

peripheral lymphoid organs. Thymocytes lacking TCR�/� molecules and those

expressing a TCR that does not interact with self-peptide/MHC complexes fail

to receive a survival signal and die by neglect. This death can be inhibited by

Bcl-2 overexpression [45, 48], demonstrating that it occurs by the ‘intrinsic’

apoptotic pathway, but it is presently unclear which BH3-only protein triggers

it. Bim appears to be a good candidate but so far this has not been tested in TCR

transgenic mouse models.

While expression of a TCR that binds with low affinity to self-peptide/MHC

promotes positive selection, expression of a high affinity TCR causes apoptotic

death of developing thymocytes. This death can be inhibited by over-expression

of Bcl-2 [45, 48] but not by inhibition of death receptor signaling (FADD-DN or

loss of caspase-8) [49, 50], indicating that it is mediated by the ‘intrinsic’ path-

way. Experiments with knock-out mice have shown that Bim [51, 52] and

Bax/Bak [9] are essential for killing of autoreactive thymocytes. High affinity

TCR stimulation, for example by anti-CD3 antibodies, kills �80–90% of wt

CD4�8� thymocytes both within the whole animal or in culture, but essentially

all Bim�/� thymocytes survive this treatment [51, 52].

Bim�/� mice have also been shown to have impaired deletion of thymo-

cytes in vivo. When Bim�/� mice are crossed with transgenic mice expressing

a male antigen HY/class I MHC-specific ��TCR, loss of both alleles of Bim
significantly impaired the deletion of autoreactive CD4�8� thymocytes in

male mice [51]. Moreover, loss of Bim protected thymocytes against apoptosis

induced by super-antigens, either endogenously expressed Mtv9, or experi-

mentally applied to fetal thymic organ cultures [51, 52]. Collectively, these

results demonstrate that Bim is essential for apoptosis of autoreactive thymo-

cytes. Increased Bim (particularly BimEL) expression and increased associa-

tion of BimEL with Bcl-xL (the most highly expressed pro-survival protein in

CD4�8� thymocytes) has been observed in response to TCR stimulation.

However, which mechanisms induce Bim expression during negative selection

is presently not known.
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Defects in Bim induction in deletion of autoreactive thymocytes has been

implicated in certain models of autoimmune disease, in particular autoimmune

diabetes in non-obese diabetic (NOD) mice. Immature CD4�8� as well as

semi-mature (intermediate between CD4�8� and CD4�8� or CD4–8�) thy-

mocytes of NOD mice have been found in some [53–55], but not all [56], stud-

ies to be relatively resistant to cell death induced by TCR crosslinking and to

have defects in thymic deletion.

A recent study has examined gene expression during negative selection,

comparing NOD with control thymocytes [55]. Mice in this study were trans-

genic for a TCR with high affinity for hen egg lysozyme (HEL) peptide 46–61

bound to I-Ak (3A9 TCR) and also contained transgenes expressing HEL in dif-

ferent cell types and at different levels. Double transgenic mice were back-

crossed onto the MHC congenic backgrounds NOD.H2k (contains all

autoimmune susceptibility loci of NOD except the H-2 locus) or as a control

B10.BR (carries diabetes resistance alleles at most non-MHC loci). This

allowed the comparison of gene expression in response to negative selection in

thymocytes with and without non-MHC NOD autoimmune susceptibility

genes. Thymocytes from these mice were then sorted and gene expression ana-

lyzed by microarray. Bim and Nur77 expression were dramatically increased

early in B10.BR thymocytes (CD4�CD8lowCD69�1G12�) undergoing neg-

ative selection. However, only small increases in Bim and Nur77 expression

were seen in NOD.H2k thymocytes. These were the only differences seen in

gene expression between the B10.Br and NOD strains despite looking at multi-

ple candidates. This indicates that NOD mice have a selective defect in the

induction of Bim in thymocytes triggered with self-antigens. This is thought to

contribute to the increased resistance of immature and semi-mature NOD thy-

mocytes to apoptosis and their defect in the deletion of autoreactive thymo-

cytes. Genetic analysis revealed that the defect in thymocyte negative selection

in NOD.H2k mice is associated with four chromosomal regions, interestingly

including one on chromosome 2, which is linked to the bim gene. This indicates

that the resistance to thymic deletion in NOD mice is a complex polygenic trait,

which may be due, at least in part, to defects in the bim gene or defects in genes

that are required for bim induction in response to TCR ligation.

Role of Bim in Peripheral Deletion of Autoreactive T Cells

Bim has also been shown to be important in the maintenance of peripheral

T cell tolerance. This has been demonstrated in a TCR transgenic model of

cross-tolerance in which naïve autoreactive CD8� T cells are deleted after den-

dritic cells cross-present their cognate (self)-antigen to them. The deletion of
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these autoreactive CD8� T cells can be prevented to a similar extent by the

over-expression of Bcl-2 or the removal of Bim [57]. Although earlier reports

suggested that the death receptor pathway was important in the deletion of these

autoreactive CD8� T cells following the cross-presentation of self antigen [58],

this now does not seem to be the case [57].

The Bcl-2 family has so far not been shown to be important in controlling

the peripheral deletion of autoreactive CD4� T cells. When naive 3A9 TCR-

transgenic (HEL-specific) CD4� T cells were adoptively transferred into trans-

genic mice expressing soluble hen egg lysozyme (HEL) in their serum, Bcl-2

overexpression failed to inhibit T cell deletion in vivo [59]. The deletion was,

however, significantly impaired, by the lack of functional Fas (lpr mice) or Fas

ligand (gld mice) in T cells themselves, indicating that autocrine activation of

the death receptor pathway might be more important in this cell type. This

model differs from that used to study CD8� T cells where self-antigen was

expressed in a tissue-restricted manner [57] in that the self-antigen was circu-

lating and therefore ubiquitous. Therefore the signaling pathways controlling

the peripheral deletion of autoreactive T cells might depend on the T cell type as

well as other factors, such as the affinity of TCR/MHC interactions and the

quantity, nature and expression pattern of the self-antigen [57].

Role of Bim in B Cell Development

Bim expression is seen in B cells at all stages of development [17, 60]. Like

pro-T cells, the earliest forms of B cell precursors, the pro-B cells, depend on IL-

7R signaling for cell survival and sustained differentiation. The cell death that

occurs in the absence of IL-7R signaling appears to be predominantly initiated

by Bim, as in the absence of Bim, pro- and pre-B cells have similar survival in

vitro whether IL-7 is present or not [60]. However, although the absence of Bim

could promote the survival of these B cell precursors deprived of IL-7, these

cells were unable to undergo further differentiation. Interestingly, IL-7Ra�/�
mice have very low levels pro-, pre-, immature and mature B cells whether Bim

is present or not [60]. Similar observations were made in the B lineage of 

IL-7Ra�/� mice expressing a bcl-2 transgene [61]. Therefore, unlike in early

T cell precursors in which IL-7 is mostly required for cell survival, in developing

B cells IL-7 also appears to be critical for differentiation and proliferation [44].

During B cell maturation, the genes encoding the immunoglobulin

heavy (HC) and light chain (LC) genes must be rearranged in frame to produce a

functioning B cell receptor (BCR). This begins with Ig HC rearrangement at the

pro-B cell stage and subsequent expression of the pre-BCR composed of the IgH

HC with the �5 and Vpre-B surrogate light chains. Pre-BCR signaling allows cell
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survival and differentiation into the pre-B cells stage. IgLCs are then rearranged at

the pre-B cell stage to create a functioning BCR.

Failure to productively rearrange the Ig heavy and light chain genes results

in apoptosis which is most likely under the control of the Bcl-2 family. B cells

in rag-1�/�, rag-2�/� and scid mutant mice, which are unable to rearrange Ig

genes segments, do not progress past the pro-B cell stage. Over-expression

of Bcl-2 or Bcl-xL in these mice prevents the deletion of the pro-B cells

and thereby promotes accumulation of B lineage cells lacking a BCR [45, 62,

63].

Once B cells reach the immature B cell stage of development (sIgMhi

IgDlo) their survival is no longer dependant upon IL-7 signaling but requires

BAFF, a member of the TNF family [64]. BAFF signaling appears to promote

survival of transitional and mature B cells via NF-
B dependent upregulation

of bcl-2 expression [65]. It will be interesting to examine whether loss of Bim

or another BH3-only protein can promote accumulation of B cells in mice lack-

ing functional BAFF or BAFF receptor.

Sustained survival of mature B cells requires continued BCR expression

and signaling. Removal of BCR expression in mature B cells by inducible Ig

gene deletion causes a rapid reduction in B cell numbers, and this deletion

appears to involve the Bcl-2-regulated (intrinsic) apoptotic pathway [66].

Role of Bim in the Deletion of Autoreactive B Cells

The stochastic nature of assembling genes encoding the BCR entails the

risk that autoreactive B cells are created. B cells expressing a BCR with high

affinity for self-antigen must be modified by further gene rearrangement

(receptor editing), silenced (anergy) or deleted to prevent the development of

autoimmune disease.

BCR-ligation-induced deletion of both immature and mature resting B

cells was shown not to require the death receptor pathway [67, 68]. This cell

death can, however, be inhibited by over-expression of Bcl-2 or Bcl-xL [68, 69].

Furthermore, in an anti-HEL Ig/HEL double transgenic mouse model of B cell

tolerance loss of Bim was found to inhibit the deletion of autoreactive B cells in

vivo [69]. These findings are consistent with the observation that bim�/� mice

have a dramatic accumulation of plasma cells with age and an associated

increase in serum immunoglogulins levels, auto-antibodies and a SLE-like fatal

autoimmune disease (the latter only on a mixed C57BL/6x129Sv, but not on an

inbred C57BL/6 background) [28].

Loss of Bim expression does not prevent immature B cell killing following

BCR ligation in vitro as effectively as does Bcl-2 overexpression, indicating
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that additional BH3-only proteins might have a partially overlapping role. Bik

has been shown to be up-regulated upon BCR cross-linking in certain human

B lymphoma-derived cell lines [70], but bik�/� B cells were found to respond

normally to BCR crosslinking [27]. Moreover, bim�/� mice with a transgenic

system of B cell tolerance (anti-HEL Ig/HEL; see above) have a similar

increase in the number of autoreactive B cells [69] as anti-HEL Ig/HEL doubly

transgenic mice also expressing a B cell restricted bcl-2 transgene [71]. This

indicates that Bim is the major initiator of BCR cross-linking-induced apopto-

sis of autoreactive B cells.

Interestingly, although the anti-HEL Ig/HEL doubly transgenic bim�/�
mice accumulated abnormal numbers of autoreactive B cells, systemic toler-

ance appeared to be maintained, possibly due to induction of B cell anergy [69].

This is consistent with the observation that in bim�/� mice, peripheral T cell

tolerance can be maintained despite the abnormalities in thymic and peripheral

negative selection of autoreactive T cells [51]. This may indicate that immuno-

logical tolerance is safeguarded by several processes, including apoptotic death,

anergy and developmental arrest of autoreactive T and B cells. Perhaps, full-

blown autoimmune disease only occurs when two or more of these processes

are severely impaired.

Role of Bim in Termination of Immune Responses

An acute immune response to infection with a pathogen is characterized by

activation, proliferation and acquisition of effector functions of foreign antigen-

specific T and B lymphocytes. These processes are critically dependent on

inflammation-associated cytokines and they generally lead to elimination of the

invading pathogen. Although a so-called memory population persists long-

term, the immune response is downregulated, involving the death of the vast

majority of responding lymphocytes. The shut-down of the lymphocyte

response is critical to maintain lymphocyte homeostasis, to prevent the non-

specific tissue damage that prolonged immune responses could cause and to

minimize the risk of autoimmunity [72].

The signaling pathways controlling T cell death during shut-down of an

immune response have been a matter of some debate. Whilst the death receptor

pathway is required for the apoptosis of cultured T cells following repeated lig-

ation of the TCR (activation induced cell death) [73], several groups have

demonstrated that this pathway is not required for T cell death during immune

response shut-down [5, 74, 75]. Members of the Bcl-2-family do, however,

appear to be critical regulators of this process.
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Two groups have demonstrated that following injection of the superantigen

Staphylococcus enterotoxin B (SEB), both CD4� and CD8� antigen-specific

T cells expressing a bcl-2 transgene survive significantly longer in vivo and in

vitro than normal T cells [30, 74].

It has also been shown that the primary pro-apoptotic Bcl-2-family mem-

ber initiating apoptosis in T cells during the termination of an immune response

is Bim [74]. T cells from bim�/� mice injected with SEB are largely protected

from the apoptosis that occurs during the immune response shut-down that

occurs between 5–10 days after injection [74]. In fact, while there was a slight

reduction in the numbers of SEB-reactive CD4� and CD8� T cells in the

lymph nodes of bim�/� mice over the twenty-days after SEB injection, no

reduction was seen over this period in the spleen. By comparison, SEB-specific

CD4� and CD8� T cell numbers had returned to pre-stimulation levels by

approximately day seven in wild-type mice. Interestingly, the levels of Bcl-2

and Bcl-xL were found to fall in T cells at the peak of the immune response, just

before they begin to die in vivo [76]. This fall in Bcl-2 and Bcl-xL would sig-

nificantly change the balance between Bim and Bcl-2-like pro-survival proteins

within the cell and might constitute the trigger to initiate apoptosis.

More recent experiments have studied the kinetics of the T cell response in

wild-type (wt), bim�/� and lpr mice following infection with herpes simplex

virus (HSV) [75]. The proliferation of HSV-specific cytotoxic CD8� T cells

was similar in mice of all genotypes, and all mice were able to efficiently clear

the virus. However, whilst the number of HSV-specific CD8� T cells in the

spleens of wt and lpr mice peaked at seven days before falling to almost base-

line levels, bim�/� mice continued to accumulate splenic HSV-specific CD8�
T cells due to impaired apoptosis [75]. Remarkably, the CD8� T cell numbers

in the spleens of bim�/� mice had not fallen significantly even at four weeks

following viral infection.

These experiments indicate that Bim is critical for the induction of apopto-

sis of both CD4� and CD8� T cells during the termination of an acute immune

response. Given that Bim is required for the apoptosis of T cells in culture fol-

lowing IL-2 or IL-7 withdrawal [28], it is likely that T cells die during shut-

down of an acute immune response due to the declining levels of essential

cytokines [72].

It is theoretically possible that death receptors do play a role in the death of

T cells during immune responses to certain pathogens. Since the death receptor

pathway is triggered in an autocrine and/or paracrine manner when activated

T cell blasts are re-stimulated through their TCR, we speculate that persistent

pathogens, such as plasmodia, could trigger this process. This may be a mecha-

nism to prevent excessive tissue destruction as a consequence of sustained

T cell activation and may serve to establish long-term co-habitation of a
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pathogen within its host. It is also possible that in certain immune responses,

death receptors and the Bcl-2-regulated apoptotic pathway, in particular

through Bim induction, cooperate in the killing of no longer needed activated

T and B lymphocytes.

Bim and Degenerative Disease

Excess apoptosis can be a feature of certain degenerative diseases and it is

possible that Bim or other BH3-only proteins play a role in such disorders. Loss

of Bcl-2 expression results in increased levels of apoptosis and degeneration in

a range of tissues. Mice lacking Bcl-2 appear normal at birth but fail to thrive,

develop short ears and their thymus and spleens degenerate; later, their coats

turn gray and they all die from renal failure due to polycystic kidney disease

within 4–16 weeks (time of death is influenced by genetic background) [31, 32,

77]. Increased cell death can be observed within the degenerating tissues of bcl-
2�/� mice and their lymphocytes are abnormally susceptible to a range of

cytotoxic stimuli both in vivo and in vitro.

Within the tissues in which Bcl-2 acts as the critical guardian against apop-

tosis, Bim appears to act as the dominant initiator of cell death. Loss of Bim

expression prevents the abnormal cell death and degenerative disorders in 

Bcl-2-deficient mice [33]. Strikingly, removal of even a single allele of bim (in

bcl-2�/�bim�/� mice) prevents polycystic kidney disease and restores

normal growth in bcl-2�/� mice. As outlined above, these mice also have sig-

nificantly higher numbers of lymphoid and myeloid cells compared to 

bcl-2�/� mice and the sensitivity of these cells to certain apoptotic stimuli,

such as cytokine withdrawal, was found to be intermediate between that of 

bcl-2�/� and wt cells. Removal of both alleles of bim in bcl-2�/�bim�/�
mice almost completely prevents melanocyte stem cell death, and thus graying

of the mice, and lymphoid and myeloid cell numbers are even increased above

those of wt mice, similar to the levels seen in a bim�/� mice.

Therefore it is the interaction between Bim and Bcl-2 and their relative

amounts that controls the fate of this broad range of cell types. In the absence of

Bcl-2, unopposed Bim triggers unscheduled apoptosis (presumably by acting

on other pro-survival proteins expressed in these cells) and causes degenerative

disorders. Some experiments have been performed to determine whether block-

ing Bim expression or function might be a useful therapeutic tool in the treat-

ment of certain degenerative disorders. Lurcher mice, which have a

semidominant mutation in the gene encoding the �2 glutamate receptor,

develop ataxia due to the abnormal apoptosis of cerebellar Purkinje cells and

most afferent granule neurones [78]. The death of the granule neurones but not
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that of the Purkinje cells can be prevented by loss of Bax [79] and both of these

cell types are also known to express Bim [80]. However, loss of Bim had no

effect on the Lurcher phenotype, indicating that Bim does not play a limiting

role in the development of this degenerative disease [81]. Bim�/� mice have

also been crossed with mice lacking Pkd1, the most commonly mutated gene in

human autosomal dominant polycystic kidney disease [82]. Heterozygous

Pkd1�/� mice have been reported to develop late onset renal cysts but the

removal of Bim in these mice did not appear to alter this phenotype [Bouillet et

al., in preparation].

As mentioned above, loss of Bim was, however, able to alleviate the

immunodeficiency caused by IL-7R� deficiency [43, 60]. Collectively, these

results indicate that deregulated activation of Bim and/or perhaps some other

BH3-only proteins may play a contributory or even causative role in certain

degenerative diseases. Other degenerative diseases do, however, not require

Bim, perhaps because cell death in these disorders proceeds through other

apoptotic pathways or may be of a non-apoptotic nature.

Conclusion

Bim, a BH3-only member of the Bcl-2 protein family, is a critical initiator

of developmentally programmed cell death and stress-induced apoptosis in a

broad range of cell types. In the absence of its opposing pro-survival relative

Bcl-2, Bim is able to cause the degeneration of a range of tissues by causing

excessive apoptosis. Targeting the action of Bim and/or other BH3-only pro-

teins might therefore be a therapeutic option in the management of certain

degenerative disorders.

Bim has also been found to be important in the developmentally pro-

grammed cell death and selection that occur during lymphopoiesis and in main-

taining peripheral tolerance and terminating immune responses. Loss of Bim in

gene knock-out mice has been shown to affect all these aspects of lymphocyte and

immune function and has been associated with the development of autoimmune

disease in some mouse models. Furthermore abnormalities of Bim expression

and negative selection of thymocytes might be one of the multiple genetic factors

underlying the complex polygenic trait of susceptibility to autoimmune disease.
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Abstract
To prevent autoimmunity, it is critical that tolerance mechanisms block autoantibody

production from self-reactive B cells. B cell tolerance is maintained through mechanisms

that can reversibly or irreversibly silence autoreactive B cells. Of these mechanisms, those

that lead to B cell death offer the most reliable form of tolerance to prevent autoimmunity. In

many cases, death of autoreactive B cells is regulated by the cell intrinsic, or mitochondrial

pathway of cell death. The pro-apoptotic Bcl-2 family proteins, Bak, Bax, and Bim have been

shown to be required for disruption of mitochondria and intrinsic cell death of self-reactive B

cells whereas the anti-apoptotic Bcl-2, Bcl-xL, and Mcl-1 can prevent cell death by inter-

fering with the action of Bax and Bak. Bcl-2 and Bcl-xL have also been shown to regulate

the autophagic cell death pathway that may also play a role in B cell tolerance. Even after

mitochondrial disruption, mechanisms exist that may impede activation of caspases and

death of autoreactive B cells. Together, understanding of cell death mechanisms and how

they may affect B cell tolerance has made significant recent advances and it is now important

to incorporate alternate and post-mitochondrial cell death mechanisms into B cell tolerance

models.

Copyright © 2006 S. Karger AG, Basel

B cell tolerance is maintained through a series of tolerance checkpoints. Of

these checkpoints, those that lead to B cell death offer the only irreversible form

of tolerance to prevent autoantibody production and disease. Many instances of

B cell death in the regulation of tolerance are mediated through the mitochon-

drial pathway of cell death and are regulated by members of the Bcl-2 family.

Mitochondria, thus act as central players in both metabolic and cell death

pathways that are critical in the maintenance of B cell tolerance. Tolerance is
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maintained and autoreactive B cells are eliminated by changes in expression of

Bcl-2 family members, changes in cell metabolism, and possibly non-apoptotic

pathways of cell death, such as autophagy. In addition, recent findings have

shown that even after mitochondrial release of cytochrome c, kinase cascades

can prevent cell death, possibly allowing autoreactive B cells an opportunity to

produce autoantibodies and promote disease. This review summarizes recent

advances in the study of how mitochondrial and postmitochondrial mechanisms

can inhibit B cell apoptosis and how this may contribute to autoimmunity.

B cell tolerance checkpoints can lead to death of autoreactive B cells or

can act to prevent B cell activation and autoantibody secretion (fig. 1) [1].

Tolerance checkpoints that do not cause cell death include induction of B cell

non-responsiveness, anergy, or control of B cell activation by regulatory T cells

(Tregs) [2, 3]. In each case, tolerant B cells remain in place within the immune

repertoire. While setting a high threshold for initiating tolerance-induced cell

death and retaining tolerant cells may prevent large holes in the antibody reper-

toire, these cells pose tremendous risk for subsequent autoantibody production

X T
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X TNegative 
selection 
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Fig. 1. B cell checkpoints for B cell death or tolerance. B cells are rendered tolerant by

programmed cell death (X) or mechanisms that maintain cell viability but repress B cell func-

tion (T). In the bone marrow during B cell development, B cells that rearrange to generate

BCR specific for self-antigen undergo receptor editing. If this fails to alter B cell specificity

away from self, B cells are eliminated by negative selection if BCR are of too high avidity for

self-antigen or are rendered anergic if BCR avidity to self-antigen is lower. In the periphery,

self-reactive B cells are eliminated in the periartieolar sheath (PALS) by follicular exclusion

or by T cells upon presentation of self-antigen. B cells can remain viable yet remain function-

ally impaired by anergy or by Treg cells. B cells can enter the follicle (Fol.) and germinal cen-

ter (GC) where they can undero cell death after somatic mutation to gain autoreactivity.
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and development of autoimmunity. Anergic B cells can indeed be stimulated to

recover from anergy and begin to produce autoantibodies under a variety of cir-

cumstances. Anergic B cells can be stimulated to reverse their state of anergy

upon long-term separation from antigen [4], repeated stimulation via toll-like

receptors by LPS or CpG DNA [4–6], or upon stimulation with activated T cells

[2, 7]. Indeed a critical element to retain B cell anergy in some model systems

is the inability of tolerant B cells to provide T cell co-stimulation when present-

ing antigen because anergy of B7.2 transgenic B cells is rapidly reversed and

antibody production is potently induced by specific T cells [8].

To prevent autoantibody production and autoimmunity, therefore, the only

certain pathway of cell tolerance is through the elimination, or programmed cell

death, of the autoreactive cells. Death of autoreactive B cells can occur in a

number of tolerance checkpoints (fig. 1). In development, B cells with high

avidity self-reactive antigen receptors after V(D)J rearrangement and potential

receptor editing undergo developmental arrest and elimination [9–11]. In the

periphery, B cells that bind self-antigen fail to upregulate the chemokine recep-

tor CXCR5 to exit T cell zones and migrate into B cell follicles. If T cell help is

not available to promote B cell survival and activation, B cells that are excluded

from follicles undergo programmed cell death [12, 13]. Self-reactive B cells

that survive follicular exclusion and present antigen to T cells also risk being

induced to undergo programmed cell death by those T cells via the Fas death

receptor [14]. In addition, B cells that gain self-reactivity or have increased self-

reactivity after somatic hypermutation in germinal centers will also be elimi-

nated if sufficient T cell help is not present [15, 16]. If these death-promoting B

cell tolerance checkpoints are prevented, autoimmunity can ensue [17]. Thus,

it is of critical importance to understand how B cell death tolerance check-

points are regulated and how they can be circumvented in the development of

autoimmunity.

Mitochondrial Control of B Cell Elimination

There are two primary mechanisms of cell death that play critical roles in

elimination of autoreactive B cells, the cell intrinsic and cell extrinsic path-

ways. In the cell intrinsic pathway, a key point in the regulation of cell death is

the disruption of the outer mitochondrial membrane and release of cytochrome c
[18] and other pro-apoptotic proteins from the mitochondrial intermembrane

space [19]. Once released, cytochrome c can interact with Apaf-1, dATP,

and caspase 9 in a structure called the apoptosome. This leads to activation of

caspase 9 and the proteolytic caspase cascade. Together, mitochondrial dys-

function and caspase activation lead to intrinsic cell death. Expression of the
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anti-apoptotic protein Bcl-2 is sufficient to prevent disruption of mitochondria

and release of mitochondrial intermembrane contents [20, 21], thereby inhibit-

ing both the consequences of impaired mitochondrial function and the effects of

caspase activation. As a consequence of preventing death of autoreactive cells,

Bcl-2 family proteins have been shown to be key regulators of autoimmunity.

Even after release of cytochrome c, however, specific proteins and kinases can

prevent caspase activation to inhibit cell death and these may also contribute to

autoimmunity. In the extrinsic pathway of B cell death, death receptors on oth-

erwise healthy B cells are triggered and generally cause the cell to commit to

die at the point of death receptor complex formation. Each pathway plays an

important role in maintaining B cell tolerance and their disruption can lead to

autoantibody production. This review will discuss the role of the intrinsic cell

death pathway in B cell tolerance and autoantibody production.

Bcl-2 Family of Proteins

After initial discovery as an oncogene in follicular lymphoma [22–24], it

quickly became clear that Bcl-2 was unlike other oncogenes in that it did not

appear to promote cell cycle, but rather promoted oncogenic transformation by

inhibiting cell death [25–27]. In this way, slow accumulation of cells that failed

to undergo programmed cell death lead to an indolent and chemotherapy resist-

ant cancer. In the years since the identification of Bcl-2, a series of studies

using homology to Bcl-2 and physical interactions have identified a large num-

ber of Bcl-2-related proteins. Bcl-2 family proteins are cytosolic or associated

with intracellular membranes, including outer mitochondrial membrane and

endoplasmic reticulum, in healthy cells and concentrate in intracellular mem-

branes during cell death [27]. This physical association with mitochondria high-

lighted the role that mitochondria may play in cell death and the role of Bcl-2

family proteins with these mitochondrial cell death pathways.

Based on their function and the presence of four distinct Bcl-2 Homology

domains (BH regions 1–4), these proteins fall into three classes (fig. 2). Members

of the first class, the anti-apoptotic sub-family, have multiple BH domains and

are characterized by Bcl-2 itself. The second class of Bcl-2-related proteins are

the multi-BH domain pro-apoptotic sub-family. This subfamily consists of just

three members, Bax [28], Bak [29, 30], and Bok [31]. Each has contains BH1–3

and can promote apoptosis when expressed. Of these three family members,

Bax and Bak are ubiquitously expressed and are present in all hematopoietic

cells. Bok, in contrast, is restricted to reproductive tissues and has no known

role in immune homeostasis [27, 31]. The final subfamily is a diverse group of

proteins that share homology only through the presence of a BH3 domain, the
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BH3-only proteins. These proteins play critical roles to initiate cell death in

response to a wide variety of stimuli [32]. It has become clear in recent years that

BH3-only proteins can be further divided into two categories, those proteins that

sensitize to death and those that stimulate cell death [33, 34].

Bcl-2 Family and Autoantibody Production

The role that members of the Bcl-2 family play in inhibition of cell death

and the development of B cell autoimmunity has been made clear through a

number of experimental models. Very early on in the study of Bcl-2, it was

observed that Bcl-2 may regulate autoimmunity in addition to follicular

lymphoma. Transgenic mice with B cell specific expression of Bcl-2 developed

anti-nuclear, anti-histone, and anti-ds DNA autoantibodies and glomeru-

lonephritis with age [35]. There is not a wholesale loss of B cell tolerance in

Bcl-2 transgenic mice, however, as autoantibodies appear to preferentially be

specific for nuclear antigens as anti-IgG rheumatoid factor autoantibodies are

not increased with Bcl-2 expression [36]. In addition, the autoantibody

response in Bcl-2 transgenic mice has since been shown to be variable and fail

to lead to glomerunephritis on some backgrounds [37]. A variety of studies

have analyzed the mechanism of this autoantibody production and generally

come to the conclusion that failed elimination of B cells that mutate to

gain anti-DNA specificity in germinal cells is a key source of autoantibodies in

Bcl-2 transgenic mice [38–40]. Developmental negative selection of Bcl-2

BH1 BH2BH3BH4 TM

BH1 BH2BH3 TM

BH3

Bcl-2 A1
Bcl-xL Mcl-1
Bcl-w BOO

Bax
Bak
Bok

Bad Bik
Noxa PUMA
Bmf

Anti-apoptotic

Multi-domain pro-apoptotic

BH3-only

Bim Bid

Sensitizer

Killer

Fig. 2. Bcl-2 family. The Bcl-2 family can be subdivided based on function and the

presence of Bcl-2 homology regions (BH) 1–4 and a transmembrane region (TM). The BH3-

only family can be further divided into sensitizers or killer proteins.



Deming/Rathmell 100

transgenic B cells appears to occur normally to both model autoantigens, such

as hen egg lysozyme [41], and endogenous autoantigens, such as dsDNA [39].

In contrast, despite the similar anti-apoptotic functions of Bcl-2 and Bcl-xL

[42], transgenic expression of Bcl-xL was sufficient to allow autoreactive

B cells to resist negative selection [43]. These autoreactive B cells were, never-

theless, tolerized by anergy and did not produce autoantibodies, demonstrating

the multiple levels of regulation over B cell tolerance.

Similar to how overexpression of anti-apoptotic Bcl-2 family members can

lead to autoantibody production and autoimmunity, reduced expression of

multi-BH domain pro-apoptotic sub-family members can also inhibit lympho-

cyte death and potentially lead to autoimmunity. Deficiency in Bax, while not

sufficient to cause B cell autoimmunity, did lead to a mild combined B and

T cell lymphoid hyperplasia [44]. The functionally related pro-apoptotic pro-

tein, Bak, had no observable phenotype when eliminated by gene targeting [45].

Together, however, double-deficiency for Bax and Bak lead to a dramatic

lymphoid phenotype [45, 46]. Due to the high lethality and variety of develop-

mental and homeostatic defects in Bax�/�Bak�/� mice [45], bone marrow

chimeras were made by transplanting Bax�/�Bak�/� bone marrow into irra-

diated Rag1�/� recipients [46]. Analysis of intact Bax�/�Bak�/� mice and

bone marrow chimeras made with Bax�/�Bak�/� bone marrow showed mas-

sive accumulation of peripheral B and T lymphocytes with splenomegally and

lymphadenopathy. A large fraction of these accumulated peripheral lympho-

cytes were phenotypically similar to memory cells. Many T cells had increased

CD44 and decreased CD62L expression. Similarly, many B cells appeared to

have undergone immunoglobulin class switch and were B220bright yet IgD–

[45]. While B cell-mediated autoimmunity caused by deficiency in Bax and

Bak has yet to be thoroughly examined, lymphoid infiltrates into both kidney

glomeruli and liver [45] suggest that combined Bax and Bak deficiency leads to

autoimmunity. Furthermore, analysis of specific T cell developmental and

peripheral responses demonstrated that many aspects of T cell selection require

Bax or Bak. In particular, thymocyte cell death by neglect and death by negative

selection as well peripheral T cell death by neglect and death in clonal contrac-

tion following immune responses were defective in the absence of Bax and Bak

[46]. Bak and Bax-deficient T cell did, however, retain their susceptibility to the

Fas death receptor. Members of the Bcl-2 family, therefore, are critical regula-

tors of lymphocyte cell death and homeostasis yet do not regulate death recep-

tor-induced apoptosis in lymphocytes.

Deficiency of BH3-only proteins can also have significant impact on B

cell tolerance [32]. In particular, the BH3-only protein Bim has been shown to

be required to maintain lymphoid homeostasis and prevent autoimmunity [47].

Bim is constitutively expressed in both B and T cells and associates with the
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anti-apoptotic Bcl-2 family members, Bcl-2, Bcl-xL, and Mcl-1 on the outer

mitochondrial membrane [48, 49] and appears to preferentially bind Mcl-1 [49,

50]. This is in contrast to Bim localization primarily to LC8 and dynein motor

complexes in fibroblasts [51]. Regulation of Bim localization in the basal, non-

apoptotic state, therefore, is a subject that will require clarification in future

studies. Bim expression can be further induced by the stress kinase JNK

[52, 53] or by FOXO [54, 55] transcription factors. Bim-deficient mice

displayed a variety of lymphoid defects including lymphocytosis, lymphoid

hyperplasia, increased frequency of IgM and IgG antibody forming cells, glomeru-

lonephritis, and IgG immune complex deposits on glomeruli [47]. Similar to

Bax�/�Bak�/� lymphocytes, Bim�/� T and B cells resisted a variety of

death stimuli, including death by neglect, corticosteroids, and irradiation, but

remained sensitive to killing via the Fas death receptor. A series of experiments

have now shown that Bim is induced by antigen receptor signaling and is

required for efficient T [56–58] and B cell [59, 60] negative selection. In addi-

tion, Bim is induced in follicularly excluded B cells and has been implicated in

their death [61] as well as in clonal contraction of T cells following an immune

response [62, 63].

These data show that expression levels of both anti-apoptotic and 

pro-apoptotic Bcl-2 family members play critical roles in B cell homeostasis

and prevention of autoimmunity. Consistent with this finding, stimuli that regu-

late B cell survival and autoimmunity are often potent regulators of Bcl-2 fam-

ily member expression. As described above, BCR stimulation can induce Bim

[59, 60]. The pro-apoptotic BH3-only protein, Bik, is also induced by BCR

[64], although its role in B cell apoptosis is less well established. BCR stimula-

tion also leads to induction of the anti-apoptotic proteins, Bcl-2 and A1, in a

PLC�-dependent manner [65]. The balance of these pro- and anti-apoptotic

proteins then sets the threshold for B cell apoptosis in activation and tolerance.

In addition, cytokines such as BAFF and IL-7 are important regulators of

Bcl-2 family gene expression in B cells. BAFF is critical to promote B cell

survival [66]. Increased BAFF availability has been proposed to keep Bim in

check in self-reactive B cells that survive follicular exclusion [61]. The BAFF

receptors, BAFF-R and BCMA, may prevent Bim-induced toxicity by inducing

the expression of anti-apoptotic Bcl-2 family member such as Bcl-2 [67, 68],

Bcl-xL [68], A1 [69], and Mcl-1 [70]. In contrast, the inhibitory BAFF

inhibitory, TACI, promotes apoptosis and is required to prevent autoimmunity

[71], possibly by antagonizing BAFF-R induction of Bcl-2 and Bcl-xL [68]. 

IL-7 is required for B cell development in mice [72] and has been shown to be

a potent inducer of Bcl-2 [73, 74] and Mcl-1 [50]. When either BAFF or IL-7 are

not available or are antagonized, the loss of expression of anti-apoptotic Bcl-2

family members lowers the threshold for cell death and may lead to apoptosis.
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In contrast, enhanced BAFF or IL-7 levels can increase cell survival and con-

tribute to autoimmunity [75–79].

Bcl-2 Proteins Regulate Mitochondrial Integrity and 
Release of Cytochrome c

How changes in Bcl-2 family member expression affect mitochondrial

homeostasis are beginning to become clear. That the different expression levels

of Bcl-2 family proteins affects cell fate and B cell autoimmunity has led to a

model of Bcl-2 function in which anti- and pro-apoptotic proteins have oppos-

ing and mutually inhibitory functions. One key mechanistic clue as to how

these proteins function was the network of physical associations among Bcl-2

family members [27]. This was initially described as the rheostat model to indi-

cate how the physical association of Bcl-2 with Bax may explain either oppos-

ing functions (fig. 3) [80]. When Bcl-2 is in excess, Bcl-2 homodimers form

and may promote survival, whereas when Bax is in excess, Bax homodimers

form and may promote apoptosis. As additional Bcl-2 family members were

identified, the network of physical associations between Bcl-2 family proteins

Bcl-2/Bcl-xL/Mcl-1 Bax/Bak

BH3-only

Apoptosis
Autophagy 
(survival)

Autophagy 
(death)

Glucose

Fig. 3. Mechanism of Bcl-2 family function. Cell death is initiated by BH3-only pro-

teins which act to either inhibit anti-apoptotic Bcl-2 family members (such as Bcl-2, Bcl-xL,

or Mcl-1) or activate pro-apoptotic Bcl-2 family members (such as Bax or Bak). Anti-

apoptotic Bcl-2 family proteins inhibit pro-apoptotic Bcl-2 family proteins. Glucose metabo-

lism can also inhibit Bax activation. Bax and Bak are required to initiate mitochondrial

dysfunction, caspase activation, and apoptosis. In contrast, Bcl-2 and Bcl-xL can promote

autophagy. Caspases activated in apoptosis can, in turn, suppress autophagy. If autophagy

becomes too excessive, cells will die a type II, or autophagic, cell death.
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expanded [81], further strengthening the rheostat model with BH3-only pro-

teins as key regulators to promote Bax homo-oligomers and cell death [27].

A key question of the rheostat model, however, was if the primary effect of

the Bcl-2 family was to promote survival or promote death. Specifically, did

Bcl-2 act directly to promote cell survival and Bax acted to inhibit Bcl-2, or did

Bcl-2 act indirectly to promote survival by inhibiting an apoptotic function of

Bax? The answer to this question has come from Bax�/�Bak�/� mice, where

the mitochondrial forms of cell death that Bcl-2 family members can regu-

late, do not occur [45, 82–84]. In particular, mitochondrial death stimuli or trans-

fection with pro-apoptotic BH3-only Bcl-2 family proteins were unable to

cause apoptosis in the absence of Bak and Bax. If either Bax or Bak were pres-

ent, even heterozygotically, apoptosis could occur [45]. Bak and Bax appear,

therefore, to be functionally redundant and obligatory for mitochondrial apop-

tosis (fig. 3). In this model, signals that act to change the expression of anti- and

pro-apoptotic Bcl-2 family members in B cells act to set a threshold for inhibi-

tion of Bax and Bak activity. If this apoptotic threshold is exceeded due to cell

stress, downregulation of an anti-apoptotic family member, or upregulation of a

pro-apoptotic family member, then Bax and Bak can induce mitochondrial

damage by creating pores in the outer mitochondrial membrane [85] and cause

apoptosis.

To induce mitochondrial damage, Bax and Bak must each first undergo a

conformational change and oligomerization [86, 87]. Mechanisms that promote

this conformation change remain uncertain, but interaction with specific BH3-

only proteins may play a key role (fig. 3). Using BH3 peptides from various

BH3-only Bcl-2 family members, the BH3-only Bcl-2 subgroup has been

divided into sensitizes and death-inducers [33, 34]. BH3-only proteins, such as

Bad and PUMA, are sensitizers and are unable to bind Bax. Instead they bind

anti-apoptotic Bcl-2 family members and inhibit their function. This is not nec-

essarily sufficient to cause Bax activation, but it relieves some inhibition on

Bax and reduces the threshold for Bax-induced apoptosis. In constrast, the

BH3-only protein Bid binds Bax and directly leads to Bax conformation change

and mitochondrial damage after proteolytic cleavage to its active form, tBid.

Bim has also been suggested to act as a death-inducing BH3-only protein in

studies using purified BH3 peptide from Bim [33]. Intact Bim protein, however,

has not been demonstrated to interact and cause Bax conformational change

and activation [49, 88, 89]. Bim may, however, interact with Bax that has

already undergone a conformation change to stabilize this conformation and

enhance Bax activation [89]. Although interactions of BH3-only proteins with

Bcl-2 family members are critically important in regulating cell death and can

have significant impact on B cell autoimmunity, a great deal concerning the

biochemistry of these complex protein interactions remains uncertain. It is clear
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from the similarity of the phenotypes of Bax�/�Bak�/� and Bim�/� mice,

however, that Bim is a critically important BH3-only protein in the hematopoi-

etic system.

Metabolic Control of Bax Activation

With the discovery that Bcl-2 family proteins act to regulate mitochondrial

integrity [20, 21], it became acknowledged that mitochondria act as central

players in regulation of both cell death and cell metabolism. What remained

unclear, however, was if these two critcal pathways in cell physiology and fate

were intertwined and could affect each other. The most direct evidence that Bcl-2

family proteins and metabolic proteins may affect each other’s function has

come from the finding that the pro-apoptotic BH3-only protein Bad physically

associates with glucokinase/hexokinase 4 in a multi-protein complex [90]. This

interaction is regulated by Bad phosphorylation and is required for normal glu-

cokinase activity and glucose homeostasis. Thus, regulation of cell metabolism

does utilize Bcl-2 family proteins.

Conversely, it has also become apparent that activation of Bax can be reg-

ulated by changes in cell metabolism. A common feature of many B cell deaths

that are important in the regulation of autoimmunity is that autoreactive B cells

die as a consequence of failure to receive a survival signal (fig. 1). This appears

to be the mechanism of cell death in follicular exclusion, where autoreactive B

cells have an increased dependence on BAFF [61]. In addition, developing and

mature B cells are dependent on IL-7 [77] and BAFF [67, 91], respectively, and

dysregulation of this cell survival checkpoint can lead to lymphocytosis and/or

autoimmunity [78, 92]. Analysis of how lymphocytes and lymphoid precursor

cells die when deprived cytokine has shown that significant changes occur in

cell metabolism in cytokine-deprivation that ultimately contribute to cell death.

Prior to mitochondrial disruption and commitment to cell death, cytokine-

deprived cells undergo cellular atrophy and do not sustain sufficient metabolic

activity to maintain their viability [93]. In particular, lymphocyte expression of

the glucose transporter, Glut1, and other glycolytic genes are decreased upon

cytokine withdrawal and glycolytic rate sharply declines [94]. Cytokines

such as IL-7 can prevent this decline and maintain glycolysis [74]. If glucose

uptake is artificially maintained by constitutive expression of Glut1 and

hexokinase 1, cells resist cytokine-withdrawal induced death (fig. 3) [94, 95].

Such nutrient-regulated resistance to cell death occurs through inhibition of

Bax conformation change and is mediated by uptake of glucose and other

nutrients [94–96]. These findings have led to the hypothesis that Bax is nutrient

sensitive and access of lymphocytes to developmentally appropriate cytokines,
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IL-7 or BAFF, for example, is required to maintain sufficient nutrient uptake to

prevent Bax-activation and maintain cell survival.

The mechanism of how cytokines may mediate metabolic regulation and

how changes in cell metabolism regulate Bax remain largely unknown. Clues,

however, have come from studies of the oncogenic kinase, Akt/PKB. Akt is acti-

vated in B cells by a wide variety of signaling receptors, including cytokine and

co-stimulation-induced signaling pathways and has potent anti-apoptotic func-

tions [97, 98]. Akt activation can contribute to autoimmunity as constitutively

active forms of Akt in transgenic mice with T cell specific Akt expression have

shown increased T cell number and evidence of autoantibody production and

autoimmunity with age [99, 100]. In addition conditional deletion of PTEN, a

lipid phosphatase that inhibits Akt activation, in B cells significantly altered

B cell homeostasis [101, 102].

Akt may promote disrupt lymphocyte homeostasis and lead to autoimmu-

nity in part due to its affects on cell metabolism. Akt activation promotes multi-

ple aspects of metabolism and leads to trafficking of glucose and other nutrient

transporters to the cell surface [95, 103, 104], increased hexokinase activity and

localization to mitochondrial membranes [95, 105, 106], and flux of glucose

through glycolysis [95, 107] and the pentose phosphate pathway [95]. Unlike

Bcl-xL, which can prevent cell death even when extracellular nutrients are

limiting, Akt requires extracellular glucose and glucose uptake to prevent death

[95, 105, 107]. It is unclear what aspect of cell metabolism is relevant for Akt-

mediated survival, but regulation of hexokinase mitochondrial localization may

be key [105, 106]. When associated with mitochondria, the hexokinase 1 and 2

isoforms associate with the voltage-dependent anion channel in a manner that

can compete with Bax and prevent Bax toxicity [108]. Akt requires glucose to

promote hexokinase targeting to mitochondria. If this targeting is disrupted and

hexokinase dissociates from the outer mitochondrial membrane, Akt is no

longer able to maintain cell viability [105, 106]. Akt did not require a fully

hydrolyzable glucose, but could be replaced in these studies by the glucose

analog, 2-deoxyglucose, suggesting that accumulation of phospho-2-deoxy-

glucose was acting to promote hexokinase mitochondrial localization. Indeed

intracellular phospho-glucose levels can affect hexokinase localization [109].

In this model, dissociation of hexokinase from mitochondria when intracellular

glucose becomes limiting may allow recruitment of Bax to mitochondria to pro-

mote cell death [108]. Alternatively, rather than acting primarily as a signaling

molecule, limited metabolism of glucose may be required for Akt-mediated cell

survival. This is supported by observations that 2-deoxy-glucose is not com-

pletely non-hydrolyzable as is often reported, but can proceed down the pentose

phosphate pathway to generate NADPH, which may by cytoprotective [110,

111]. In support of a glucose hydrolysis model are findings that while 
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2-deoxy-glucose can attenuate cell death, these effects are short-lived [95]. For

Akt-mediated long-term cell survival, a fully hydrolyzable glucose source must

be present to prevent Bax activation [95]. Because the Akt isoform, Akt1, is

required to prevent the apoptosis of lymphocytes after a variety of cell death

stimuli [112], it will be important in future studies to define the precise nature

of Akt regulation of metabolism and metabolic pathways impact mitochondrial

cell death. Cytokines may, therefore, signal via Akt to regulate B cell metabo-

lism to prevent Bax activation.

Bax- and Bak-Independent Functions of Bcl-2

Bak�/�Bax�/� mice showed that pro-apoptotic Bcl-2 family members

are required for mitochondrial apoptosis [45]. This left the role of anti-apoptotic

Bcl-2 family members to be solely to prevent Bak and Bax conformation

change and disruption of mitochondria and without any direct function of their

own. Recently, however, it has become apparent that Bcl-2 and Bcl-xL can act

to promote autophagy even in the absence of Bak and Bax (fig. 3) [113].

Autophagy is a process of self-digestion where intracellular contents are

engulfed in vesicles called autophagosomes that fuse with lysosomes where

vesicle contents are destroyed [114]. Autophagy can be either pro-survival or

pro-death depending on the context and extent of autophagy. If Bcl-2 or Bcl-xL

promote or allow autophagy to proceed too far, autophagic cell death can occur

[113], thus making Bcl-2 or Bcl-xL appear to promote cell death. Autophagic

cell death is morphologically distinct from apoptotic death and has been cate-

gorized as type II death, whereas apoptosis is type I death [114]. Autophagic

cell death is blocked by caspase 8 [115] and generally occurs as a consequence

of extreme nutrient deprivation or if cells are irreversibly damaged but fail to

undergo apoptosis [113, 116]. Death occurs when digestion of intracellular con-

tents exceeds the ability of the cell to maintain its integrity and the cell literally

eats itself. This mechanism may play an important role in tumorigenesis

because mice with defective autophagy due to targeted deletion of Beclin-1, a

gene required for autophagy, develop a variety of cancers, including lym-

phomas [117, 118]. Autophagy is also required for cell survival in contexts of

nutrient starvation, such as occurs in C. elegans dauer phenotype [119] or in

post-natal mice [120]. The role of autophagy as a cell survival mechanism is not

clear, but may be to provide substrates for mitochondrial metabolism.

Autophagic Bak�/�Bax�/� cells undergo necrosis if autophagy is blocked,

but necrosis can be prevented by providing cells with an alternate energy source

[116]. A great deal remains to be understood about how autophagy is regulated,

its role as a potential source of metabolites, and how autophagy can promote
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cell survival in some contexts but cell death in others. An emerging model may

be that in the absence of apoptosis, anti-apoptotic Bcl-2 family members pro-

mote autophagy to continue to provide mitochondria with substrates to prevent

necrosis. If autophagy exceeds an undefined threshold, then cells undergo

autophagic cell death. The role that this process may play in lymphocyte home-

ostasis and survival is unclear but due to the metabolic changes that occur in

cytokine deprivation [93–95], autophagy may play an important role in survival

of autoreactive B cells.

Regulation of Cell Death after Mitochondrial Damage and 
Release of Cytochrome c

In addition to regulation of mitochondrial integrity by members of the Bcl-2

family, numerous mechanisms exist that can regulate formation of the apopto-

some even after mitochondrial disruption. The apoptosome consists of Apaf-1,

caspase 9, and dATP and is critical to activate caspase 9 and initiate the caspase

proteolytic cascade [121]. The role of the apoptosome in lymphocyte cell death

is uncertain as some studies have shown that Apaf-1 and the apoptosome may

function primarily to accelerate cell death rather than be required for death

[122, 123]. In contrast, other studies have shown that defects in apoptosome

formation or inhibition of caspase activity can impair thymic negative selection

[124] or attenuate B cell death after BCR ligation and mitochondrial disruption

[125, 126]. In addition, upregulation of endogenous caspase inhibitors corre-

lates with autoimmunity [127]. A variety of mechanisms have been recently

described that can inhibit apoptosome formation or caspase activation (fig. 4)

and may contribute to survival of autoreactive lymphocytes and development of

autoimmunity.

Inhibitor of Apoptosis Proteins 

One of the first indications that caspase activity was regulated downstream

of the mitochondria came with the discovery of the inhibitor of apoptosis

proteins (IAPs) family of proteins. IAPs were identified in baculovirus infected

cells as proteins that promote vial replication by inhibiting apoptosis, and cellu-

lar homologues have been cloned in many species including humans [128].

Addition of purified IAPs to cell extracts blocked cytochrome c-induced

caspase activity [129, 130] and overexpression of IAPs inhibited apoptosis

despite release of cytochrome c from the mitochondria [131, 132]. In addition,

transgenic expression of XIAP in thymocytes protected cells from a variety of
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apoptotic insults [133]. In mammalian cells, IAPs (XIAP, cIAP1, cIAP2 and

ML-IAP) inhibit apoptosis by directly binding to and inhibiting the enzymatic

activity of caspase 9, 3 and 7 [128]. XIAP, cIAP1 and cIAP2 contain a Ring fin-

ger domain that functions as an E3 ubiquitin ligase and IAPs have been

reported to promote the ubiquitination and degradation caspases 3, 7 and 9 as

well the pro-apoptotic protein, SMAC/Diablo (addressed below) [134–136].

This ubiquitin ligase activity appears to be important for the anti-apoptotic

function of IAPs as mutation of the XIAP Ring domain resulted in a decreased

ability of XIAP to inhibit apoptosis [137].

IAP-mediated inhibition of caspase activity is neutralized by the pro-

apoptotic proteins SMAC/Diablo and Omi/HtrA2. SMAC/Diablo is synthesized

as a precursor protein that is imported into the mitochondria where it is cleaved

into the mature form. Following mitochondrial disruption, mature SMAC is

released into the cytosol where it acts to relieve XIAP-mediated inhibition of

caspases [138–141]. A motif at the amino terminus of SMAC, similar in

sequence to the XIAP-binding region of cleaved caspase 9, confers binding of

SMAC to XIAP [142]. SMAC then antagonizes both interaction of XIAP with

dATP

Caspase 9 Caspase 3

Apoptosome

Apaf-1+ 
cytochrome c 

Procaspase 9

ERK, Akt

P

Bcr-Abl, PKAP

IAPs

Aven, HSP70
HSP90, ProT 

PHAP
SMAC/Diablo 
Omi/HtrA2

Fig. 4. Post-mitochondrial regulation of apoptosis. Following release of cytochrome c
from the mitochondria both the formation and the activity of the apoptosome can be modu-

lated. The inhibitory proteins Aven, Hsp70, Hsp90 and ProT have all been shown to bind to

and inhibit Apaf-1 while PHAP can enhance the activity of the apoptosome through as yet

undefined mechanisms. Caspase activity can be directly inhibited in the presence of IAPs

and IAP activity is neutralized by SMAC/Diablo and Omi/HtrA2. Kinase signaling pathways

also impinge on the function of the apoptosome where Akt and ERK target caspase 9 while

Bcr-Abl and PKA appear to act at the level of Apaf-1.
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caspase 9 and XIAP ubiquitin ligase activity [134, 137]. The serine protease,

Omi/HtrA2 is also released from the mitochondria in response to apoptotic

stimuli, and can bind to and promote the inactivation of XIAP in part by cleav-

ing XIAP [143–145].  The importance of IAP-mediated inhibition of caspase

activity is exemplified in postmitotic sympathetic neurons which undergo apop-

tosis only if XIAP-mediated inhibition of caspase activation is relieved

[146–149].

Decreased Levels of Apoptosome Constituents or Altered 
Cellular Compartmentalization

In several instances, resistance to cytochrome c has been shown to reflect a

direct down-regulation of the core constituents of the apoptosome. For exam-

ple, a strong correlation between chemoresistance and decreased Apaf-1 protein

levels has been reported for some leukemic and other cancer cells [150–153].

Moreover, down regulation of caspase 3 protein correlated with inhibition of

cell death in some breast cancer cell lines and tissues [151]. In addition to

decreased levels of apoptosome components, altered sensitivity to cytochrome

c may manifest through the mislocalization of Apaf-1. Sun et al. reported that

Apaf-1 in cytochrome c-resistant Rajii cells (Burkett lymphoma cells) was

localized to what appeared to be lipid rafts or some other ‘non cytosolic’ com-

partment. Intriguingly, forced redistribution of Apaf-1 to the cytosol restored

cytochrome c-induced caspase activity in cell extracts and etoposide-induced

apoptosis in intact Rajii cells [154].

HSP70, HSP90, Aven, Prothymosin-Alpha and PHAP

Several other proteins have been reported to associate with either Apaf-1

or the fully formed apoptosome to regulate its activation. Hsp70 and 90, two

cytoprotective chaperone proteins, have been reported to bind to Apaf-1 and

prevent the assembly of the apoptosome [155–157]. The CARD domain con-

taining proteins Aven and APIP (apaf-1 interacting protein) inhibit the activa-

tion of caspase 9 by competing for binding to Apaf-1 [158, 159]. In a screen

conducted to identify modulators of the apoptosome, Wang and colleagues dis-

covered a novel pathway mediated by HLA-DR-associated proteins (PHAP)

and oncoprotein prothymosin-alpha (ProT) that regulates mitochondria-

initiated caspase activation. ProT appears to inhibit the apoptosome by prevent-

ing the recruitment of caspase 9 to Apaf-1, while PHAP was enhances the
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activity of the apoptosome, possibly by promoting the formation of the apopto-

some through enhanced binding of caspase 9 to Apaf-1 [160] or through a direct

interaction with caspase 3 [161].

Protein Kinase-Mediated Regulation of Apoptosis 
Downstream of the Mitochondria

Kinase signaling pathways have also been shown to impinge upon the

proper functioning of the apoptosome. Akt was shown to inhibit apoptosis

downstream of the mitochondria by phosphorylating and stabilizing X-linked

inhibitor of apoptosis protein XIAP [162]. Akt-mediated phosphorylation of

XIAP prevented DNA damage-induced XIAP ubiquitination and degradation,

and promoted cell survival after treatment of cisplatin. Moreover suppression

of XIAP protein via siRNA or antisense induced apoptosis and inhibited 

Akt-mediated cell survival in ovarian cancer cells [162]. The Map kinase ERK

can also modulate the function of the apoptosome by targeting caspase 9

activity. Activation of the B-Raf/Mek/ERK pathway was shown to inhibit

caspase 3 activity after cytochrome c both in mammalian cells [163] and

Xenopus egg extracts [164]. The ERK-mediated inhibition of caspase 3 activity

appears to occur in part through phosphorylation of caspase 9 on threonine 125

to render the caspase catalytically inactive [165], although additional regulation

may occur. Like Akt, ERK has also been suggested to maintain the protein lev-

els of XIAP, which would then act to directly inhibit caspase 9, 7 and 3 [166].

Most recently, the proper formation and activation of the apoptosome itself

was shown to be regulated by protein kinases [167, 168]. In the presence of the

constitutively active oncogenic tyrosine kinase Bcr-Abl, cell extracts displayed

a defect in the ability of caspase 9 to bind to Apaf-1, which in turn inhibited the

activity of caspases 9 and 3 [167]. Unlike Akt and ERK, the Bcr-Abl-mediated

inhibition of apoptosome function did not appear to occur via the regulation of

caspase 9. Rather, in vitro evidence suggested that Bcr-Abl can indirectly medi-

ate inhibitory phosphorylation of Apaf-1 [167]. Protein kinase A (PKA/cyclic

AMP dependent kinase) was also reported to inhibit caspase 3 and 9 activity by

modulating the apoptosome, via a mechanism similar to Bcr-Abl [168]. As was

reported for Bcr-Abl, the ability of caspase 9 to bind to Apaf-1 was perturbed

by PKA and PKA was shown to phosphorylate Apaf-1 in vitro.  For both Bcr-

Abl and PKA, whether or not the phosphorylation of Apaf-1 confers their

inhibitory function on the apoptosome will await identification of de novo

phosphorylation sites on endogenous Apaf-1. Nonetheless, these data provided

the first evidence of apoptosomal inhibition by regulation of Apaf-1 through

phosphorylation.



B Cell Death and Tolerance 111

Summary and Future Prospects

Regulation of B cell death by mitochondrial cell death pathways is critical

to maintain tolerance. It is now clear that a cell death can be regulated both pre-

and post-mitochondrial disruption. Signals that regulate Bcl-2 family member

expression or function are clearly of critical importance to affect mitochondrial

stability as well as alternate pathways of cell death, such as autophagy. After

mitochondrial damage, the combined affect of impaired mitochondrial function

and activation of caspases then leads to cell death. If caspase activation is

impaired by inhibition of caspase or apoptosome function, cells may survive

and ultimately contribute to autoimmunity. A key challenge in future work is to

define how these pathways are regulated and interact and to determine how

the point of commitment to cell death – either at the point of mitochondrial

disruption or afterwards – affects autoreactive lymphocytes and onset of

autoimmunity.
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Abstract
The complement system is regarded as an ancient host defense mechanism that helps to

promote phagocytosis and/or killing of foreign microorganisms. Less well known is the facil-

itatory role that complement and other closely related molecules of the innate immune system

play in the removal of dying cells. In this chapter, we review the complement system and the

mechanisms of complement activation that include natural antibodies and acute phase pro-

teins. The effects of spontaneous and genetically engineered mutations on function of these

proteins and their relationship to autoimmune diseases such as lupus are discussed. We also

review the known function of non-complement receptors and their roles in recognition and

removal of dying cells in normal cellular homeostasis and in inflammation.

Copyright © 2006 S. Karger AG, Basel

Billions of cells undergo apoptosis daily as part of development, tissue

remodeling, or senescence. It is vital that these cells be cleared rapidly before

they progress to secondary necrosis, a process associated with loss of plasma

membrane integrity and extravasation of potentially inflammatory contents into

the extracellular space.

Since apoptotic cells need to be removed rapidly by phagocytosis, recogni-

tion and engulfment must occur either by neighboring cells (as occurs in

embryogenesis) or elements of the innate immune system (as occurs in develop-

ing lymphoid tissue). Innate means to exist from origin, and represents the first

or ‘original’ immune response. There is no memory response involved in the

innate immune response to pathogen; therefore, the cells of the innate immune

system must be able to recognize and respond to a broad spectrum of pathogens.

Apoptotic Cell Clearance
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Once a pathogen invades a tissue, it can be opsonized by components of the

innate immune system. One example of this is the opsonization of invading

pathogens in the lung by surfactant proteins, which leads to quick clearance of

the particle by alveolar macrophages. At other sites, related proteins such as

mannose-binding lectin (MBL), C1q and C3 can bind to pathogens, activate

complement, resulting in opsonization and clearance by macrophages or the

elicitation of an inflammatory response and destruction of the pathogen. Tissue

macrophages may themselves recognize pathogens through Toll-like receptors

(TLR) and initiate an inflammatory response. Other cells involved in the initial

response to pathogens, such as neutrophils and monocytes, are called in as sup-

port by way of macrophage chemokine production.

Surprisingly, recent evidence suggests that mechanisms similar to those

used by the innate immune system to recognize and dispose of pathogens are

also used to recognize and dispose of apoptotic cells (fig. 1). Many of the

proposed systems function as scavenger receptors or receptors for bacterial

Fig. 1. Receptors, ligands, and bridging proteins reported to be involved in apoptotic

cell clearance. These include (from left to right) complement receptors CR3 and 4 interacting

with iC3b, CR1 that may bind to C1q and MBL. Mer and Axl are receptor tyrosine kinases

that have been shown to bind to the bridging molecule Gas-6, which in turn adheres to phos-

phatidylserine (PS) on the apoptotic cell surface. Other proteins, including MFG-E8, 

�2-microglobulin and annexin I also bind to PS on apoptotic cells. It is not clear whether a

separate PS receptor exists. CD91/CRT bind C1q and the collectins as discussed in the text.

The bridging protein thrombospondin (TSP) likely binds to both CD36 and the vitronectin

receptor (VnR). CD14 has been shown to interact with ICAM-3 on the apoptotic cell surface.

Lectins, such as the asialoglycoprotein receptor, have been implicated in the recognition of

altered carbohydrates on the surface of apoptotic hepatocytes. Scavenger receptors, such as

SR-A and SRB-1, recognize oxidized phospholipids and are thought to play a role in apop-

totic cell removal. Finally, the ABC-1 transporter located in the membrane of the phagocyte

has been implicated in extrusion of PS on the apoptotic cell plasma membrane.
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components, reinforcing the idea that the innate immune system has evolved to

scavenge both self as well as non-self material. What happens after clearance

dictates how the innate immune system and, indeed, the adaptive immune

system respond to the ingested particles.

The key components of innate immunity that facilitate removal of apop-

totic cells are serum factors such as natural antibodies, complement and acute

phase proteins that opsonize the apoptotic cell and the phagocytes such as

monocytes, macrophages and dendritic cells that engulf the dying cells. In this

chapter, we will discuss how components of the innate immune system play a

pivotal role in recognition and clearance of apoptotic cells. We discuss how this

process results in anti-inflammatory signals to the adaptive immune system

thereby avoiding an immune response to self antigen (autoimmunity).

Appetizing Opsonins

Shortly after the cell dies, it expresses a number of ‘eat me’ signals to alert

phagocytes that the cell must be removed. Although some phagocytic receptors

recognize these eat me signals directly, an increasing number of examples of

‘protein bridges’ between the apoptotic cell and the phagocyte appear to be

required in order to make the meal appetizing. These protein bridges act as

opsonins [1] that amplify the number of potential receptors that recognize the

same alteration of apoptotic cells.

Proteins that Bind to Phosphatidylserine

Apoptotic cells lose phospholipid asymmetry early in the apoptotic

process. Aminophospholipid translocase activity decreases and the activity of

another enzyme, a phospholipid scramblase, increases during apoptosis. This

results in the ‘flipping’ of the anionic phospholipid phosphatidylserine (PS) to

the outer leaflet of the plasma membrane of the apoptotic cell [2]. Human

monocyte-derived macrophages stimulated with a digestible particle can be

inhibited in the uptake of apoptotic cells by PS-containing liposomes in a

stereo-specific fashion. This result indicates that the macrophages possess a

receptor that can specifically interact with PS [3] or protein bound to PS.

Whereas PS may be recognized directly by a putative phosphatidylserine recep-

tor (PSR), proteins such as annexin I, Gas6, �-2-glycoprotein 1, and milk fat

globule epidermal growth factor 8 (MFG-E8) also bind to PS, thereby allowing

the protein bridge to interact with different receptors (fig. 1). Recent evidence

suggests that these opsonins confer additional site selectivity or specialized
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signals to phagocytes. For example, MFG-E8 facilitates apoptotic cell clear-

ance in germinal centers (discussed elsewhere in this volume) whereas C1q

deficiency leads to apoptotic cell accumulation in the kidney [4]. Complement

components, such as C1q [5] and iC3b [6] also opsonize apoptotic cells for

recognition and efficient clearance by macrophages as discussed below.

Complement

The complement system is composed of �30 tightly regulated proteins

that form a cascade of linked enzymatic reactions. Their role in host defense is

either to coat foreign organisms for ingestion by phagoytes or to kill them by

lysis. Much like the regulation of the caspase family of proteins, or the fibri-

nolytic system, serum complement components are, for the most part, synthe-

sized as zymogens and become active after a triggering cleavage event. This

regulation prevents the uncontrolled activation and thus protects the body from

inflammation and destruction of healthy tissue, but allows for rapid activation

of the system when it is needed.

There are three pathways of complement activation, the classical pathway,

the alternative pathway, and the lectin-mediated pathway as illustrated in figure 2.

The classical pathway of complement activation is typically activated following

interaction of the Fab regions of the immunoglobulin with antigen resulting in an

induced conformational change in the CH2 domain of the Fc portion of the

molecule. C1q then undergoes a conformational change, rendering its ‘neck’

region open and available for binding C1r and C1s dimers, resulting in formation

of the C1 complex. The resulting activation of C4 and C2 generates a C4bC2b

convertase that cleaves C3. The lectin pathway is very similar to the classical

cascade; it differs in the first component, MBL. MBL was found to activate

complement in the absence of C1q [7]. MBL, after binding to pathogen surfaces,

can bind to serine protease zymogens, MASP1 and MASP2, that are similar to

C1r and C1s culminating in the generation of a convertase comprising MASP,

C2 and C4. C1q and MBL share structural and functional homology not only

with each other, but also with a family of proteins known as collectins. The alter-
native pathway is activated by certain bacterial surfaces and recruits serum

Factors B and D to generate the alternative pathway C3 convertase, C3bBb. The

C3 convertases formed by any of the pathways above cleave a 6 kDa portion off

of the N-terminus of C3 generating C3b. C3b can also be generated by sponta-

neous hydrolysis of the sequestered thioester bond within C3 (‘tickover’). If C3b

binds to a surface, there are two possible fates: (a) it may be further cleaved

and inactivated (C3bi) by factor I and the co-factor, factor H, as well as by

membrane complement regulatory proteins or (b) it can generate the C5
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convertase (C4bC2aC3b) to initiate the assembly of the membrane attack com-

plex (MAC). If C5b67 is not decayed, it binds the cell or pathogen surface and

recruits C8, a three-chain glycoprotein that, when bound to C5b67, can penetrate

the lipid bilayer of cells. C5b678 acts as an initiator for the polymerization of C9

in the cell membrane. Twelve to 15 copies of this single chain protein oligomer-

ize in the cell membrane, forming a hole and resulting in cell lysis.

C1q – Key Initiator of the Classical Pathway

Deficiency in classical complement components are amongst the strongest

known genetic risk factors for developing lupus and most individuals lacking

functional C1q develop severe SLE [8]. C1q is a 460-kDa heterohexameric

Fig. 2. The complement cascades. The classical pathway is activated by binding of

C1q (coupled with C1r and C1s to form C1) to antigen-antibody complexes. Similarly, the

lectin pathway is activated by MBL binding to carbohydrate residues on bacterial surfaces,

and this activates MASP1 and MASP2. The lectin pathway shares the same downstream

components as the classical pathway. The alternative pathway is activated by spontaneous

‘tickover’ of C3, by certain bacterial products and this pathway also functions as an amplifi-

cation loop for C3 convertase formation. Activation of any of the three complement cas-

cades, ultimately results in formation of the membrane attack complex (MAC) if not

attenuated by regulatory proteins.
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protein comprised of structurally related, disulfide-linked A, B, and C chains.

The complete protein forms a sertiform, or ‘bouquet of tulips’ configuration,

with the collagenous tail forming the ‘stalk’ and the globular head region form-

ing the ‘flowers.’This structure is conserved among members of a related group

of innate immune proteins called the collectins (discussed in detail elsewhere in

this volume); C1q is not considered a collectin as it does not possess lectin

activity in its globular head domain. C1q binds to anionic phospholipids as well

as to the Fc portion of immunoglobulins.

C1q in humans is found in a plasma-soluble form and a macrophage

membrane-bound form. Differences in the B chain of the protein cause the two dis-

tinct forms. Soluble C1q is present in the serum at a concentration of about

75 �g/ml. Membrane-bound C1q is known to exist on the surface of human

macrophages and is a marker of maturity for these cells. It is thought that this

membrane-bound variant may assist the macrophage with phagocytosis, and the

polymerization of this C1q around the particle being engulfed may be the mode

of operation [9].

C1q was initially detected on fixed, irradiated keratinocytes [10] but the

ligand(s) for C1q binding was not elucidated. C1q may be activated directly by

chemical alterations to the apoptotic cell surface or secondary to binding of

natural antibodies or acute phase proteins. C1q binds to apoptotic cell surfaces

in a punctate, clustered pattern. This binding may facilitate the clearance of

apoptotic cells by professional phagocytes by forming a bridge between the cal-

reticulin (CRT)/CD91 receptor complex and the apoptotic cell [5] and/or C1q

activates the classical pathway of complement leading to deposition of C3b/bi

and clearance through CR3 and CR4 [6]. C1q can also bind to constituents of

necrotic cells, including phospholipid-bearing membrane fragments, DNA,

chaperone proteins from the endoplasmic reticulum and likely aids in scaveng-

ing the debris from sites of tissue inflammation or breakdown [11].

The mechanism linking C1q deficiency to lupus remains to be fully eluci-

dated. A requirement for C1q (or activation of the classical complement path-

way) to facilitate clearance of apoptotic cells remains the strongest possibility,

since it is supported by both in vivo [4] and in vitro [6] evidence. Failing clear-

ance, the apoptotic cells progress to a state of necrosis and spill their potentially

inflammatory contents, such as heat shock proteins, HMGB1 and nucleic acids,

into the tissues, provoking inflammatory responses [12].

C3-Complement Clearinghouse

As mentioned above, C3b binds covalently to activating particles that

include the outer surface of foreign (e.g. bacteria) and self (e.g. apoptotic cells)
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particles. There are 3 potential fates for C3b (fig. 3): (1) it may immediately

bind to its receptor, CR1 on red cells, phagocytes, B cells or FDC – this the

common fate for immune complexes and results in disposal in the liver or

spleen; (2) it may form part of the C5 convertase – this occurs when vast

amounts of C3b are generated in the relative absence of complement regulatory

proteins Factor I, DAF, MCP-1 and CD59 [13] – this is the common fate on bac-

teria and leads to the generation of the MAC (comprising C6–9) and lysis of the

bacteria, and (3) it may be further cleaved to C3bi (inactive), C3dg and C3d.

These cleavage products may result in different fates. C3bi is a ligand for the

complement receptors, CR3 and CR4, that are expressed on phagocytes and

help to promote phagocytosis of apoptotic cells. C3dg is the ligand for CR2

(CD21) that is expressed on FDC and B cells. FDC retain C3dg bound anti-

gens for presentation to B cells in lymphoid tissue whereas C3d(g) lowers

that threshold of activation of B cells to the bound antigen [14]. Thus

impaired clearance of apoptotic cells may promote B cell reactivity to self anti-

gens. That failure of apoptotic cell clearance could lead to the further cleavage

of iC3b to C3dg on the apoptotic cell surface. Ligation of CR2 on autoreactive

B cells may lower the threshold for autoantibody production by these cells (see

below).

Fig. 3. Potential fates of C3. C3b attached to immune complexes may be bound 

to CR1 on red blood cells (RBCs), B cells, or phagocytes and rapidly cleared. Alterna-

tively, C3b forms an integral part of the C5 convertase, resulting in release of the potent

chemoattractant, C5a, and the initiation of the membrane attack complex (MAC). Finally,

C3b may be sequentially cleaved to iC3b (a stable opsonin), C3dg (a ligand for CR2),

and C3d.
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Natural Antibodies

In view of two reports indicating that mice with deficiencies of serum IgM

developed a lupus-like disease [15] we proposed that IgM might be the initiator of

complement activation on the dying cells. Consistent with this idea, we recently

observed that polyclonal IgM, but not IgG, readily binds to apoptotic cells.

Tryptic digestion of IgM revealed that binding was an antigen/antibody reaction

rather than non-specific binding through the Fc� portion of the antibody.

Clues to the specificity of the IgM antibodies were provided by enzymatic

hydrolysis of the cell membrane components and by antibody inhibition exper-

iments. Exposing apoptotic cell membranes to phospholipase PLA2 increased,

whereas PLD reduced, IgM binding and complement activation. Studies using

an iPLA2 specific inhibitor, BEL, demonstrated that activation of endogenous

iPLA2 by caspase 3 contributed to the enhanced IgM cell surface binding dur-

ing apoptosis (fig. 4). One of the membrane phospholipid substrates of iPLA2 is

phosphorylcholine (PC). Activated iPLA2 hydrolizes the sn2 fatty acid in PC to

produce lyso-PC (LPC). Absorption studies combined with direct plate binding

assays revealed that the antigen recognized by serum IgM was the PC moiety on

lysophosphatidylcholine. IgM antibodies failed to bind to phosphatidyl lipids

such as PE and PS, but did recognize PC-Cl, PC-KLH, and lyso-PC [16].

This specificity of natural IgM for lyso-PC is strikingly similar to that

described for CRP [17], an acute-phase protein that is also implicated in the

clearance of self antigens during inflammation and tissue injury. Furthermore,

Familian et al. [18] have reported that SAP also binds to apoptotic cells, most

likely by specific interaction with phosphorylethanolamine. Together, these

findings suggest that there are multiple proteins that recognize similar phos-

pholipid(s) on the damaged cell membrane and promote the clearance of dead

and dying cells. An intriguing question is whether IgM and the pentraxins

compete for binding to the same membrane phospholipids. Regardless, these

proteins must exert nonredundant functions since knockout of either sIgM [15]

or SAP [19] leads to lupus-like diseases associated with impaired handling of

apoptotic cells or their products.

We previously demonstrated that, when apoptotic cells were incubated in

the presence of IgM-deficient serum in vitro, C3 deposition on the cells was

substantially reduced, implying that natural IgM autoantibodies were largely

responsible for complement deposition on dying cells [16]. We recently con-

firmed that IgM is required for optimal in vitro phagocytosis of apoptotic cells

by bone marrow-derived macrophages and for efficient in vivo clearance of

apoptotic cells. We observed that C3 was deposited on apoptotic cells in vivo

and that both C3 deposition and rapid phagocytosis of apoptotic cells were

dependent upon the presence of IgM antibodies (fig. 4). Since exposure of
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apoptotic cells to polyclonal IgM restored in vivo phagocytosis of apoptotic

cells in sIgM deficient mice, but not in mice deficient in both C1q and sIgM,

we concluded that IgM is required for classical pathway activation on apoptotic

cells, at least under the well established conditions known to be aberrant in

complement deficient mice [20] as well as in many spontaneous lupus models

[21]. Although CRP, SAP, MBL and other potential activators of complement

have been shown to deposit on dead or dying cells, rapid clearance required

IgM [22].

Calreticulin

Calreticulin (CRT) was first identified in 1972 as a calcium-binding pro-

tein in the sarcoplasmic reticulum. CRT has been found to be associated with a

Fig. 4. Apoptotic cells activate complement. Apoptosis leads to activation of the cal-

cium independent enzyme, iPLA2, which generates lysophosphatidylcholine (LPC) on the

apoptotic cell surface. LPC is highly soluble and also acts as a macrophage chemoattractant.

LPC exposed on the apoptotic cell surface is recognized by natural antibodies, leading to the

activation of the classical complement pathway and covalent deposition of C3b molecules on

the apoptotic cell surface. C3b is recognized by CR3 and/or CR4 on the phagocyte promot-

ing clearance of the cell. C1q also binds to calreticulin (fig. 4, 5).
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variety of proteins in the ER, and so, in addition to its role as a calcium storage

protein, also acts as a chaperone in the ER [23]. CRT can act as a receptor, shut-

tling proteins such as protein kinase inhibitors, between the nucleus and the

cytoplasm in HeLa cells. Focal adhesion disassembly mediated by throm-

bospondin is dependent on cell-surface CRT [24]. Here, CRT binds to the N-

terminus of thrombospondin, resulting in activation of a signaling cascade

resulting in actin rearrangement and focal adhesion reorganization.

CRT may be released from activated neutrophils, and, although there is

some suggestion that it may bind to the globular heads of C1q, it also binds to

C1q tails, acting as an inhibitor of complement activation by blocking C1r and

C1s dimer binding and the formation of the C1 complex [25]. In addition, cal-

reticulin, upon release from activated neutrophils, stressed cells (i.e. heat

shock), or necrotic cells, can be a target for autoantigen production in diseases

such as SLE. These circulating anti-calreticulin antibodies (found in 40% of

SLE patients) [26] could theoretically enhance autoimmunity by inhibiting the

collectin-mediated clearance of apoptotic cells.

The cC1qR and CRT are identical [27]. This discovery led to some

controversy. While many groups adhere to the dogma that CRT is localized

solely to the endosarcoplasmic reticulum, numerous investigators have shown

that the protein is found in other cellular compartments, most especially on the

cell surface [reviewed in 28]. How does CRT that is synthesized in the ER and

has a KDEL sequence to ensure that it remains there, get to the cell membrane?

CRT is a chaperone – it binds to many proteins as they are taken through the

folding process in the ER. CRT has been shown to bind to one of these proteins

and to remain associated with it until the protein, MHC I, is presented on the

cell surface [29]. Inhibition of protein secretion with brefeldin A inhibits sur-

face transport of CRT. Most recently, CRT has been demonstrated to interact

with CD91 on the surface of macrophages. In a model system, CRT was

released in a pool, along with related chaperones, the heat shock proteins, by

necrotic cells and then became specifically associated with CD91 [30]. The

possibility that calreticulin could be displayed on the surface of the apoptotic

cell in either an altered state or configuration from how it is found on viable

cells is currently under investigation.

Acute Phase Proteins

Although clearance of apoptotic cells has been described mainly in the con-

texts of development and homeostasis, removal of dead and dying cells as well

as cellular debris is critical to resolution of inflammation [31]. Cytokines such as

TNF-� and IL-1 not only promote inflammatory responses, they upregulate
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acute phase proteins (APPs), many of which participate in the clean up operation

(note that many complement components are also APP). Chief amongst the APP

in humans is CRP, an acute phase protein produced by the liver that can increase

more than 1,000-fold during inflammation.

C-reactive protein (CRP) was first characterized in 1930 as a protein that

bound to the C polysaccharide of Streptococcus pneumoniae leading to the con-

cept that CRP helped opsonize pathogens. More recently, CRP was noted to

bind to self components such as chromatin and small nuclear ribonucleoprotein

(SnRNP) particles [32]. We recently demonstrated that CRP can bind to cells

prior to their rupture, most likely binding to cell surface LPC as discussed

above. CRP markedly enhanced C3 binding to apoptotic cells but recruitment

of the complement regulatory protein, Factor H, that acts as a co-factor for fac-

tor I, prevented activation of the MAC and lysis of the cells [33]. Furthermore,

we demonstrated that CRP-facilitated apoptotic cell clearance promoted TGF-�
production by macrophages, consistent with an immunosuppressive role for

this scavenging.

Recent findings endorse the anti-inflammatory effects of CRP. When

expressed as a transgene or injected as a purified protein into mice, CRP sup-

pressed a lupus-like disease as well as experimental allergic encephalomyelitis

[34, 35]. This result was not observed in IL-10 deficient mice, implying that

CRP induced its anti-inflammatory effect by induction of this cytokine.

Whether the anti-inflammatory effect was mediated by the scavenging function

of CRP for dead and dying cells associated with TGF-� production or binding

of CRP to Fc gamma receptors (a finding that is controversial), remains to be

determined.

The homolog of CRP in mice is the pentraxin serum amyloid protein

(SAP). This protein can also bind to chromatin and apoptotic cells, and defi-

ciency in SAP predisposes to a lupus-like disease in certain strains of mice [19].

‘Find Me’ Signal

Supernatants from apoptotic cells have chemotactic properties for

macrophages. Lauber et al. [36] observed that the key chemotactic component

contained within apoptotic supernatants is the phospholipid LPC (fig. 4).

Diffusible LPC in apoptotic cells was generated by the same pathway described

above, namely caspase 3 cleavage of iPLA2. Thus, iPLA2 appears to be a

pivotal enzyme facilitating both the opsonization of apoptotic cell as well as

the directed recruitment of phagocytes to facilitate clearance of the dying cells.

The question remains, which receptor is responsible for chemotaxis in response

to LPC?
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The Phagocytes

Phagocytes vary in their phenotype and their roles in the immune response.

Monocytes patrol the systemic circulation. After entering the tissue, these cells

differentiate into either macrophages or myeloid dendritic cells. This differenti-

ation step may depend on the chemotactic factors that drew the cell to the

tissue, the microenvironment of the tissue, or both. Although DCs are less

efficient than macrophages at engulfing whole cells, their antigen processing

machinery and potent antigen-presenting properties give them special status in

terms of directing the immune response.

Macrophages

Macrophages are the cell type most intensively studied in the context of

apoptotic cell clearance. However, macrophages are quite heterogeneous. They

may be activated by inflammatory interferons (such as interferon-�) and/or bac-

terial products (such as LPS) to an ‘angry’ or inflammatory state which results in

increased expression of phagocytic receptors such as Fc�R and complement

receptors, production and secretion of pro-inflammatory cytokines such as 

TNF-� and IL-12, and cytotoxic chemicals such as reactive oxygen and nitrogen

species. These have been dubbed ‘M1’ macrophages. The polar opposite of this

phenotype is the ‘M2’ macrophage, also known as the ‘alternatively activated’

phenotype. These macrophages secrete primarily Th2 cytokines such as IL-10.

These macrophages are unable to mount a pro-inflammatory response to stimuli

such as LPS and have been likened to a tumor-associated macrophage (TAM)

phenotype. These macrophages are unable to initiate an immune response to

tumor and may even produce survival factors for the tumor cells [37].

M2 macrophages are more efficient in their ability to recognize and engulf

apoptotic cells. This may be due to upregulation of certain cell-surface recep-

tors such as CD14 for apoptotic cell engulfment. As clearance is thought to be a

noninflammatory or anti-inflammatory event, this upregulation of apoptotic

cell clearance may form a positive feedback loop, enabling a macrophage to

quickly and efficiently clean up multiple cell corpses and aide healing by the

promotion of an anti-inflammatory environment. Tumor cells may exploit this

mechanism. For example, certain B cell lymphomas such as Burkitt’s lym-

phoma maintain a constitutive subset of apoptotic cells, possibly as a result of

the dysregulation of the c-myc proto-oncogene that is linked to tumorigenesis.

Viable tumor cells produce the M2 cytokine IL-10, that inhibits M1

macrophage activation [37, 38] whereas the apoptotic tumor corpses induce the

production of anti-inflammatory cytokines as well as growth factors, such as
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BAFF [37]. BAFF, in turn, promotes the survival of the B cell tumor. In this

way, macrophages can be subverted from acting as potent effector cells of the

innate immune system to acting as support cells for tumor survival and growth.

Dendritic Cells

There are two principal subsets of dendritic cells (DCs), myeloid and plas-

macytoid. Immature myeloid DCs (iDCs) are endowed with many of the same

receptors as macrophages such as Fc�R and complement receptors as well as

subsets of TLR and C-type lectin receptors (CLRs) such as dectin-1 and 

DC-SIGN that are generally associated with recognition of foreign antigens.

iDCS constantly sample their environment through a process of macropinocy-

tosis. Ingestion of foreign antigens results in activation and maturation of DCs

associated with antigen processing and presentation of peptides to T cells. In

addition, maturation leads to downmodulation of many receptors and reduced

engulfment of particles. iDCs also ingest apoptotic cells but, since the intact

apoptotic cell does not mature the DCs, interaction with potentially self reactive

T cells leads to anergy or tolerance of the T cell [39]. An important phenome-

non that follows ingestion of self apoptotic cells and presentation to CD8�
cells is known as ‘cross-tolerance’.

Plasmacytoid DCs (pDCs) act as ‘professional interferon �/� cells’ in the

front-line response to viral infection. Although these cells have not been inten-

sively studied in the context of apoptotic cell clearance it is of interest that

exposure of lupus serum and apoptotic cells to peripheral blood mononuclear

cells results in the production of high levels of � interferon [40], a cytokine that

is upregulated in patients with SLE.

Amateur Phagocytes

Virtually every cell of the body is thought to be capable of ingesting apoptotic

cells, at least at some stage of their maturation [41]. Receptors for amateur apop-

totic cell clearance have not yet been fully elucidated, but the CD91/CRT complex

(as well as a receptor for PS) is thought to be expressed on almost all cell types.

Receptors Implicated in Recognition of Apoptotic Cells

Metchnikoff first described the phenomenon of phagocytosis in 1892.

However, the phagocytosis of apoptotic cells in the body was almost ignored for



Complement and Innate Immunity 133

decades likely due to the extremely efficient manner in which apoptotic cells

are cleared. Since the early 1980s, improvements in microscopy and other sim-

ple tests for apoptosis brought this process to the forefront of research in nor-

mal physiology and in disease states. Despite the utilization of antibodies and

other inhibitors in early studies, supplemented more recently by gene targeting

approaches, no inhibitor or genetic deletion has completely abolished phagocy-

tosis of apoptotic cells [42]. This fact is ascribed to the redundancy in the path-

ways for removal of dying cells, reflecting the multiplicity of receptor/ligand

pairs as well as the heterogeneity of phagocytes and their states of activation.

Different phagocytes likely use different pathways, or perhaps combina-

tions of mechanisms, for apoptotic cell clearance (fig. 1). These systems include

scavenger receptors, complement receptors, CD14, lectin receptors, a putative

phosphatidylserine receptor, the ABC-1 transporter and the mer/tyro/axl family

of phosphotyrosine receptors as discussed below. Different receptor/ligand pairs

also have different functions. According to the ‘tether and tickle’ model [43],

some receptors, such as CD14 or CR3, serve as recognition structures and con-

tribute to adhesion, others such as CD91 and the PS receptor convey signals for

engulfment and yet others, such as SIRP�, preventing uptake.

The recent cloning of the scavenger receptor-like protein ced-1 in 

C. elegans that appears to play a role in apoptotic cell engulfment suggests that

these receptors are highly conserved not only to clear anionic debris, but also

apoptotic cells. This receptor also contains NPXY and YXXL repeats in the

cytoplasmic tail, sequences known to be involved in signaling by phosphoryla-

tion of tyrosine residues and for endocytosis [44].

Receptors Implicated in Interaction with Phosphatidylserine

Although a putative PSR was identified [3], this has now been shown to be

a nuclear protein [45]. As discussed above, since a number of proteins including

�-2-glycoprotein, annexin 1, MFG-E8 and Gas6 bind to PS, it is possible that

these opsonins, rather than PS itself regulate binding to different receptors on

phagocytes (fig. 1).

Complement Receptors

In vitro phagocytosis assays were initially performed in the absence of

serum. However, Mevorach et al. [6] showed that phagocytosis of apoptotic

cells was enhanced in the presence of serum and that this could be attributed to

complement deposition on the apoptotic cell and recognition by CR3 and CR4
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on the phagocytes (fig. 3–5). The �-2 integrin containing CR3 (CD11b/ CD18)

and CR4 (CD11c/CD18) are known to recognize and help promote the phago-

cytosis of iC3b opsonized particles [46]. These receptors are also involved in

adhesion and CR3 may signal anti-inflammatory cytokine release. The major

manifestation of individuals with CD18 mutations is the disease, leuko-

cyte adhesion deficiency and CD11b knockout mice have defective phago-

cytosis [47].

Complement receptor 1 (CR1, CD35) is expressed on a variety of other

phagocytes as well as erythrocytes that transport immune complexes to the liver

and spleen for disposal. Despite binding of C1q and MBL to CR1, this receptor

has not been implicated in the clearance of apoptotic cells. CR2 is expressed on

B cells and follicular dendritic cells. Since iC3b will be proteolytically

degraded to C3dg if apoptotic cells are not removed, this may have important

implications for promoting immune responses (fig. 5).

CD91 and Collectin Receptors 

Collectins are known to act as opsonins and can facilitate phagocytosis of

a variety of particles via what was called the common collectin receptor [48].

However, other C1q and collectin receptors were subsequently characterized

and since these are multifunctional proteins, it is thought that they may use

different receptors for their many tasks. Collectins and their receptors are dealt

with in greater detail in the chapter by Stuart et al. [this vol.].

CD91 is a 600-kDa, type I transmembrane protein synthesized as a single

polypeptide chain that is N-glycosylated and clipped in the late Golgi to form �
and � chains. The � chain and the � chain are tightly, but noncovalently associ-

ated. The 515-kDa � chain exists on the extracellular side of the plasma

membrane, while the 85-kDa � chain spans the membrane. The 100 amino acid

cytoplasmic tail of the � chain has two NPXY endocytosis signal sequences

and one YXXL tyrosine kinase activation motif. The � chain co-purifies with a

45-kDa protein known prosaically as the receptor-associated protein, or RAP.

This protein is thought to act as a chaperone for CD91, assisting in transport of

CD91 to the cell surface; however, RAP is thought to dissociate before CD91

reaches the cell surface.

CD91 is known as the �2-macroglobulin (�2 m) receptor as well as the low-

density lipoprotein-related receptor (LRP). �2 m is a large plasma glycoprotein

of 200-kDa that binds proteinases and facilitates their clearance from the plasma.

�2 m is found as a monomer, dimer or tetramer. Tetrameric �2 m/proteinase

complexes bind preferentially to the receptor, and initiate endocytosis and clear-

ance of redundant proteinases into macrophages. �2 m monomers bind to CD91
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with low affinity, whereas the tetrameric �2 m binds with high affinity, in what is

called a ‘bonus effect’. One CD91 protein has only one binding site for an

�2 m/proteinase complex; therefore, clustering of the receptor results in optimal

binding and clearance of �2 m/proteinase complexes.

The � chain of CD91 is composed of eight cysteine-rich complement-type

repeats, two EGF-type repeats, and YWTD repeats. It is to a stretch of the for-

mer that ligand such as �2 m/proteinase complexes, RAP, and other ligands

such as plasminogen activator/plasminogen activator inhibitor complexes,

lipase-enriched ��VLDL, lactoferrin, and apolipoprotein E bind to the recep-

tor. The � chain of CD91 also contains EGF-type repeats. Ligand binding

appears to be calcium-dependent [49].

CD91 is found on hepatocytes, Kupfer cells, placenta, neurons, astrocytes,

fibroblasts, smooth muscle cells, monocytes, and macrophages. Monocytes,

however, have a low expression of CD91, whereas macrophages have a high

level of expression, and so CD91 is classified as a differentiation antigen. CD91

knock-out mice are nonviable and die 13 day post-coitum [50].

Fig. 5. Alternative fates of complement coated apoptotic cells. C1q binding to natural

antibody may be coated by calreticulin (CRT) on the apoptotic cell surface followed by swift

ingestion by phagocytes likely through the CD91 receptor. Complement activation by C1q may

also activate the classical pathway leading to the generation of C3bi, which becomes covalently

bound to the apoptotic cell surface as in figure 3. Delayed clearance of C3bi-opsonized cells

leads to cleavage of C3b to C3dg, possibly resulting in binding to CR2-bearing antigen present-

ing cells such as B cells and follicular dendritic cells (FDC) promoting an autoimmune response.
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Binding of the collagenous tails of the lung collectins to CD91 results in

pro-inflammatory cytokine release by macrophages [51]. Whether or not this

occurs in the presence of apoptotic cells has yet to be fully investigated.

Scavenger Receptors

Brown and Goldstein discovered scavenger receptors in 1979 [52]. This

family of receptors is divided into class A (SR-A), class B (SRB-1, CD36),

class D (CD68), and class E (Lox-1). The major site of expression of these scav-

enger receptors is on macrophage cell surfaces [53]. These receptors recognize

anionic particles including acetylated and oxidized low-density lipoproteins.

Monoclonal antibodies to oxidized low-density lipoproteins have been demon-

strated to bind to apoptotic cells and to inhibit the uptake of these cells into

macrophages [54]. Different types of scavenger receptors implicated in the

clearance of apoptotic cells include CD36 (class B), CD68 (class D), the scav-

enger receptors B1, and scavenger receptors A.

Scavenger receptor (SR-A) was implicated in apoptotic cell uptake in the

thymus but knockout mice do not have obvious alterations in the disposal of apop-

totic cells [55]. This receptor also binds oxidized LDL and acetylated LDL (but

not LDL or PS) and these lipoproteins compete for ingestion of apoptotic cells,

presumably by blocking SR-A. Class A scavenger receptors, C1q, and collectins

share polyanionic-ligand binding collagenous sequences of Gly-X-Y repeats [56]

that likely contributes to their similar binding properties to apoptotic cells.

The CD36 receptor found on platelets, monocytes, and macrophages has

long been thought to play a role in the uptake of apoptotic cells [31]. CD36 and

the vitronectin receptor, integrin �v�3, bind to the multifunctional adhesive

glycoprotein thrombospondin, which is bound to unknown ligands on the apop-

totic cell. The cationic tetrapeptide RGDS is a known inhibitor of apoptotic cell

clearance; it binds and blocks sequences on the vitronectin receptor that are rec-

ognized by the RGD sequences in thrombospondin [57].

Scavenger receptor B1, a newer member of the B family of scavenger

receptors, may also play a role in the clearance of apoptotic cells. Overexpression

of the scavenger receptors (SRB-1) receptor by transfected CHO cells enabled

uptake of apoptotic cells [58]. The receptor mediates the uptake of apoptotic rat

spermatogenic cells by Sertoli cells in the testis [59], apoptotic rat ovarian granu-

losa cells [60] and apoptotic thymocytes by nurse cells in the thymus [61].

Oxidation of exposed phospholipids on the external leaflet of the apoptotic

cell may lead to recognition by scavenger receptors such as CD68, which is

known to play a role in the clearance of oxidized LDL [62]; perhaps it recognizes

similar ligand(s) on the apoptotic cell surface as natural antibodies have been

shown to bind to oxidized phospholipids on LDL and apoptotic cells [63].
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LOX-1 (lectin-like oxidized low-density lipoprotein receptor-1) is expres-

sed primaril;y on endothelial cells and is proposed to play a major role in the

clearance of apoptotic endothelial cells., possibly by recognizing and binding to

exposed PS on the apoptic cell surface [64].

CD14

CD14 is a 55-kDa glycoprotein tethered to the cell membrane via a phos-

phatidylinositol glycan anchor. CD14 is expressed on the surface of monocytes

and macrophages and was characterized as a receptor for complexes composed

of lipopolysaccharide (LPS) and the LPS-binding protein (LBP). Ligation of

CD14 with LPS/LBP complexes results in the internalization of these com-

plexes and the release of TNF-� [65]. Since CD14 itself has no intracellular

domain, it must complex with other transmembrane proteins, such as TLR4, on

the cell surface [66]. CD14 has also been implicated in apoptotic cell uptake as

evidenced by inhibition of apoptotic, but not necrotic, cell ingestion by the

61D3 monoclonal antibody [67]. CD14 likely works in tandem with another

receptor to facilitate apoptotic cell clearance.

While CD14 can interact with various microbial proteins, such as LPS,

peptidoglycan, uronic acid, as well as phospholipids such as PS [68], CD14

binds to ICAM-3 on the apoptotic cell surface. ICAM-3 is a member of the Ig-

superfamily of proteins found on the surface of leukocytes, and is involved in

cell-cell adhesion, primarily by binding to the leukointegrin, LFA-1. However,

apoptotic cell ingestion by CD14/ICAM-3 is independent of LFA-1 or any other

known ligand for ICAM-3 or CD14. This finding is consistent with the hypoth-

esis that the binding domain of ICAM-3 (D1) may be altered on apoptotic cells.

CD14 can facilitate clearance of ICAM-3 negative apoptotic cells, suggesting

that CD14 may interact with other ligands on the apoptotic cell surface. CD14

knockout mice are viable, and while there is a significant apoptotic cell clear-

ance defect in these mice, they do not develop autoimmunity, suggesting that

the two events may be uncoupled in certain mouse strains [69].

Lectins and Their Receptors

Lectins have also been reported to facilitate apoptotic cell clearance. The

asialoglycoprotein receptor on Kupfer cells in the liver enables these cells to

recognize and remove apoptotic cells via recognition of N-acetyl-glucosamine

residues. The uptake is partially abrogated by pre-incubation of macrophages

with N-acetyl-glucosamine [70]. A related receptor, the mannose/fucose
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receptor, has also been put forward as a potential clearance receptor, as

preincubation of macrophages with free fucose and mannose can inhibit uptake

of apoptotic cells [71]. Mannose receptor binds to the same ligands as the

serum protein MBL, but is a type I transmembrane protein functioning primar-

ily in the clearance of bacteria [72]. Recently, alterations to the polylacto-

samine-type carbohydrate chains of the multifunctional surface receptor

CD43 were shown to facilitate very early binding of apoptotic cells to macro-

phages [73].

ABC-1 Transporter

The ATP-binding-cassette transporter 1 is a seven transmembrane-receptor

located on the plasma cell membrane. Activation of this receptor results in acti-

vation of actin polymerization and localized phospholipid asymmetry, with

both the apoptotic cell and the phagocyte displaying surface phosphatidylser-

ine. Engulfment of apoptotic cells seems to rely, at least in some part, on func-

tional ABC-1 transporter on the phagocyte surface [74].

Conclusions

There are three main circumstances where removal of apoptotic cells has

been highlighted in invertebrate and mammalian physiology: (1) embryogene-

sis and tissue remodeling; (2) cell and tissue homeostasis; and (3) resolution of

inflammation. As discussed in this brief review, the cells and receptors involved

differ accordingly, although many details remain to be resolved.

The co-ordinate function of different components of the innate immune

system in the removal of dead and dying cells has been emphasized. CRP is a

good example in that CRP is induced up to 1,000-fold in the serum by inflam-

matory cytokines and functions to scavenge dying cells and cell debris leading to

removal of cell debris and antagonism of inflammatory cytokine production.

Many of the receptors implicated in the removal of apoptotic cells also function

as scavenger receptors, likely interacting with modified self components.

There is considerable evidence that abnormalities in apoptosis or its clear-

ance mechanisms predispose to lupus-like autoimmune disorders. It remains to

be determined in humans with this disease as to whether the abnormalities are

abnormal cell death, defective clearance of apoptotic cells [Gaipl et al., this

vol.] or abnormal responses to dying cells and their cargo or some combination

of these mechanisms.
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Abstract
The collagenous C-type lectin family (collectins) members are humoral molecules

found in the serum and on certain mucosal surfaces. In humans the family of collectins

include the mannose-binding lectin, surfactant protein A and surfactant protein D. They

demonstrate broad ligand specificity for both pathogenic bacteria and viruses. Over the past

5 years data have emerged indicating that these molecules are able to bind self-derived lig-

ands in the form of apoptotic cells and regulate inflammatory responses. Furthermore, excit-

ing new data from murine models have begun to define the in vivo importance of these

molecules as regulators of inflammation and immunity. Here will discuss our current under-

standing of the process of collectin recognition of dying and damaged cells and its implica-

tions for autoimmune and inflammatory diseases.

Copyright © 2006 S. Karger AG, Basel

The collagenous C-type (calcium-dependent) lectin family (collectins) and

ficollins are humoral molecules found in the serum and on certain mucosal

surfaces [as reviewed in 1–3]. In humans the family of collectins includes

mannose-binding lectin (MBL) (known historically as mannose-binding pro-

tein), surfactant protein A (SP-A), surfactant protein D (SP-D) and two recently

identified related molecules CL-L1 and CL-P1. In this chapter we will focus on
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MBL, SP-A and SP-D as they have all been implicated in clearance of apoptotic

cells and in regulation of inflammation.

MBL and Surfactant Proteins: Structure Function

The collectins are encoded by a cluster of genes found on the long arm of

chromosome 10 in humans and chromosome 14 in mouse. In mice the cluster

contains SP-A, SP-D and MBLA but there is a second MBLC gene, thought to

have arisen by a gene duplication event, and found on chromosome 19. The

collectins are classified by very specific structural characteristics [4] (fig. 1)

important for their function as innate immune opsonins and regulators of

inflammation.

The structure of MBL is probably the best-defined [5] and highlights

certain key points concerning the organization of these molecules that are

generally true for all the collectins. MBL is defined as a collectin as it has a

carbohydrate recognition domain (CRD) linked via a coiled-coil domain to a

collagen ‘tail’. The �-helical coiled-coil domain provides flexibility to the ori-

entation of the CRD of MBL that recognizes hydroxy groups present in certain

Fig. 1. Collectin structure. a Structure of the timer of collectin molecules (MBL)

demonstrates the carbohydrate recognition domain (CRD), the �-helical coiled-coil domain

and the ‘collagenous’ tail. b The carbohydrate recognition domain of MBL illustrating the

recognition of the highly specific orientation of the OH groups on certain sugars.

CRD

Coiled coil

Collagenous tail

Sugar

CRD

OH
OH

a b
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sugars such as mannose and fucose. However, as a monomer, the CRD domains

of MBL demonstrate only weak affinity for these sugars and the basis for high

affinity binding is dependent on the ability of MBL to oligomerize through its

collagenous region. Three monomers of MBL form a trimer in which the CRD

is predicted to be separated by a minimum of 45 Angstrøms. This structure

allows one trimer to recognize repeating patterns of sugars. In addition, the

trimers further multimerize to form higher order structures such as dimers of

trimers, trimers of trimers or heximers of trimers. This complex structure of the

functional MBL multimer allows it to act as a true pattern recognition receptor,

able to recognize polysaccharides that decorate the surface of pathogens with

high affinity.

These oligomerization characteristics of MBL are shared with other col-

lectins, SP-A and SP-D, and the related molecules ficollins [1, 3]. For SP-A, six

homotrimers associate to form an octadecamer quaternary structure, resulting

in a bouquet-like arrangement resembling MBL and C1q. In contrast, four 

SP-D homotrimers combine to form a SP-D dodecamer, resulting in a cruci-

form quaternary structure. The carbohydrate recognition domains of SP-A and

SP-D demonstrate subtle differences from MBL and from each other, and these

differences are responsible for the different array of sugars that they recognize.

For example, both SP-A and SP-D bind avidly to mannose and glucose, but not

to galactose. In contrast, SP-A and SP-D have distinctive binding characteris-

tics in that SP-A binds to N-acetylmannosamine and L-fucose, and SP-D binds

to inositol, maltose and glucose. These characteristics allow collectins to bind

preferentially to non-host structures, like the glucose-containing oligosaccha-

ride core of lipopolysaccharide and the sugars that decorate the bacterial outer

wall. Interestingly, the CRD of SP-A and SP-D also plays a pivotal role in bind-

ing to phospholipids. In this context, SP-A binds to the surfactant phos-

pholipids, dipalmitoylphosphatidylcholine, and to lipid A of gram-negative

lipopolysaccharide. SP-D also binds to phosphatidylinositol and to glucosyl-

ceramide.

It is worth mentioning briefly some additional related molecules. The

human collectins also contain two recently identified but poorly defined family

members that are not encoded in the collectin cluster: CL-L1 is made in the

liver and CL-P1 is a membrane bound receptor on vascular endothelia cells.

The ficollins are structurally very similar to the collectins and, in humans,

include L-ficollin, M-ficollin and H-ficollin. However, in ficollins, a fibrino-

gen-like domain replaces the C-type lectin domain of the CRD altering the

specificity of binding. Finally, the overall organization of the hexamer of

trimers of MBL and SP-A also resembles C1q, the first complement compo-

nent, which however lacks the specific CRD domain and hence is not strictly

included in the family of collectins. In this chapter we will focus on the
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collectins (MBL, SP-A and SP-D) as they have all been specifically implicated

in clearance of apoptotic cells.

Collectin Levels in Health and Disease

MBL is made predominantly in the liver but is also expressed in lung,

kidney and GI tract suggesting that local production in certain tissues is likely.

MBL is found as a circulating serum protein and is sequestered to sites of inflam-

mation after tissue injury and endothelial damage. Circulating levels of MBL

increase 2- to 3-fold upon infectious and inflammatory challenge but, unlike the

archetypal acute-phase proteins such as serum amyloid P and CRP whose levels

can increase by 10- to 1,000-fold, MBL levels are relatively constant in an indi-

vidual. However, MBL levels are highly variant between individuals and deter-

mined by the inheritance of certain single nucleotide polymorphisms in the

coding and promoter region that are associated with high, intermediate or low

secreting haplotypes. Three common polymorphisms are found in codon 52, 54

and 57 which cause variations in the collagenous tail of MBL altering its ability

to oligomerize. In addition numerous polymorphism in the upstream promoter

region have also been identified that also determine serum levels. These differ-

ences result in variations in serum level that range 2–3 log orders of magnitude in

healthy individuals and place MBL polymorphisms as one of the most dramatic

examples of individual variations in an innate immune molecule. Recent work

has emphasized that these different secretory haplotypes are associated with

altered risks to certain infections, particularly in situations when the adaptive

immune system is compromised such as in the early neonatal period or in

patients rendered neutropenic from chemotherapy. Intriguingly, despite not being

present in resting lung, patients with cystic fibrosis and low MBL secretory hap-

lotypes have accelerated disease progression and early mortality (see below).

Surfactant proteins A and D are found predominantly in the lung where they

are produced by alveolar type II cells that package the collectins into lamellar bod-

ies along with surfactant lipids and other surfactant proteins, such as SP-B and SP-

C, prior to secretion. Higher up in the airway, Clara cells also produce SP-A and

SP-D, but secrete them without surfactant phospholipids. In addition SP-D (but

not SP-A) are also found on other mucosal surfaces including the trachea, urogen-

ital tract and lachrymal and salivary glands. Surfactant protein levels increase by

up to 20-fold in the inflamed lung (as detected in bronchoalveolar lavage (BAL)

fluid). However, unlike MBL polymorphisms, variations in SP-A and SP-D do not

cause large variations between individuals. Five allelic variations of SP-A1, six of

SP-A2, and four of SP-D have been identified. Although, the exact consequences

of these differences have not been fully defined, there are reports of associations
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with altered susceptibility to a number of diseases including TB, respiratory dis-

tress syndromes and chronic obstructive pulmonary disease.

Ligand Binding

The structure of MBL and the lung collectins results in broad ligand speci-

ficity, a feature they share with other multi-ligand receptors such as the scavenger

receptors. MBL plays a vital role in host defense by virtue of its binding to a wide

variety of known pathogens including, Staphylococcus aureus, certain rough

mutants of Escherichia coli, Candida albicans, Leishmania and Burkholderia
cepacia. It also recognizes numerous viruses including herpes simplex, influenza

and gp120 of HIV. For all of these ligands MBL binding is inhibited by mannan

and is cation dependent, indicating that they interact through the CRD.

Similar diversity in ligand binding has also been demonstrated for the lung

collectins. Numerous studies have indicated that lung collectins bind both gram-

positive and gram-negative bacteria, viruses and fungi. They have been shown to

directly recognize lipopolysaccharides (LPS) and, in the case of SP-A, specifically

recognize the lipid A moiety of the bacterial outer wall. These molecules also reg-

ulate responses to these organisms, possibly via their ability to bind the LPS bind-

ing molecule CD14 [6] and Toll-like receptors (TLR) [7]. However, the binding

can either increase or decrease the inflammatory response (as discussed below).

In addition to their ability to recognize exogenous ligands, SP-A, SP-D

and MBL also bind certain endogenous ligands and hence share with the scav-

enger receptors the ability to recognize ‘modified-self’. Importantly, and perti-

nent to this chapter, they bind apoptotic cells [8–10] and nuclear material and

thus play a role in the response to endogenous ‘danger signals’. Recently,

another important endogenous ligand for collectins has been identified as

naked DNA [11] and it has been suggested that nuclear material released during

cellular necrosis might provide a source of collectin ligands. However, this inter-

action is distinct from binding to other ligands in that collectin: DNA binding

occurs, at least in part, through the collagenous region. Although it is possible

that nuclear material localized on the surface of an apoptotic cells or in apop-

totic blebs may be a ligand on dying cells that is recognized by the collectins,

the exact nature of the ligand or ligands is unknown.

Collectin Receptors

The identity of the receptor or receptors for the collagenous tails of colle-

ctins remains to be fully defined [12]. The lung collectins may have specific
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receptors: SP-A is thought to bind to SP-R210 (a molecule whose identity

remains unknown), the CRD of SP-D binds to gp340 (also known as salivary

agglutinin) and the CRD of both SP-A and SP-D binds SIRP� [13] (see below).

Furthermore, data suggest that they may also bind to scavenger receptors

and TLRs. In addition to these possible SP-A/SP-D receptors, numerous other

molecules have been shown to increase the binding of collectins and C1q

including CD93 [14], gC1qR, CD91 in a complex with calreticulin [8, 9], CR2

and CR3. However, definitive evidence of direct interaction with any of these

receptors is lacking and we will provide two examples that illustrate the

difficulty in formally identifying the receptor for these inherently ‘sticky’

molecules.

One putative collectin receptor, CD93, was proposed because it was shown

to increase uptake of MBL and C1q opsonized particles [15]. However, more

recent data has questioned its ability to directly bind these molecules as both

MBL and C1q can still act as opsonins that upregulate phagocytosis in the

absence of CD93 [16]. These data have led to the proposal that CD93 increases

MBL and C1q-mediated clearance indirectly (possibly through regulation of

expression of other undefined molecules such as integrins) or by modulating

the activation state of the phagocyte that increase their phagocytic capacity. It is

possible that similar scenarios may exist for other putative collectin receptors.

As an example SP-A has been shown to increase bacterial uptake indirectly by

regulating expression of the phagocytic receptors, SRA (scavenger receptor A)

and mannose receptor [17, 18].

Another proposed receptor for collectins is calreticulin in a complex with

CD91 [12, 19]. The initial observation that calreticulin bound collectins was

surprising as calreticulin is known to be an ER protein that acts as a chaperone

during protein assembly. However, recent data indicate that ER is recruited to

the phagocytic cup and hence provides explanation for how this apparently

intracellular molecule might participate in phagocytic recognition [20].

Furthermore, data from the model organism Dictyostelium discoideum indicate

that GFP-calreticulin is found in the phagocytic cup and provide strong circum-

stantial evidence for its role in phagocytosis. These data are further supported

by observations that antibodies to calreticulin and CD91 block collectin-

mediated uptake of apoptotic cells by macrophages [8, 9].

In summary, current data on the identity of the receptor for the tail of col-

lectins is ambiguous and the collectins may be promiscuous, using multiple

receptors to trigger engulfment. Further data is needed to demonstrate direct

interactions of molecules with the collagenous tail to confirm conclusively the

identity of the true collectin receptor(s) and it is likely that additional informa-

tion on the mechanism of recognition of collectins will emerge. However it is

important to note that the unique ability of MBL to fix complement (see below)



Collectins and Inflammation 149

suggests that in a physiological context it may act as an opsonin by mediating

uptake not only via collectin receptors but also through the generation of iC3b

that coats the targets and triggers uptake by CR3.

MBL, Complement Activation and Autoimmunity

MBL shares with C1q the ability to activate complement [21]. Upon bind-

ing to its ligand, MBL is thought to undergo conformational changes allowing it

to associate with a family of MBL-associated serine proteases (MASPs) to acti-

vate the teleologically most ancient pathway of complement activation, the

lectin pathway. MASPs co-opt the classical complement convertase, C4, lead-

ing ultimately to C3 cleavage. The ability to activate the lectin pathway of com-

plement is also shared with the related molecules, the ficollins. In this regard

MBL appears broadly similar to C1q suggesting that it may play a similar or

complementary role in immune regulation.

The similarities between MBL and the first component of the classical

complement pathway, C1q, are particularly pertinent when considered in the

context of autoimmune disease. C1q deficiency is strongly linked to autoimmu-

nity such that greater than 95% of patients with this deficiency develop an

autoimmune syndrome with characteristics of systemic lupus erythematosus

(SLE). This is further supported by the observation that C1q deficient animals

develop auotantibodies and a nephritis characterized by accumulation of apop-

totic cells. This has lead to the ‘waste disposal’ hypothesis that suggests that

failure of prompt removal of effete cells is associated with autoimmunity. These

uncleared apoptotic cells provide both the source of autoantigens that come to

be targets in lupus and also generate danger signals when they undergo

secondary necrosis that activate the immune response. The fact that MBL

shares with C1q the ability to recognize apoptotic cells and that they are both

circulating serum proteins has prompted the suggestion that MBL deficiency

might also lead to autoimmunity. This idea is supported by the observed

link between codon 54 mutations in MBL and SLE in certain populations

[22–24]. Furthermore, MBL appears to alter the rate of disease progression and

susceptibility to infection. However, although many studies suggest that low

MBL levels may be detrimental in the context of SLE, other studies do not

support a role for it in preventing autoimmunity. Indeed a recent study has

indicated that SLE patients with low MBL develop lower titers of autoantibod-

ies and later disease onset [25]. Thus, although MBL and C1q may have simi-

lar functions as systemic circulating opsonins for apoptotic cells and

initiators of complement activation, they appear to have slightly different roles

in autoimmunity.
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Collectins and Apoptotic Cell Binding

The first identification of the role of collectins in apoptotic cell clearance

was made in an in vitro context but has been confirmed and extended by in vivo

studies. In these in vitro studies, the ability of MBL and C1q to bind apoptotic

cells was compared. Both these molecules bound to apoptotic cells and increased

phagocytic clearance. Specifically these experiments showed that the recognition

of the collagenous tail was mediated by calreticulin in a complex with CD91

[8, 9] as discussed above. Subsequent work has addressed not only MBL but also

SP-A and SP-D binding to dying cells and we will discuss these specifically.

MBL was shown to bind cells undergoing programmed cell death and it

was specifically suggested to bind preferentially to cells in the late stages of

apoptosis [26]. Initial work studying this phenomenon relied on serum purified

MBL, known to associate in the circulation with immunoglobulin, specifically

IgM, and binding was detected with anti-MBL antibodies. Natural antibodies

are important opsonins that also recognize and mediate clearance of apoptotic

cells and it is possible that serum derived MBL binding might be mediated, at

least in part, through this contaminant found commonly in serum derived MBL

preparations. We have recently undertaken a more exhaustive examination of

the ability of MBL to bind dying cells using purified recombinant human MBL

that was directly conjugated to the fluorophore Cy3 and allowed us to study the

direct interaction of MBL with dying cells [27]. Using this approach we con-

firmed that MBL binds to apoptotic cells in a calcium-dependent, mannan-

inhibitable manner implicating the CRD as the recognition domain for the

ligands on apoptotic cells. Furthermore, it confirmed that MBL was able to

bind dying cells directly and independently of other molecules.

Interestingly, using this strategy, we also found that MBL bound to freshly

isolated thymocytes and a viable fibroblast cell line, also in a calcium-dependent,

mannan-inhibited manner. These observations that MBL binds to certain live

cells raise the question of why MBL binding to viable cells does not trigger

engulfment. Two possible explanations exist: (1) MBL might be required to asso-

ciate in a macro-molecular complex with another molecule or molecules (possi-

bly IgM and C1q) to trigger activation and that these molecules do not assemble

on viable cells or (2) the second possibility, and our preferred hypothesis, is that

MBL on live cells is not in the correct configuration to recruit MASPs to trigger

complement activation or engulfment. It has been shown previously that the dis-

tribution of C1q, SP-A and SP-D changes as cell death progresses [8, 9] and we

also observed a similar redistribution of MBL, which became clustered on the

cell surface and localized to apoptotic blebs. We would suggest that this alteration

in ligand distribution is sufficient to cluster collectins and is necessary for them to

act as opsonins to mediate engulfment (fig. 2). However, the exact nature of the
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ligands for collectins is unknown and it remains to be determined if apoptotic

cells expose a new ligand upon loss of membrane asymmetry or whether it is a

redistribution of a ligand already present on live cells that results in clustering of

collectins on the surface of apoptotic cells (fig. 2).

However, why MBL binding to apoptotic cells does not induce complement

activation is unclear. One possibility is that there is an inhibitor of the lectin

pathway that is present on the surface of live cells that prevents full complement

activation and that such an inhibitor is lost as cells progress through apoptosis

into necrosis. However, unlike the classical and alternative pathway, no inhibitor

of the lectin pathway has been identified. In this regard, recent proposals that the

alternative pathway acts as an amplification-loop for both the classical and lectin

pathways may be pertinent. This raises the interesting possibility that the lectin-

pathway is regulated indirectly via the classical or alternative complement path-

ways. Failure to activate the alternative pathway on live or early apoptotic cells

may be the vital step that prevents amplification of the lectin pathway, controlling

full complement activation. It is evident that many questions remain concerning

Fig. 2. Binding of collectins to live and dying cells. a Collectins recognize specific

carbohydrates on pathogens and certain live cells. Redistribution of collectin binding as cells

progress through apoptosis may represent either altered ligand distribution (bi) or exposure

of neo-epitopes (bii) on the dying cell.

Collectin Carbohydrate New ligand on apoptotic cells

Live cell/pathogen

Apoptotic cell Apoptotic cell

biibi

a
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collectin recognition of dying cells such as, whether MBL co-operates with IgM

or C1q to bind apoptotic cells to trigger complement and internalization in vivo.

Essential steps in further elucidating these facts will require generation of com-

pound knockout animals deficient in all of these factors.

Regulation of Apoptosis

Interestingly, not only do collectins bind apoptotic cells but may also regu-

late their generation [28]. The lung collectins transduce important survival sig-

nals in the lung that provide natural protection from apoptosis. Two studies by

White et al. demonstrated that SP-A protected rat type II epithelial cells from

undergoing apoptosis by ultraviolet light irradiation or etopopside, and pro-

tected a Clara cell tumor cell line from staurosporin-induced apoptosis [29, 30].

This SP-A-mediated effect appeared to depend upon activation of the

PI3K/AKT pathway and dephosphorylation of the forkhead transcription fac-

tor, FKHR. Recent work has expanded these findings by showing that both SP-

A and SP-D inhibit spontaneous and oxidant-induced neutrophil apoptosis

through a PI3K/AKT dependent pathway [Gardai SJ, et al., unpubl. data].

Interestingly, for the neutrophil, this effect is mediated through collectin inter-

action with signal inhibitory regulatory protein � (SIRP�) suggesting a novel

consequence of SIRP� ligation.

Collectins as an Opsonin for Dying Cells in vivo

Cells undergoing programmed cell death are rapidly cleared from tissues

such that free apoptotic cells are rarely seen in vivo. Interestingly, a number of

molecules that have been implicated in apoptotic cell recognition in vitro do not

appear to have a role when studied in knockout animals. As discussed previ-

ously, MBL, SP-A and SP-D all bind dying cells and could be shown to

increase clearance in vitro. However, it was important to address their physio-

logical relevance in vivo. The first in vivo confirmation for the role of these

molecules necessitated the use of an in vivo phagocytosis assay to study SP-A

and SP-D in their physiological context, the lung [31]. Instillation of apoptotic

cells directly into the lung of mice deficient in SP-A and SP-D demonstrated an

absolute requirement for SP-D (but not SP-A) to efficiently remove apoptotic

cells [9]. The failure to demonstrate a role for SP-A in these assays is likely to

reflect that other molecules such as SP-D or MBL (see below) compensate in

its absence. Interestingly, C1q (which had been shown to have a role in the
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peritoneal clearance) was not required for apoptotic cell clearance within the

lung indicating for the first time that molecules act as opsonins only in specific

tissues. These data were the first to demonstrate that in vivo studies of mole-

cules involved in apoptotic cell recognition were best interpreted in the relevant

physiological context.

MBL is also an important opsonin for apoptotic cells, able to increase

phagocytosis of apoptotic cells by both macrophages and dendritic cells in vitro

[32]. The role for serum MBL and C1q-mediated clearance of apoptotic cells

has been further confirmed by blocking antibodies studies [8]. However, it was

intriguing that in these in vitro experiments, MBL provided a greater proportion

of serum mediated opsonization of apoptotic cells than C1q and it was of inter-

est to define the relative importance of these molecules in vivo. Murine MBL is

encoded for by two genes MBLA and MBLC and mice deficient in both forms

of MBL have recently been generated, providing the required tool to study the

role of MBL in vivo [33]. Using the same assay that had established the in vivo

importance for C1q (in which apoptotic cells are instilled into the peritoneum

and phagocytosis by recovered macrophages determined [34]) we have recently

addressed the role of MBL in clearance in vivo. These mice demonstrate

impaired clearance of apoptotic cells in the peritoneum, with a defect comparable

to the defect reported in the C1q deficient animals. These observations are

intriguing and suggest that both MBL and C1q, either alone or in co-operation,

mediate engulfment of dying cells in the peritoneum. Furthermore, we have also

found a surprising role for MBL in clearance of dying cells from the alveolar

space [Stuart LM, Vandivier RW and Ezekowitz A, unpubl. data]. These data are

particularly intriguing, as MBL is not detected in the resting lung, but nonetheless

suggest that MBL and SP-D may co-operate in vivo to regulate cell numbers

and remove cell debris from the airway (as discussed below).

Collectin Knockout – Insights into in vivo Functions

The peritoneal and lung assays described above have only a limited ability

to define the physiological role of molecules involved in apoptotic cell clear-

ance. Specifically, they do not address the context in which a mode of clearance

is dominant and, by inference, most relevant. We would suggest that a more

informative approach is to study the tissue homeostasis in animals in which

clearance mechanisms have been perturbed. These sorts of models occasionally

result in accumulation of apoptotic material in a certain tissue site and provide

conclusive data for a non-redundant role for a specific molecule in certain

circumstances or in certain organs. As an example, C1q deficient mice demon-

strate uncleared inflammatory cells in the glomeruli. These observations are



Stuart/Henson/Vandivier 154

likely to reflect two aspects of C1q deficiency; firstly that the glomeruli are

a particular target for inflammatory damage in the systemic autoimmune

syndrome associated with C1q deficiency, and secondly that C1q plays a signif-

icant and non-redundant role in clearance of dying cells in the kidney which

cannot be compensated for by other mechanisms.

Similarly, the examination of SP-A and SP-D null animals has also been

informative. SP-A-deficient mice have a normal lung phenotype, and despite

the involvement of SP-A in surfactant processing, surfactant lipids are

unchanged. SP-A deficient mice are defective in their ability to clear a vari-

ety of microbes, including group B Streptococcus, Hemophilus influenzae,

Pseudomonas aeruginosa, Mycoplasma pulmonis, and respiratory syncytial

virus [35]. Regulation of the inflammatory response is also impaired in 

SP-A deficient mice, in that pro-inflammatory mediators are high and anti-

inflammatory mediators are low [3]. In contrast to SP-A, SP-D-deficient mice

develop a complex pulmonary phenotype [36] characterized by emphysema

and sub-pleural fibrosis, as early as three weeks of age; phospholipid pools 

(8-fold), lipid-laden macrophages (10-fold), matrix metalloproteinases, inflam-

matory mediators (e.g. IL-1�), and hydrogen peroxide (10-fold) are also

increased in these mice. Pertinent to the subject of apoptotic cells clearance,

SP-D null animals develop profound accumulation of inflammatory cells with

in the alveolar spaces and increased numbers of dying cells are recovered in the

BAL fluid [28]. These data support the observation that SP-D plays an impor-

tant role in clearance of dying cells and regulation of inflammation in the lung

and suggest that this is the context in which SP-D-mediated clearance is most

relevant.

In this regard it is pertinent that we have observed that tissue homeostasis

in the lung is abnormal in the absence of MBL [Stuart LM, Vandivier RW and

Ezekowitz A, unpubl. data]. These observations provide important new insight

into the role of MBL in vivo: they suggest that MBL is important in regulating

inflammation in the lung and that the lung is a major site in which MBL medi-

ated clearance may be important. Importantly, MBL appears to share this role

with the lung collectins, SP-A and SP-D. Surprisingly, our studies of MBL null

animals did not support a role for MBL in preventing autoimmunity as MBL

null mice neither developed ANA or dsDNA at titers higher than WT controls,

nor was there evidence of end-organ damage consistent with an autoimmune-

like syndrome [27]. However these mice did accumulate B1 cells in the peri-

toneum suggesting that MBL is important for B cell homeostasis and it remains

possible that these mice may develop overt autoimmunity on different genetic

backgrounds (as seen with the C1q-deficient animals). Taken together, these

data suggest that the in vivo role of MBL is more similar to that of SP-D than

to C1q.
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Collectins as Modulators of Inflammation

Regulation of inflammation in the lung is vital because of the massive

surface area (the size of a tennis court) that is exposed to 10,000 liters of air each

day that contain an array of potential inflammatory stimuli, including micro-

organisms, particulate matter, oxidative stress and endotoxin. However, the exact

role of lung collectins in the regulation of inflammation and lung homeostasis

has been difficult to define. Some of this confusion arises from conflicting

in vitro studies where SP-A and SP-D have been shown to have both anti-

inflammatory and pro-inflammatory effects. However, in vivo, SP-A and SP-D

deficient and overexpressor mice suggest that the lung collections are important

mediators of lung quiescence and suppressors of lung inflammation.

A recent study has addressed one possible molecular mechanism that

might account for these divergent results. Gardai et al. [13] have proposed a

novel mechanism whereby the lung collectins exert either anti-inflammatory or

pro-inflammatory effects, depending upon the orientation of the lung collectin

and its particular binding partner (fig. 3). They found that SP-A and SP-D

CRDs preferentially bind to SIRP� on alveolar macrophages and epithelial

cells in the naïve lung. Engagement of SIRP� activated the tyrosine phosphatase,

SHP-1, and blocked pro-inflammatory signaling through the src-family kinase,

Hck, and p38 MAP-kinase. Interestingly, these anti-inflammatory effects were

not seen with C1q or MBL. Another intriguing outcome of the interaction of

lung collectins with SIRP� may be to inhibit the phagocytic capacity of naïve,

quiescent, alveolar macrophages [Dickinson MG, et al., unpubl. data]. This pos-

sibility may explain the relative inefficiency with which alveolar macrophages

phagocytose apoptotic cells when compared to macrophages from other tissues.

However, when collectins were allowed to opsonize apoptotic cells or cell

debris via their CRD, their collagenous tails are then recognized by calretic-

ulin/CD91 on alveolar macrophages, to increase uptake with pro-inflammatory

consequences.

Further work addressing the role of the collectin in regulating inflammation

have extended these observations and have specifically focused on the role of

MBL in experimental models of ischemia-reperfusion injury in vivo. Ischemia-

reperfusion injury is characterized by cell damage resulting in exposure of

neoepitopes on damaged cells and/or induction of apoptosis or cell death. The

role of complement in mediating this damage has been inferred from the deposi-

tion of C3 in injured tissues and the protection of mice that lack distal comple-

ment components from organ damage. However, the mechanism of complement

activation had not been defined. Recently, two independent models of ischemia-

reperfusion injury studying the kidney and GI tract and myocardium have

addressed this question [37, 38]. In all these models the presence of MBL
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greatly worsened the extent of tissue inflammation and MBL null animals were

protected from damage indicating an important role for this collectin in regulat-

ing sterile inflammation. Intriguingly, mice deficient in soluble IgM (but not

C1q) were also protected in the GI model, implicating MBL and natural

antibody in triggering complement activation and local tissue damage in

this site. These data suggest that these molecules may co-operate to recognize

neo-epitopes exposed on the damaged tissue and/or recognize the dying cells

Fig. 3. Proposed molecular mechanism of divergent response to collectins. Collectins

can bind to phagocytes via their globular heads that interact with SIRP� and inhibit inflam-

matory response. However, if the collectins are opsonizing a particle the collagenous tails are

exposed and interact with a calreticulin/CD91 complex to increase proinflammatory responses.

SIRP� SIRP�

Inflammation

Apoptotic
cell

CD91/ 
calreticulin
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associated with this hypoxic stress. However, unlike the recognition that is medi-

ated by C1q that appears to protect from autoimmune inflammatory damage,

MBL/sIgM recognition appears detrimental for the animal. Thus, in the context

of reperfusion injury, MBL and natural antibodies appears to contribute to pro-

inflammatory response and detrimental clearance of injured tissue. Importantly

these observations are consistent with the in vitro studies by Gardai et al. [13].

Taken together these data support suggestions from in vitro data that the col-

lectins may have either pro-inflammatory or anti-inflammatory roles, as seen in

ischemia-reperfusion injury and the lung, respectively. It is likely that the out-

come is dependent on tissue site and the context of the injury that occurs.

Further work in this area will be required to define the relative contributions of

the collectins in other models of sterile injury and in different organs in vivo.

Experiments of Nature

The evidence presented indicating an important but complex role for the

collectins in regulating inflammation and disposing of dying cells and this is

supported by patient studies. As an example SP-D is increased in several acute

and chronic lung diseases, including asthma, allergic bronchopulmonary

aspergillosis, hypersensitivity pneumonitis, idiopathic pulmonary fibrosis,

radiation-, amiodarone- and methotrexate-induced lung injury [39]. In contrast,

SP-A and SP-D are decreased in the lungs of smokers and decreased SP-D is

associated with the development of neonatal chronic lung disease [40]. SP-A

and SP-D alleles have also been associated with a variety of lung diseases,

including chronic obstructive lung disease (COPD), respiratory distress

syndrome, tuberculosis and the propensity to develop severe RSV infections

[3]. We will discuss briefly one specific example of how failure of apoptotic

cell clearance can be related to defects in collectin function and disease, by

addressing their role in cystic fibrosis (CF).

CF is a common inheritable disease arising from a recessive defect in the

cystic fribrosis transmembrane regulator (CFTR). These patients accumulate

thick mucus secretions and their lungs become colonized at an early age with

Pseudomonas aeruginosa and Burkholderia cepacia. One study we have per-

formed has examined sputum of patients with bronchiectasis and CF, which

contained large numbers of uncleared apoptotic cells and cellular debris [41].

Specifically we addressed the mechanism of failed clearance and demonstrated

that neutrophil elastase cleaves one of the receptors for apoptotic cells (the

phosphatidyl-serine receptor) thus leading to defective apoptotic cell removal

[42]. Furthermore, SP-A and SP-D are reduced in CF patients, likely to further

compound this defect in apoptotic clearance.
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In another extensive study, low MBL secretory haplotypes were studied in

the context of CF [43]. Low MBL levels were linked with increased rate of

decline of lung-function such that these patients died on average eight years

before those with normal or high MBL levels. This attrition could not be

explained solely on the rate of bacterial colonization of the patients as MBL

levels did not correlate with age of colonization by Pseudomonas but rather

suggested that MBL may play a role in this disease for other reasons. Our in

vivo data from MBL null animals suggest that, although MBL is not detected in

resting lungs, its lack is associated with increased inflammation in the alveolar

spaces and accumulation of uncleared apoptotic cells. It is possible that MBL

mediated clearance of dying cells is of particular relevance in the context of CF

and provides an explanation of why MBL levels correlates with poor disease

phenotype in these patients. Taken together these data indicate that the col-

lectins appear to make an important contribution to resolving lung injury

through their ability to act as opsonins for apoptotic cells in addition to their

other diverse immunoregulatory roles.

Conclusions

The collectins are a unique family of humoral molecules, present both in

serum and on many mucosal surfaces. They have broad ligand specificity

including the ability to recognize many pathogens, apoptotic cells and cellular

debris. They function not only to mediate opsonic uptake of dying cells but also

to regulate the cytokine responses associated with them and thus play an impor-

tant role in tissue injury and in the resolution of inflammation. Future work will

need to focus on how collectins act in their physiological context and in partic-

ular tissue sites to regulate disease.

Acknowledgements

Preparation of this manuscript was supported by a Wellcome Trust Clinican Scientist

Award for L.M.S., and grants from the National Institutes of Health for P.M.H. (HL068864

and GM061031) and for R.W.V. (HL072018).

References

1 Holmskov U, Thiel S, Jensenius JC: Collections and ficolins: Humoral lectins of the innate

immune defense. Annu Rev Immunol 2003;21:547–578.

2 Jack DL, Klein NJ, Turner MW: Mannose-binding lectin: Targeting the microbial world for com-

plement attack and opsonophagocytosis. Immunol Rev 2001;180:86–99.



Collectins and Inflammation 159

3 Wright JR: Immunoregulatory functions of surfactant proteins. Nat Rev Immunol 2005;5:

58–68.

4 Drickamer K: Two distinct classes of carbohydrate-recognition domains in animal lectins. J Biol

Chem 1988;263:9557–9560.

5 Sheriff S, Chang CY, Ezekowitz RA: Human mannose-binding protein carbohydrate recogni-

tion domain trimerizes through a triple alpha-helical coiled-coil. Nat Struct Biol 1994;1:

789–794.

6 Sano H, Chiba H, Iwaki D, Sohma H, Voelker DR, Kuroki Y: Surfactant proteins A and D bind

CD14 by different mechanisms. J Biol Chem 2000;275:22442–22451.

7 Guillot L, Balloy V, McCormack FX, Golenbock DT, Chignard M, Si-Tahar M: Cutting edge: The

immunostimulatory activity of the lung surfactant protein-A involves Toll-like receptor 4.

J Immunol 2002;168:5989–5992.

8 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 2001;194:781–795.

9 Vandivier RW, Ogden CA, Fadok VA, Hoffmann PR, Brown KK, Botto M, Walport MJ, Fisher JH,

Henson PM, Greene KE: Role of surfactant proteins A, D, and C1q in the clearance of apoptotic

cells in vivo and in vitro: Calreticulin and CD91 as a common collectin receptor complex.

J Immunol 2002;169:3978–3986.

10 Schagat TL, Wofford JA, Wright JR: Surfactant protein A enhances alveolar macrophage phago-

cytosis of apoptotic neutrophils. J Immunol 2001;166:2727–2733.

11 Palaniyar N, Nadesalingam J, Clark H, Shih MJ, Dodds AW, Reid KB: Nucleic acid is a novel lig-

and for innate, immune pattern recognition collectins surfactant proteins A and D and mannose-

binding lectin. J Biol Chem 2004;279:32728–32736.

12 McGreal E, Gasque P: Structure-function studies of the receptors for complement C1q. Biochem

Soc Trans 2002;30:1010–1014.

13 Gardai SJ, Xiao YQ, Dickinson M, Nick JA, Voelker DR, Greene KE, Henson PM: By binding

SIRPalpha or calreticulin/CD91, lung collectins act as dual function surveillance molecules to

suppress or enhance inflammation. Cell 2003;115:13–23.

14 Guan E, Robinson SL, Goodman EB, Tenner AJ: Cell-surface protein identified on phago-

cytic cells modulates the C1q-mediated enhancement of phagocytosis. J Immunol 1994;152:

4005–4016.

15 Steinberger P, Szekeres A, Wille S, Stockl J, Selenko N, Prager E, Staffler G, Madic O, Stockinger

H, Knapp W: Identification of human CD93 as the phagocytic C1q receptor (C1qRp) by expres-

sion cloning. J Leukoc Biol 2002;71:133–140.

16 Norsworthy PJ, Fossati-Jimack L, Cortes-Hernandez J, Taylor PR, Bygrave AE, Thompson RD,

Nourshargh S, Walport MJ, Botto M: Murine CD93 (C1qRp) contributes to the removal of apop-

totic cells in vivo but is not required for C1q-mediated enhancement of phagocytosis. J Immunol

2004;172:3406–3414.

17 Beharka AA, Gaynor CD, Kang BK, Voelker DR, McCormack FX, Schlesinger LS: Pulmonary

surfactant protein A up-regulates activity of the mannose receptor, a pattern recognition receptor

expressed on human macrophages. J Immunol 2002;169:3565–3573.

18 Kuronuma K, Sano H, Kato K, Kudo K, Hyakushima N, Yokota S, Takahashi H, Fujii N, Suzuki H,

Kodama T, Abe S, Kuroki Y: Pulmonary surfactant protein A augments the phagocytosis of

Streptococcus pneumoniae by alveolar macrophages through a casein kinase 2-dependent increase

of cell surface localization of scavenger receptor A. J Biol Chem 2004;279:21421–21430.

19 McGreal EP, Ikewaki N, Akatsu H, Morgan BP, Gasque P: Human C1qRp is identical with CD93

and the mNI-11 antigen but does not bind C1q. J Immunol 2002;168:5222–5232.

20 Gagnon E, Duclos S, Rondeau C, Chevet E, Cameron PH, Steele-Mortimer O, Paiement J,

Bergeron JJ, Desjardins M: Endoplasmic reticulum-mediated phagocytosis is a mechanism of

entry into macrophages. Cell 2002;110:119–131.

21 Fujita T: Evolution of the lectin-complement pathway and its role in innate immunity. Nat Rev

Immunol 2002;2:346–353.

22 Ip WK, Chan SY, Lau CS, Lau YL: Association of systemic lupus erythematosus with promoter

polymorphisms of the mannose-binding lectin gene. Arthritis Rheum 1998;41:1663–1668.



Stuart/Henson/Vandivier 160

23 Tsutsumi A, Sasaki K, Wakamiya N, Ichikawa K, Atsumi T, Ohtani K, Suzuki Y, Koike T, Sumida

T: Mannose-binding lectin gene: Polymorphisms in Japanese patients with systemic lupus erythe-

matosus, rheumatoid arthritis and Sjogren’s syndrome. Genes Immun 2001;2:99–104.

24 Villarreal J, Crosdale D, Ollier W, Hajeer A, Thomson W, Ordi J, Balada E, Villardell M, Teh LS,

Poulton K: Mannose binding lectin and FcgammaRIIa (CD32) polymorphism in Spanish systemic

lupus erythematosus patients. Rheumatology (Oxford) 2001;40:1009–1012.

25 Garcia-Laorden MI, Rua-Figueroa I, Perez-Aciego P, Rodriguez-Perez JC, Citores MJ, Alamo F,

Erausquin C, Rodriguez-Gallego C: Mannose binding lectin polymorphisms as a disease-modulating

factor in women with systemic lupus erythematosus from Canary Islands, Spain. J Rheumatol

2003;30:740–746.

26 Nauta AJ, Raaschou-Jensen N, Roos A, Daha MR, Madsen HO, Borrias-Essers MC, Ryder LP,

Koch C, Garred P: Mannose-binding lectin engagement with late apoptotic and necrotic cells. Eur

J Immunol 2003;33:2853–2863.

27 Stuart LM, Takahashi K, Shi L, Savill J, Ezekowitz RA: Mannose-binding lectin-deficient mice

display defective apoptotic cell clearance but no autoimmune phenotype. J Immunol 2005;174:

3220–3226.

28 Clark H, Palaniyar N, Strong P, Edmondson J, Hawgood S, Reid KB: Surfactant protein D reduces

alveolar macrophage apoptosis in vivo. J Immunol 2002;169:2892–2899.

29 White MK, Baireddy V, Strayer DS: Natural protection from apoptosis by surfactant protein A in

type II pneumocytes. Exp Cell Res 2001;263:183–192.

30 White MK, Strayer DS: Survival signaling in type II pneumocytes activated by surfactant protein-A.

Exp Cell Res 2002;280:270–279.

31 Hu B, Sonstein J, Christensen PJ, Punturieri A, Curtis JL: Deficient in vitro and in vivo phagocy-

tosis of apoptotic T cells by resident murine alveolar macrophages. J Immunol 2000;165:

2124–2133.

32 Nauta AJ, Castellano G, Xu W, Woltman AM, Borrias MC, Daha MR, van Kooten C, Roos A:

Opsonization with C1q and mannose-binding lectin targets apoptotic cells to dendritic cells.

J Immunol 2004;173:3044–3050.

33 Shi L, Takahashi K, Dundee J, Shahroor-Karni S, Thiel S, Jensenius JC, Gad F, Hamblin MR,

Sastry KN, Ezekowitz RA: Mannose-binding lectin-deficient mice are susceptible to infection

with Staphylococcus aureus. J Exp Med 2004;199:1379–1390.

34 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 clear-

ance of apoptotic cells in vivo. J Exp Med 2000;192:359–366.

35 Shepherd VL: Distinct roles for lung collectins in pulmonary host defense. Am J Respir Cell Mol

Biol 2002;26:257–260.

36 Botas C, Poulain F, Akiyama J, Brown C, Allen L, Goerke J, Clements J, Carlson E, Gillespie AM,

Epstein C, Hawgood S: Altered surfactant homeostasis and alveolar type II cell morphology in

mice lacking surfactant protein D. Proc Natl Acad Sci USA 1998;95:11869–11874.

37 Hart ML, Ceonzo KA, Shaffer LA, Takahashi K, Rother RP, Reenstra WR, Buras JA, Stahl GL:

Gastrointestinal ischemia-reperfusion injury is lectin complement pathway dependent without

involving C1q. J Immunol 2005;174:6373–6380.

38 Moller-Kristensen M, Wang W, Ruseva M, Thiel S, Nielsen S, Takahashi K, Shi L, Ezekowitz A,

Jensenius JC, Gadjeva M: Mannan-binding lectin recognizes structures on ischaemic reperfused

mouse kidneys and is implicated in tissue injury. Scand J Immunol 2005;61:426–434.

39 Haczku A, Vass G, Kierstein S: Surfactant protein D and asthma. Clin Exp Allergy 2004;34:

1815–1818.

40 Clark H, Reid K: The potential of recombinant surfactant protein D therapy to reduce inflamma-

tion in neonatal chronic lung disease, cystic fibrosis, and emphysema. Arch Dis Child 2003;88:

981–984.

41 Vandivier RW, Fadok VA, Ogden CA, Hoffmann PR, Brain JD, Accurso FJ, Fisher JH, Greene KE,

Henson PM: Impaired clearance of apoptotic cells from cystic fibrosis airways. Chest 2002;121

(3 suppl):89S.



Collectins and Inflammation 161

42 Vandivier RW, Fadok VA, Hoffmann PR, Bratton DL, Penvari C, Brown KK, Brain JD, Accurso FJ,

Henson PM: Elastase-mediated phosphatidylserine receptor cleavage impairs apoptotic cell clear-

ance in cystic fibrosis and bronchiectasis. J Clin Invest 2002;109:661–670.

43 Garred P, Pressler T, Madsen HO, Frederiksen B, Svejgaard A, Hoiby N, Schwartz M, Koch C:

Association of mannose-binding lectin gene heterogeneity with severity of lung disease and

survival in cystic fibrosis. J Clin Invest 1999;104:431–437.

Lynda M. Stuart, MD

Laboratory of Developmental Immunology 

Jackson 14 

Massachusetts General Hospital

55 Fruit Street

Boston, MA 02114 (USA)

Tel. �1 617 724 3247, E-Mail lstuart@partners.org



Elkon K (ed): Apoptosis and Its Relevance to Autoimmunity. 

Curr Dir Autoimmun. Basel, Karger, 2006, vol 9, pp 162–172

MFG-E8-Dependent Clearance of
Apoptotic Cells, and Autoimmunity
Caused by Its Failure

Rikinari Hanayamaa, Kay Miyasakab, Michio Nakayaa, 
Shigekazu Nagataa–c

aDepartment of Genetics, Osaka University Medical School, bLaboratory of Genetics,

Integrated Biology Laboratories, Graduate School of Frontier Biosciences, Osaka

University, and cSolution Oriented Research for Science and Technology, 

Japanese Science and Technology Agency, Osaka, Japan

Abstract
Apoptotic cells are swiftly engulfed by macrophages and immature dendritic cells.

Inefficient clearance of apoptotic cells has been implicated as a cause of inflammation and

autoimmune diseases. Milk fat globule-EGF factor 8 (MFG-E8) and developmental endothe-

lial locus-1 (Del-1) are glycoproteins secreted from macrophages that pass apoptotic cells to

phagocytes. MFG-E8, but not Del-1, is expressed in the tingible-body macrophages at the

germinal centers of the second lymphoid tissues. MFG-E8-deficient mice carry many unen-

gulfed apoptotic cells in the germinal centers of the spleen, and develop a lupus-like autoim-

mune disease. In this review, we discuss the importance of the MFG-E8-mediated clearance

of apoptotic cells in the prevention of autoimmune diseases.

Copyright © 2006 S. Karger AG, Basel

Factors Involved in the Engulfment of Apoptotic Cells

Billions of cells undergo apoptosis in our bodies every day, and must be

rapidly removed to maintain the integrity and functions of their surrounding tis-

sues [1, 2]. The clearance of apoptotic cells is mainly mediated by professional

phagocytes (macrophages and immature dendritic cells), which recognize ‘eat

me’ signals exposed on the apoptotic cells [3, 4]. Among many proposed mole-

cules, the best characterized candidate for ‘eat me’ signals is phosphatidylserine

[5]. Phosphatidylserine is a component of the cell plasma membrane, and is
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kept exclusively on the inner leaflet of the lipid bilayer in healthy cells by

a putative ATP-dependent aminophospholipid translocase [6]. When cells

undergo apoptosis, phosphatidylserine is quickly exposed on the outer leaflet of

the dying cells via a mechanism that has not been well characterized [6]. When

the cell surface is replete with phosphatidylserine, the cells can be recognized

by phagocytes as targets to be engulfed [7]; thus, phosphatidylserine fulfills the

criteria for an ‘eat me’ signal.

A number of molecules have been proposed as the receptor for phos-

phatidylserine on apoptotic cells. These are the scavenger receptor and LDL

receptor [8, 9], which are expressed on phagocytes, and several soluble proteins

[�2-glycoprotein, growth-arrest specific protein 6 (Gas 6) and milk fat globule

EGF factor 8 (MFG-E8)] that bridge apoptotic cells and phagocytes [10–12].

A molecule called ‘phosphatidylserine receptor (PSR)’ was identified by Fadok

et al. [13]. PSR-deficient mice die as embryos, and two groups claim that these

mice have a defect in the engulfment of apoptotic cells [14, 15]. On the other

hand, Bose et al. [16] also established PSR-deficient mice, and reported with

more convincing data that the PSR-deficient macrophages have no defect in the

engulfment of apoptotic cells. PSR has no clear transmembrane domain and a

very low affinity for phosphatidylserine. It has significant homology to the

‘Jumonji’ chromatin remodeling factor [17], which regulates mouse develop-

ment. It is likely that the lethality of the PSR-deficient mice is due to defects in

embryogenesis, and not to failure to engulf the apoptotic cells per se.

MFG-E8 and Developmental Endothelial Locus-1

The engulfment of apoptotic cells co-cultured with macrophages has been

assayed by counting the number of labeled or unlabeled apoptotic cells inside

the macrophages. However, we noticed that apoptotic dying cells often stick to

the macrophages, and it is not easy to distinguish the cells inside macrophages

from those attached to them.

Caspase-activated DNase (CAD) is essential for apoptotic DNA degrada-

tion in dying cells [18]. CAD-deficient cells do not undergo DNA fragmenta-

tion, but their DNA is cleaved when the dying cells are phagocytosed [19].

Using this knowledge, we established an assay system for the engulfment of

apoptotic cells by macrophages [11]. Thymocytes from CAD-deficient mice

were induced to undergo apoptosis and used as prey for macrophages. The gen-

eration of TUNEL-positive DNA in macrophages was then quantified by flow

cytometry. We used this assay to screen a library of monoclonal antibodies

(mAb) that reacted with thioglycollate-elicited peritoneal macrophages for the

mAbs’ ability to affect the engulfment. One mAb enhanced the engulfment of
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apoptotic cells by peritoneal macrophages, and the purification of its antigen

showed it to be a protein called MFG-E8 [11].

MFG-E8 was originally identified as a surface protein of mammary

epithelial cells [20]. It is a secreted glycoprotein that consists of a signal

sequence, two epidermal growth factor (EGF) domains, a proline/threonine

(PT)-rich domain, and two factor-VIII-homologous domains (C1 and C2)

(fig. 1). An RGD (arginine-glycine-aspartate) motif that can be recognized by

some members of the integrin family [21] is present in the second EGF domain.

Mice have two MFG-E8 variants (MFG-E8L and MFG-E8S); the PT-rich

domain is missing in MFG-E8S [22]. It seems that human has only one variant,

which corresponds to mouse MFG-E8S [23; Miyasaka, unpubl. results]. In

database searches for molecules homologous to MFG-E8, a protein called

‘developmental endothelial locus-1 (Del-1)’ [24] was identified [25]. It has an

Fig. 1. Linking of apoptotic cells to phagocytes by MFG-E8. The structure of MFG-E8

is shown schematically. MFG-E8 is a secreted glycoprotein with two EGF domains (contain-

ing an RGD motif) and two factor VIII homologous domains (C1 and C2). It binds to phos-

phatidylserine on apoptotic cells via the C1 and C2 domains, while it binds to integrins on

phagocytes via the EGF domains. Thus, it works as a bridge between apoptotic cells and the

macrophages, stimulating engulfment of apoptotic cells.
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identity of about 50% with MFG-E8 at the amino acid level, and is expressed in

the endothelial cells of the fetus, particularly in the heart.

Recombinant MFG-E8 and Del-1 bind apoptotic cells but not healthy ones.

Like other members of the discoidin family, to which MFG-E8 and Del-1

belong, MFG-E8 and Del-1 bind phosphatidylserine through their C1 and

C2 domains. MFG-E8 and Del-1 have a high affinity for phosphatidylserine

with a dissociation constant (Kd) of 2 nM, and have no affinity for other

phosphoglycerolipids, including phosphatidylinositol, phosphatidylcholine,

and phosphatidylethanolamine. When MFG-E8 and Del-1 are bound to phos-

phatidylserine, they also bind �v�3 or �v�5 integrins on phagocytes through

their RGD motif in the second EGF domain. Thus, MFG-E8 and Del-1 work as

a bridge between apoptotic cells and phagocytes. In fact, when mouse fibroblast

NIH3T3, which do not phagocytose apoptotic cells, are engineered to express

�v�3 integrins, they efficiently engulf apoptotic cells in the presence of MFG-

E8 or Del-1 (fig. 2). Integrins are known to activate small G proteins such as

Rac and Rho [26]. We and others recently found that the MFG-E8-stimulated

Fig. 2. MFG-E8-dependent engulfment of apoptotic cells. Thymocytes from CAD-

deficient mice were induced to undergo apoptosis by treating for 4 h with dexamethasone.

Mouse NIH3T3 cell transformants expressing �v�3 integrins were co-cultured with the apop-

totic thymocytes in the absence (control) or presence of 0.1 �g/ml of MFG-E8, Del-1 or an

MFG-E8 mutant carrying the Asp to Glu replacement at amino acid 89.

Control MFG-E8

Del-1 RGD       RGE
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phagocytosis of apoptotic cells is mediated by a signal cascade involving

CrkII/Dock180/Rac1 [27; Nakaya, unpubl. results].

Expression of MFG-E8 in a Distinct Set of Macrophages

In addition to mammary epithelial cells, MFG-E8 is abundantly expressed

in thioglycollate-elicited peritoneal macrophages [11]. As expected, the thiogly-

collate-elicited macrophages from MFG-E8-deficient mice have a reduced abil-

ity to engulf apoptotic cells. Immature dendritic cells are another kind of

professional phagocytes that engulf apoptotic cells. Bone marrow-derived

immature dendritic cells, generated by culturing bone-marrow cells in the pres-

ence of granulocyte-macrophage colony-stimulating factor (GM-CSF), expre-

ssed at least 30 times more MFG-E8 than bone marrow-derived macrophages

[28], and their ability to engulf apoptotic cells was severely reduced by a lack of

MFG-E8. Langerhans cells, immature dendritic cells of the skin, also expressed

MFG-E8 abundantly, although the physiological role of MFG-E8 in the

Langerhans cells is not clear.

The secondary lymphoid organs, such as the spleens and lymph nodes,

contain many different subsets of macrophages, as regards their expression of

CD68, F4/80 and MOMA-1 [29]. MFG-E8 is specifically expressed in ‘tingible-

body macrophages’ [macrophages carrying stainable bodies (nuclei)], which

are CD68-positive macrophages present in the germinal centers of the spleen

and lymph nodes. In response to antigens, B lymphocytes are activated at the

germinal centers of the spleen and lymph nodes, proliferate, and mature into

plasma cells that produce antibody [30]. In this process, B lymphocytes that

have low affinity for the antigen are also activated, and they undergo apoptosis.

Tingible-body macrophages have been thought to be responsible for engulfing

these apoptotic B cells [31]. However, the molecular mechanism underlying

how the tingible-body macrophages recognize and engulf apoptotic cells has

been elusive.

MFG-E8-Mediated Clearance of Apoptotic Cells in 
Germinal Centers

MFG-E8-deficient mice are normal at birth. However, as they grow older,

MFG-E8-deficient mice develop splenomegaly with enlarged white pulp and

numerous germinal centers [32]. Many IgG-producing plasma cells are found at

the marginal zone of the enlarged germinal centers. The tingible-body macro-

phages in the germinal centers are associated with TUNEL-positive apoptotic



MFG-E8-Dependent Clearance of Apoptotic Cells 167

cells, which is in contrast to few or no TUNEL-positive cells found in the tingi-

ble-body macrophages in wild-type mice. An electron microscopy analysis

indicated that the wild-type tingible-body macrophages carry many apoptotic

condensed nuclei inside themselves. In contrast, most of the apoptotic cells

associated with MFG-E8-deficient macrophages lie outside of the cells. It seems

that tingible-body macrophages without MFG-E8 can recognize apoptotic cells,

but cannot engulf them.

Hoffmann et al. [33] proposed a ‘tethering and tickling’ two-step model for

the phagocytosis of apoptotic cells. In this model, apoptotic cells are first teth-

ered to macrophages via a specific ligand-receptor pair, followed by the tickling

step, which causes the engulfment of the apoptotic cells. Accumulation of unen-

gulfed apoptotic cells on the MFG-E8-deficient tingible-body macrophages

suggests that MFG-E8 is involved in the tickling step of the engulfment.

Some unidentified molecules seem to be involved in the tethering step for

MFG-E8-mediated engulfment of apoptotic cells. We recently showed with one

mouse macrophage cell line that the interaction of CD47 expressed on apop-

totic target cells with SHPS-1 expressed on macrophages is essential for the

phosphatidylserine-mediated engulfment of apoptotic cells [34]. However,

CD47 is exposed on the cell surface not only of apoptotic cells but also of living

cells, and it is not clear how CD47 is involved in the tethering step of apoptotic

cells to macrophages.

Development of Autoimmune Disease in 
MFG-E8-Deficient Mice

Engulfment of apoptotic cells has been regarded as a process that prevents

the release of noxious and antigenic materials from dying cells, thus preventing

the development of autoimmune diseases [35]. In fact, MFG-E8-deficient mice,

which have defects in the engulfment of apoptotic cells, develop autoimmune

diseases of the systemic lupus erythematosus (SLE) type. At the age of 40

weeks, MFG-E8-deficient mice produce a large quantity of anti-double stranded

DNA and anti-nuclear antibodies (fig. 3). They develop glomerulonephritis

from a massive deposition of immunoglobulins in the glomeruli, and suffer

from proteinuria. As has been seen in other animal models of autoimmune dis-

eases and human SLE patients [36], the female mice have more severe pheno-

types than the male mice. This phenotype does not depend on the mouse

background genes. That is, severe glomerulonephritis can be found in MFG-

E8-deficient mice with a mixed background from the 129 and C57BL/6 strains,

and in mice with the C57BL/6 background [37], indicating that the develop-

ment of autoimmune diseases is an intrinsic phenotype caused by the lack of
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MFG-E8. Furthermore, when B lymphocytes are activated by immunizing the

mice with keyhole limpet hemocyanin (KLH), MFG-E8-deficient female mice,

even young ones, quickly generate anti-nuclear antibody. These results confirm

that if apoptotic cells, in this case B lymphocytes activated in the germinal cen-

ters, are not efficiently engulfed by macrophages, the animals will develop

autoimmune diseases.

Conclusion and Perspective

Although many cells undergo apoptotic cell death in our bodies, it is not

easy to detect the dying cells in situ. This is because apoptotic cells are swiftly

engulfed by phagocytes. It seems that immediately after cells are triggered to

undergo apoptosis, they are recognized by phagocytes and engulfed. Thus, most

of the morphological and biochemical changes of apoptotic cells seem to occur

in the phagocytes, which may block the access of the immune system to the

intracellular materials that can be exposed on apoptotic cell surfaces [38]. The

administration of apoptotic cells to non-autoimmune mice induces the transient

production of anti-phospholipid autoantibodies [39]. A mutant of MFG-E8

Fig. 3. Production of autoantibody in MFG-E8-deficient mice. The titers of the

double-stranded DNA-specific antibody (anti-dsDNA, left) and antinuclear antibody (ANA,

middle) in the serum of male and female mice at 10 or 40 weeks are plotted. W � Wild-type

mice; K= MFG-E8-deficient mice. Right panel: 10-week-old MFG-E8�/� (WT) and MFG-

E8�/� (KO) mice were immunized twice with keyhole limpet hemocyanin (KLH), and the

ANA titer was determined at day 20.
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in which the RGD-integrin binding motif is changed to RGE binds to

phosphatidylserine but not to integrins on macrophages, and can mask the

phosphatidylserine exposed on the surface of apoptotic cells [11]. Thus, when

apoptotic cells are administered to mice after being treated with the RGE

mutant of MFG-E8, the production of autoantibodies (anti-cardiolipin and anti-

phosphatidylserine) and the development of glomerulonephritis are greatly

enhanced [40], confirming that the phosphatidylserine-dependent engulfment

of apoptotic cells plays a role in preventing the development of autoimmune

diseases.

Several mouse model systems for lupus-like autoimmune diseases have

been developed using gene-knockout mice [35]. Among them, mice deficient in

C1q show an autoimmune phenotype similar to that of the MFG-E8-deficient

mice [41]. C1q, a member of the collectin family, is the first component of

complement, and binds to the immune complex to clear it. It seems that the lack

of C1q causes accumulation of the immune complex, which is deposited on the

glomeruli causing glomerulonephritis. Involvement of C1q in the engulfment

of apoptotic cells has been suggested [42]. However, C1q binds to apop-

totic cells late in apoptosis, in an IgM-dependent manner, suggesting that the

Clq-mediated engulfment of apoptotic cells is a backup system [43, 44].

Thus, we think that the MFG-E8-deficient mice are the best model for the

autoimmune disease caused by the failure of macrophages to engulf apop-

totic cells. Monocyte-derived macrophages or tingible-body macrophages at

the germinal centers from SLE patients often have an impaired ability to engulf

apoptotic cells [45, 46]. It will be interesting to examine whether MFG-E8 or its

related molecules are properly expressed in these SLE patients.

How does the inefficient engulfment of apoptotic cells lead to autoimmune

responses? When apoptotic cells are left unengulfed, they undergo secondary

necrosis, and their cellular contents are released. These cellular components are

ingested by macrophages or dendritic cells, and their antigens may be pres-

ented, triggering the immune reaction. In another scenario, autoreactive B cells

recognizing DNA or chromatin are known to be present in normal mice as

inferred from the Fas-deficient lpr mice [47]. These B cells have a low affinity

for the antigens, and remain quiescent. However, when DNA or chromatin is

released from dying cells, it may activate these B cells to produce a large

amount of autoantibodies (fig. 4) [48]. The release of cellular contents often

activates the inflammatory responses, which may further enhance the develop-

ment of autoimmune diseases. In any case, the development of autoimmune

diseases in MFG-E8-deficient mice provides strong evidence that apoptotic

cells must be cleared rapidly to prevent these diseases. We hope that the charac-

terization of MFG-E8-deficient mice will contribute to the understanding of the

molecular mechanism of human autoimmune diseases.
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Abstract
Systemic lupus erythematosus (SLE) is characterized by a diverse array of autoantibod-

ies, particularly against nuclear antigens, thought to derive from apoptotic and necrotic cells.

Impaired clearance functions for dying cells may explain accumulation of apoptotic cells in

SLE tissues, and secondary necrosis of these cells may contribute to the chronic inflammation

in this disease. The exposure of phosphatidylserine (PS) and altered carbohydrates on dying

cells are important recognition signals for macrophages. Furthermore, serum factors such as

complement, DNase I, pentraxins (e.g. C-reactive protein) and IgM contribute to efficient

opsonization and uptake of apoptotic and necrotic cells. Defects in these factors may impact

the development of SLE in humans and mice in a variety of ways. We observed impaired

clearance of apoptotic cells in lymph nodes and skin biopsies of humans with lupus, as well as

intrinsic defects of macrophages differentiated in vitro from SLE patients’ CD34� stem cells,

demonstrating that apoptotic cells are not properly cleared in a subgroup of patients with SLE.

This altered mechanism for the clearance of dying cells may represent a central pathogenic

process in the development and acceleration of this autoimmune disease.

Copyright © 2006 S. Karger AG, Basel

The immune system is a crucial element in all biologic systems. It invokes

an effective defense against invading pathogens or tumor cells and at the same

time discriminates self from non-self to avoid autoimmunity. Genes and envi-

ronmental factors play important roles in the pathogenesis of autoimmune dis-

eases, which can affect almost any organ or body system.

In this article, we will focus on the autoimmune disease, systemic lupus

erythematosus (SLE). What are the self antigens in this disease and how are
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they rendered accessible to the immune system? Chromatin and nuclear pro-

teins are the primary targets for autoantibodies in SLE [1]. Therefore, protec-

tion from these autoantigens requires a fast and efficient removal of dying cells

and their remnants.

Dying Cells Modulate the Immune Response

Cells can die via two main pathways, i.e. apoptosis and necrosis. Because

apoptotic cells can maintain their membrane integrity for a limited time, their

immediate clearance by neighboring cells ensures that no inflammation occurs.

The recognition and uptake by macrophages of apoptotic cells leads to the

release of anti-inflammatory signals such as IL-10 and TGF-�, and to the sup-

pression of inflammatory mediators such as IL-12 or TNF-� [2, 3]. Never-

theless, some cells dying via programmed cell death become accessible to

dendritic cells and tolerance is induced, since the antigenic peptides are pre-

sented without co-stimulation. In contrast, primary necrotic cells induce

inflammation and immune reactions, and are characterized by enlargement of

cells and their organelles causing cell membrane disintegration. Apoptotic cells

also lose membrane integrity upon entry into the late stages of apoptosis, and

are often referred to as secondary necrotic cells. It has been shown that the high

mobility group B1 (HMGB1) protein, which is immobilized on the chromatin

of apoptotic cells, remains so even under conditions of secondary necrosis. In

contrast, in the case of primary necrosis, HMGB1 is released and acts as an

inflammatory cytokine [4, 5]. Therefore, primary and secondary necrotic cells

display different inflammatory signals with a stronger proinflammatory

response of the former.

Clearance of Dying Cells

Several receptors and adaptor molecules are involved in the recognition

and uptake of dying cells by phagocytes [reviewed in 6]: Collectin receptors,

calreticulin/CD91, Fc� receptors, c-Mer, the �2-glycoprotein-1 receptor, inte-

grins such as �v�3, lectins, CD14, ABC transporters, scavenger receptors

including CD36, and an inconclusively identified phosphatidylserine (PS)

receptor recognized and blocked by the monoclonal antibody mAb 217G8E9.

The vast redundancy of ligands, receptors, and bridging molecules between

dying cells and phagocytes points out the importance of an efficient recognition

and clearance system, exemplified by the fact that 8 of 14 genes regulating

apoptosis in Caenorhabditis elegans are necessary for the engulfment process [7].
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The receptors and ligands responsible for clearance of apoptotic cells are dis-

cussed elsewhere in this volume so that only a few key points will be mentioned

here.

Phosphatidylserine as a Recognition Signal for Phagocytes

The exposure of PS on the outer leaflet of apoptotic and necrotic cells is an

important primary signal recognized by phagocytes [8]. However, there are also

viable PS-exposing cells (e.g. activated B cells, monocytes) that are not phago-

cytosed. To illuminate this controversial feature of PS exposure, we analyzed

the binding of annexin V (AxV), a protein that specifically binds to PS, to

viable and dying monocytes, and demonstrated a cooperative AxV interaction

with dying (apoptotic and necrotic) monocytes. Conversely, AxV binds to

viable monocytes without co-operation [9], suggesting that cell membranes of

dying cells have a higher lateral mobility of PS, and that AxV requires a critical

density or clustering of PS molecules. It is also possible that AxV requires an

undefined co-factor only present on dying cells.

The recognition of exposed PS triggers the release of immunosuppressive

cytokines, which quench inflammation and prevent the maturation of antigen

presenting DC. Because the immunosuppression induced by PS-dependent

clearance might represent a major obstacle to immunization against cancer

cells, we analyzed whether apoptotic cell immunogenicity could be restored by

blocking their PS-dependent clearance, and demonstrated that this was the case

[10]. Moreover, treatment with AxV decreased apoptotic cell uptake by peri-

toneal macrophages and concomitantly increased apoptotic cell uptake by

CD8�/11c� DC. Vaccination with AxV-treated irradiated tumor cells aug-

mented tumor rejection [11]. We suggest that the impaired clearance of the

dying tumor cells enhances the immune response.

Altered Carbohydrates as a Recognition Signal for Phagocytes

Recognition of PS is a major factor in the phagocytosis of apoptotic cells,

but there are many other membrane alterations during apoptotic cell death that

lead to the recognition of apoptotic cells by additional adaptor molecules.

Examples of those molecules are: the complement component C1q, surfactant

protein A (SPA) and D (SPD), the long pentraxin PTX3, and CRP as discussed

elsewhere in this volume. Carbohydrate-binding proteins (lectins) also play a

role in the innate immune system. Two decades ago, it was suggested that

lectin-like molecules on the surface of phagocytes recognize changes in the
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cell-surface carbohydrates of cells undergoing apoptosis [12]. Galactose- and

mannose-specific receptors are considered to be important to the recognition of

dying cells [13]. Certain lectins, such as ficolin and the mannose-binding

lectin, have been described to bind and opsonize apoptotic cells and enhance

their uptake [14, 15]. However, the exact role of altered carbohydrates in the

apoptotic clearance process remains elusive. We observed an increased binding

of lectins specifically recognizing mannose-, N-acetylglucosamine- and

fucose-containing epitopes to apoptotic and necrotic cells [16]. The expression

of these modified sugar moieties displayed delayed kinetics compared to PS

and represents a major membrane alteration preceding secondary necrosis.

Therefore, the exposure of modified sugars may represent a further back-up

mechanism for clearance for apoptotic cells that had escaped the early PS-

dependent phagocytosis by macrophages.

Serum Factors Involved in the Clearance Process

Complement and DNase I
It has long been known that deficiencies in early complement proteins,

especially C1q and C4, often lead to the development of human SLE [17, 18].

We and others have shown that complement is important for the removal of

apoptotic cells in vitro and in vivo [19–23]. Furthermore, we observed a domi-

nant co-operation of DNase I and C1q in the clearance of necrotic cell-derived

chromatin in human serum [24]. C1q did not increase the DNase activity for the

digestion of free DNA, indicating the action of an indirect mechanism during

digestion of necrotic cell-derived chromatin. Two alternative possibilities for

the acceleration of the DNase activity by C1q can be hypothesized: (1)

Analogous to SAP [25], C1q increases the access of DNase to the DNA of the

nucleoprotein complex in the chromatin of necrotic cells. (2) C1q interferes

with the immobilization of DNase by components of the actin cytoskeleton [26,

27]. We have examined sera obtained from autoimmune patients with regard to

their capability to degrade necrotic cell-derived chromatin. A significant reduc-

tion of DNase I activity in sera of patients with SLE and with rheumatoid arthri-

tis (RA) in comparison to normal healthy donors (NHD) was observed. Most

interestingly, SLE sera showed a strongly reduced degradation capacity of

necrotic cell-derived chromatin in comparison to RA sera and NHD sera [own

unpubl. data]. This might be due to the reduced complement activity detected in

the sera of SLE patients. We conclude that an additional protection from chro-

matin implicated in the development of autoimmune disorders such as SLE can

be achieved by the C1q and DNase I-dependent degradation of chromatin and

the C1q-dependent uptake of the degraded chromatin [24].
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Pentraxins
Pentraxins are highly conserved cyclic pentamers that also play a role in

several clearance processes. PTX3 is the prototypic long pentraxin, structurally

related to the short pentraxins, C-reactive protein (CRP) and serum amyloid P

component (SAP) [28]. CRP is the prototypical acute-phase reactant in humans

and a component of the innate immune system. Once bound, CRP induces com-

plement activation via the classical pathway, which, in turn, triggers the influx of

neutrophils, decorates the surfaces of several ligands with opsonizing comple-

ment fragments and enhances phagocytosis of material that has bound CRP and

complement. CRP also interacts with Fc� receptors on phagocytic cells and acts

as an opsonin. CRP binds to nuclear constituents of apoptotic and necrotic cells

that are targeted by autoantibodies of SLE patients [29]. Recently, it has been

shown that human-derived CRP suppressed kidney inflammation in NZB/W F1

mice [30], suggesting an immune modulatory effect of CRP in addition to its

ability to act as an opsonin for apoptotic and necrotic cells [reviewed in 31].

IgM
Natural IgM antibodies have also been shown to bind to dying cells and to

play an important role in their opsonization by complement [32]. IgM antibod-

ies are necessary for the C1q-dependent uptake of apoptotic thymocytes by

murine bone-marrow-derived macrophages [33].

Deficiencies in molecules implicated in the disposal of effete cells may

promote the development of lupus. Molecules such as DNase I, CRP, C1q,

MBL, IgM and others digest, mask, and opsonize autoantigens and cellular

debris and promote their clearance.

Systemic Autoimmunity in Humans and 
Mice – Similarities and Differences

SAP is the major acute-phase reactant in mice, whereas CRP plays this role

in humans. Mice with targeted deletion of the SAP gene spontaneously develop

autoimmunity, show enhanced anti-DNA responses to immunization with extrin-

sic chromatin, and develop a severe SLE-like syndrome [34]. However, this

strong effect may also depend on background genes located on the chromosome 1

[35, 36]. Very severe SLE is caused by C1q deficiency in humans [37], but it

induces only a mild form of autoimmunity in mice. Deficiency of the Fas path-

way invariably causes mild autoimmunity (anti-lymphoproliferative syndrome;

ALPS) in humans [38] but a severe form of SLE-like disease in mice on the

MRL background. As mentioned above, DNase I co-operates with C1q for the

degradation of extracellular chromatin in humans, similar to the murine system
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wherein plasmin and DNase I have been shown to co-operatively serve this func-

tion [39]. In contrast to gene-targeted mice, the development of autoimmunity in

humans and spontaneous mouse lupus models is mostly polygenic and of low

penetrance. However, the genetic background also strongly influences the devel-

opment of autoimmunity in mice. The accumulation of late apoptotic cells,

debris, or chromatin seems to be associated with anti-nuclear autoimmunity in

humans and mice, but the pathways involved may differ (table 1).

Impaired Clearance of Apoptotic Cells in 
Germinal Centers of some SLE Patients

Impaired clearance of dying cells may explain the accumulation of apop-

totic, and subsequently of secondary necrotic, cells in tissues of SLE patients

[40, 41]. We analyzed lymph node biopsies from such patients to determine

whether a defect in engulfment of apoptotic cell material can also be observed in

germinal centers (GC). A characteristic feature of the GC is the presence of spe-

cialized phagocytes, usually referred to as tingible-body macrophages (TBM).

Under normal conditions, TBM efficiently remove apoptotic cells in the early

phases of apoptosis. In a subgroup of SLE patients, apoptotic cells were found to

accumulate in the GC of the lymph nodes, and the numbers of TBM usually con-

taining engulfed apoptotic nuclei were significantly reduced. In contrast to con-

trols, apoptotic material was observed associated with the surfaces of follicular

dendritic cells (FDC) [42] (fig. 1). In the case of the GC, it is of major

Table 1. Anti-nuclear autoimmunity in humans and mice

Humans
C1q deficiency causes severe SLE

CRP is the major acute phase reactant

Deficiency of the Fas pathway causes a mild autoimmunity (ALPS)

DNase-I co-operates with C1q for the degradation of extracellular chromatin

Penetrance is low

Mostly polygenic

Mice
C1q deficiency induces mild autoimmunity

SAP is the major acute phase reactant

Deficiency of the Fas pathway causes a SLE-like disease in MRL mice

DNase-I co-operates with plasminogen for the degradation of extracellular chromatin

Penetrance is high (inbred)

Models often monogenic depending on background genes
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importance to remove potential autoantigens that could otherwise serve as anti-

gen for affinity maturation of autoreactive B cells [43]. FDC may serve as

autoantigen repositories in the case of clearance failure. Accumulated nuclear

debris may consecutively activate complement, resulting in opsonization and

binding to the complement receptors of FDC. In accordance with the extremely

low phagocytic activity of FDC [44], the nuclear material on the surfaces of

FDC remains accessible to autoreactive B cells. Therefore, we propose that ANA

induction, at least in one subgroup of SLE patients, results from inadequate

clearance of GC apoptotic centrocytes in the early phase of apoptosis, either due

to impaired phagocytic activity or the absence of TBM. Apoptosis can progress

and the cells can enter the late stages of apoptotic cell death, including sec-

ondary necrosis. In this state, activation of the classical complement cascade

may result in deposition of C3b on cell surfaces. Via C3b and its fragments, the

apoptotic cells and nuclear debris bind to CR2/CD21 on FDC. These comple-

ment receptors are necessary for the generation of an antigen-specific IgG

response [45]. The disintegrated membranes of apoptotic cells permit access to

potential intracellular autoantigens, and the latter can consequently provide a

short-term survival signal for those B cells that have accidentally gained a B cell

receptor that is reactive with nuclear antigens during the random process of

somatic mutation. Taken together, nuclear autoantigens bound to FDC may pro-

vide a survival signal for autoreactive B cells, thereby overriding an important

initial control mechanism of B cell tolerance (fig. 2).

Fig. 1. Apoptotic nuclei are associated with follicular dendritic cells (FDC) in lymph

nodes from some systemic lupus erythematosus (SLE) patients. Apoptotic nuclei ingested by

tingible-body macrophages are marked with a white arrowhead. Un-ingested apoptotic

nuclear material decorating the surfaces of FDC is marked with black arrows. Free apoptotic

material is marked with black arrowheads. Scale bar � 50 �m.

Non-SLE SLE
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Fig. 2. Fate of B cells that have acquired autoreactivity against nuclear material during

somatic hypermutation in germinal centers (GC) of normal healthy donors (NHD) and

patients with systemic lupus erythematosus (SLE). Affinity maturation of B cells is dependent

on T cell help (1) and takes place in the GC of secondary lymphoid organs. In the dark zone

(DZ) of GC, surface immunoglobulin-negative B cells proliferate as large centroblasts (CB).

After a few divisions, centroblasts stop cycling and express surface immunoglobulin. Somatic

hypermutation of the B cells occurs and autoreactive B cells against nuclear material can be

generated randomly (2). The B cells enter the light zone (LZ) of the GC and contact antigen

bound to follicular dendritic cells (FDC) (3). Usually, antigen is bound to the surface of FDC

as an opsonized immune complex (IC). A lack of antigen or somatic mutations of the B cell

receptor lead to reduced affinity for the antigen, and the B cells do not receive the necessary
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survival signals and rapidly undergo apoptosis (4). Apoptotic B cells are normally removed

immediately (5) by specialized phagocytes referred to as tingible-body macrophages (TBM).

In the case of SLE, the number of TBM containing engulfed apoptotic nuclei is significantly

reduced, and uningested apoptotic debris, including potential autoantigens, becomes coated

with the complement component C3d. Similar to IC, opsonized apoptotic debris binds to com-

plement receptor2/CD21 on FDC (6). Survival signals for autoreactive B cells (ANA) are con-

secutively provided (7). Positively selected B cells survive, leave the GC (8), and migrate into

the mantle zone, where they must interact with CD4� T lymphocytes in a cognate manner to

receive further co-stimulation (9). The cells can now differentiate into either anti-nuclear

autoantibodies (ANA)-secreting plasma cells (10) or memory cells (11), respectively.

Impaired Clearance of Apoptotic Cells in the Skin of Patients 
with Cutaneous Forms of Lupus erythematosus

Cutaneous lupus erythematosus (CLE) defines a wide spectrum of clinical

manifestations with variable evolutions and is increasingly being recognized as

more common disease than previously thought [46]. The skin has not received the

experimental attention of other organ systems, and the pathogenesis of skin lesion

formation in CLE remains poorly understood. The preferential involvement of

sun-exposed areas and the induction of skin lesions after solar or artificial UV

irradiation suggest that photoexposure is an important element in the pathogene-

sis of CLE [47, 48]. It has been proposed that UV exposure might cause exacer-

bation of local and systemic autoimmunity by inducing changes in the expression

and binding of keratinocyte autoantigens [49–51]. Furthermore, Casciola-Rosen

et al. [1] have demonstrated autoantigen clustering at the cell surface of cultured

keratinocytes with UV-irradiation-induced apoptotic changes. Translocation of

autoantigens to the cell surface of apoptotic blebs may allow circulating autoanti-

bodies to gain access to these autoantigens, which are usually sequestered inside

the cells. Antibody binding to the exposed antigens is proposed to result in tissue

injury by complement or inflammatory cells [52], which may be especially

important if the anti-inflammatory clearance of apoptotic cells is impaired or

delayed and the apoptotic cells consecutively undergo secondary necrosis [2, 53].

Using in situ labeling methods for the detection of DNA strand breaks, an

increased number of apoptotic keratinocytes in primary lesions of CLE patients

compared with controls has been described [54–56]. Our group demonstrated that

a significant increase of apoptotic nuclei was also found in lesional skin biopsy

specimens after provocative phototesting of patients with CLE [57]. Tissue sec-

tions taken 1 day after a single UV exposure showed an increased number of epi-

dermal apoptotic nuclei in controls compared with tissue from CLE patients taken

under the same conditions before lesion formation. In sections collected 3 days

after irradiation, a significant decrease of the apoptotic nuclei count was observed

in controls consistent with proper clearance of apoptotic cells 1–3 days after UV
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exposure. In striking contrast, the majority of CLE patients showed a significant

increase in the number of apoptotic nuclei in this period, suggesting that late apop-

totic cells accumulate in the skin of a subgroup of CLE patients. Analogous to the

clearance defects in apoptotic cells and the consecutive accumulation of apoptotic

nuclei reported for SLE patients [40–42, 58], we propose that impaired or delayed

clearance of apoptotic cells occurs in the skin of most CLE patients. Consequently,

this condition may result in the accumulation of high numbers of apoptotic cells

that undergo secondary necrosis and cause local tissue inflammation [59, 60].

Intrinsic Clearance Defects in SLE

Impaired clearance of dying cells is thought to play an essential role in the

pathogenesis of autoimmune diseases. As discussed above, factors extrinsic to

phagocytic cells may play a role in the reduced uptake of dead and dying cells in

SLE. For example, the hereditary C1q deficiency shows many typical character-

istics of human SLE disease and provides the strongest proof of the importance

of this complement protein in the pathogenesis of autoimmunity against nuclear

structures [61]. However, many findings support the hypothesis that monocytes

and macrophages from SLE patients have intrinsic defects. We found impaired

uptake of apoptotic cells and cellular debris by monocyte-derived macrophages

from SLE patients independent of serum factors [40], and others have reported

that monocytes from SLE patients display decreased macrophage density in

vitro, are altered in phenotype and function, show an abnormal differentiation

and altered expression of cell surface molecules [62, 63].

We analyzed the phagocytic potency of macrophages differentiated from

CD34� stem cells derived from the peripheral blood of SLE patients or con-

trols, respectively, and found similar proliferation of the stem cells in vitro.

However, differentiation into macrophages was reduced in some SLE stem cell

cultures. Fewer macrophages differentiated from CD34� stem cells. Some SLE

stem cell-derived macrophages were smaller, showed a strongly reduced adher-

ence, died earlier and had a reduced phagocytic capacity [64].

In patients with SLE phagocytic defects were observed in multiple cell

types: monocytes, macrophages, granulocytes, and phagocytes derived from in

vitro cultivated CD34� stem cells. We further examined in vitro the uptake of

various particles by macrophages and granulocytes derived from SLE patients

and NHD. Macrophages and/or granulocytes of some SLE patients showed a

strongly reduced uptake of albumin-coated beads, immunoglobulin-coated

beads, apoptotic and necrotic cells as well as degraded chromatin. Very impor-

tantly, phagocytes from different SLE patients showed in part different defects.

The phagocytic defects observed were therefore heterogeneous.
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These results further support the notion that intrinsic defects of phagocytes

from SLE patients, combined with extrinsic defects, contribute to the impaired

clearance of dying cells frequently observed in such patients.

Conclusion

The early recognition and engulfment of apoptotic cells is necessary to

avoid cells entering into the late stages of apoptosis. Characteristic membrane

changes of apoptotic cells such as exposure of oxidized molecules, PS, and mod-

ified sugar structures, serve as ‘eat-me’ signals of apoptotic cells prior to apop-

totic cell disintegration. Several receptors on macrophages, as well as bridging

molecules and opsonizing proteins such as complement, CRP, and IgM, normally

contribute to efficient removal of dying cells by phagocytes. Clearance defects

that allow dying cells to accumulate and release danger signals and autoantigens

becoming accessible to generate a pro-inflammatory milieu, ultimately lead to a

chronic autoimmune response (fig. 3). Altered clearance mechanisms for dying

Fig. 3. Impaired clearance of apoptotic cells in SLE patients. Efficient recognition and

uptake of apoptotic cells normally leads to tolerance. In SLE, impaired uptake of apoptotic

cells by macrophages that have in part intrinsic functional defects, leads to loss of tolerance and

fosters autoimmunity (see text for details). CRP � C-reactive protein; DNase I � deoxyri-

bonuclease I; NHD � normal healthy donor; PS � phosphatidylserine; SLE � patients with

systemic lupus erythematosus.
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cells, therefore, represent a central pathogenic process in the development and

acceleration of autoimmune diseases like SLE and CLE.

Acknowledgements

This work was supported by the Interdisciplinary Center for Clinical Research (IZKF)

(projects A4 and N2) at the University Hospital of the University of Erlangen-Nuremberg, by

‘Deutsche Forschungsgemeinschaft’ SFB 643 (project B5), and by the European Commissions

[E.U. (QLK3-CT-2002–02017_APOCLEAR)]. S.F. was supported by a stipend through the

Research Training Grant GK592 from the Deutsche Forschungsgemeinschaft and by intra-

mural funding from the University of Erlangen’s ELAN program. L.M. was supported by the

Programme Alban, the European Union Programme of High Level Scholarships for Latin

America, scholarship ‘E04D047956VE’. This work was also supported by a Heisenberg pro-

fessorship from the German Research Association (DFG) to A. Kuhn (KU 1559/1–1).

References

1 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

1994;179:1317–1330.

2 Voll RE, Herrmann M, Roth EA, Stach C, Kalden JR, Girkontaite I: Immunosuppressive effects of

apoptotic cells. Nature 1997;390:350–351.

3 Fadok VA, McDonald PP, Bratton DL, Henson PM: Regulation of macrophage cytokine produc-

tion by phagocytosis of apoptotic and post-apoptotic cells. Biochem Soc Trans 1998;26:653–656.

4 Scaffidi P, Misteli T, Bianchi ME: Release of chromatin protein HMGB1 by necrotic cells triggers

inflammation. Nature 2002;418:191–195.

5 Rovere-Querini P, Capobianco A, Scaffidi P, Valentinis B, Catalanotti F, Giazzon M, Dumitriu IE,

Muller S, Iannacone M, Traversari C, Bianchi ME, Manfredi AA: HMGB1 is an endogenous

immune adjuvant released by necrotic cells. EMBO Rep 2004;5:825–830. Epub 2004 Jul 23.

6 Hart SP, Smith JR, Dransfield I: Phagocytosis of opsonized apoptotic cells: Roles for ‘old-

fashioned’ receptors for antibody and complement. Clin Exp Immunol 2004;135:181–185.

7 Ellis RE, Jacobson DM, Horvitz HR: Genes required for the engulfment of cell corpses during

programmed cell death in Caenorhabditis elegans. Genetics 1991;129:79–94.

8 Fadok VA, de Cathelineau A, Daleke DL, Henson PM, Bratton DL: Loss of phospholipid asym-

metry and surface exposure of phosphatidylserine is required for phagocytosis of apoptotic cells

by macrophages and fibroblasts. J Biol Chem 2001;276:1071–1077.

9 Appelt U, Sheriff A, Gaipl US, Kalden JR, Voll RE, Herrmann M: Viable, apoptotic and necrotic

monocytes expose phosphatidylserine: Cooperative binding of the ligand annexin V to dying but

not viable cells and implications for PS-dependent clearance. Cell Death Differ 2004;12:12.

10 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 2000;7:911–915.

11 Bondanza A, Zimmermann VS, Rovere-Querini P, Turnay J, Dumitriu IE, Stach CM, Voll RE,

Gaipl US, Bertling W, Poschl E, Kalden JR, Manfredi AA, Herrmann M: Inhibition of phos-

phatidylserine recognition heightens the immunogenicity of irradiated lymphoma cells in vivo.

J Exp Med 2004;200:1157–1165. Epub 2004 Oct 25.

12 Duvall E, Wyllie AH, Morris RG: Macrophage recognition of cells undergoing programmed cell

death (apoptosis). Immunology 1985;56:351–358.



Dying Cells and SLE 185

13 Chionna A, Panzarini E, Pagliara P, De Luca A, Caforio S, Abbro L, Dini L: Hepatic clearance of

apoptotic lymphocytes: Simply removal of waste cells? Eur J Histochem 2003;47:97–104.

14 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 2001;194:781–795.

15 Kuraya M, Ming Z, Liu X, Matsushita M, Fujita T: Specific binding of L-ficolin and H-ficolin to

apoptotic cells leads to complement activation. Immunobiology 2005;209:689–697.

16 Franz S, Gaipl U, Sheriff A, Voll R, Kalden JR, Herrmann M: The role of carbohydrates in the

clearance process of apoptotic cells. Immunobiology 2004;209:449.

17 Meyer O, Hauptmann G, Tappeiner G, Ochs HD, Mascart-Lemone F: Genetic deficiency of C4,

C2 or C1q and lupus syndromes: Association with anti-Ro (SS-A) antibodies. Clin Exp Immunol

1985;62:678–684.

18 Carroll MC: A protective role for innate immunity in systemic lupus erythematosus. Nat Rev

Immunol 2004;4:825–831.

19 Gaipl US, Kuenkele S, Voll RE, Beyer TD, Kolowos W, Heyder P, Kalden JR, Herrmann M:

Complement binding is an early feature of necrotic and a rather late event during apoptotic cell

death. Cell Death Differ 2001;8:327–334.

20 Botto M, Dell’Agnola C, Bygrave AE, Thompson EM, Cook HT, Petry F, Loos M, Pandolfi PP,

Walport MJ: Homozygous C1q deficiency causes glomerulonephritis associated with multiple

apoptotic bodies [see comments]. Nat Genet 1998;19:56–59.

21 Taylor P, Botto M, Walport M: The complement system. Curr Biol 1998;8:R259–R261.

22 Walport MJ, Davies KA, Botto M: C1q and systemic lupus erythematosus. Immunobiology

1998;199:265–285.

23 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 clear-

ance of apoptotic cells in vivo [In Process Citation]. J Exp Med 2000;192:359–366.

24 Gaipl US, Beyer TD, Heyder P, Kuenkele S, Bottcher A, Voll RE, Kalden JR, Herrmann M:

Cooperation between C1q and DNase I in the clearance of necrotic cell-derived chromatin.

Arthritis Rheum 2004;50:640–649.

25 Butler PJ, Tennent GA, Pepys MB: Pentraxin-chromatin interactions: Serum amyloid P component

specifically displaces H1-type histones and solubilizes native long chromatin. J Exp Med

1990;172:13–18.

26 Lazarides E, Lindberg U: Actin is the naturally occurring inhibitor of deoxyribonuclease I. Proc

Natl Acad Sci USA 1974;71:4742–4746.

27 Mannherz HG, Kabsch W, Suck D, Friebel K, Frimmer M: Crystallization of cytoplasmic actin in

complex with deoxyribonuclease I. Biochem J 1985;225:517–522.

28 Gewurz H, Zhang XH, Lint TF: Structure and function of the pentraxins. Curr Opin Immunol

1995;7:54–64.

29 Du Clos TW: C-reactive protein reacts with the U1 small nuclear ribonucleoprotein. J Immunol

1989;143:2553–2559.

30 Rodriguez W, Mold C, Kataranovski M, Hutt J, Marnell LL, Du Clos TW: Reversal of ongoing pro-

teinuria in autoimmune mice by treatment with C-reactive protein. Arthritis Rheum 2005;52: 642–650.

31 Ogden CA, Elkon KB: Single-dose therapy for lupus nephritis: C-reactive protein, nature’s own

dual scavenger and immunosuppressant. Arthritis Rheum 2005;52:378–381.

32 Kim SJ, Gershov D, Ma X, Brot N, Elkon KB: I-PLA(2) activation during apoptosis promotes the

exposure of membrane lysophosphatidylcholine leading to binding by natural immunoglobulin M

antibodies and complement activation. J Exp Med 2002;196:655–665.

33 Quartier P, Potter PK, Ehrenstein MR, Walport MJ, Botto M: Predominant role of IgM-dependent

activation of the classical pathway in the clearance of dying cells by murine bone marrow-derived

macrophages in vitro. Eur J Immunol 2004;35:252–260.

34 Bickerstaff MC, Botto M, Hutchinson WL, Herbert J, Tennent GA, Bybee A, Mitchell DA, Cook

HT, Butler PJ, Walport MJ, Pepys MB: Serum amyloid P component controls chromatin degrada-

tion and prevents antinuclear autoimmunity. Nat Med 1999;5:694–697.

35 Gillmore JD, Hutchinson WL, Herbert J, Bybee A, Mitchell DA, Hasserjian RP, Yamamura K,

Suzuki M, Sabin CA, Pepys MB: Autoimmunity and glomerulonephritis in mice with targeted



Gaipl/Kuhn/Sheriff/Munoz/Franz/Voll/Kalden/Herrmann 186

deletion of the serum amyloid P component gene: SAP deficiency or strain combination?

Immunology 2004;112:255–264.

36 Bygrave AE, Rose KL, Cortes-Hernandez J, Warren J, Rigby RJ, Cook HT, Walport MJ, Vyse TJ,

Botto M: Spontaneous autoimmunity in 129 and C57BL/6 mice: Implications for autoimmunity

described in gene-targeted mice. PLoS Biol 2004;2:E243. Epub 2004 Aug 17.

37 Bowness P, Davies KA, Norsworthy PJ, Athanassiou P, Taylor-Wiedeman J, Borysiewicz LK,

Meyer PA, Walport MJ: Hereditary C1q deficiency and systemic lupus erythematosus. Q J Med

1994;87:455–464.

38 Fisher GH, Rosenberg FJ, Straus SE, Dale JK, Middleton LA, Lin AY, Strober W, Lenardo MJ,

Puck JM: Dominant interfering Fas gene mutations impair apoptosis in a human autoimmune

lymphoproliferative syndrome. Cell 1995;81:935–946.

39 Napirei M, Wulf S, Mannherz HG: Chromatin breakdown during necrosis by serum Dnase1 and

the plasminogen system. Arthritis Rheum 2004;50:1873–1883.

40 Herrmann M, Voll RE, Zoller OM, Hagenhofer M, Ponner BB, Kalden JR: Impaired phagocytosis

of apoptotic cell material by monocyte-derived macrophages from patients with systemic lupus

erythematosus. Arthritis Rheum 1998;41:1241–1250.

41 Herrmann M, Winkler T, Gaipl U, Lorenz H, Geiler T, Kalden JR: Etiopathogenesis of systemic

lupus erythematosus. Int Arch Allergy Immunol 2000;123:28–35.

42 Baumann I, Kolowos W, Voll RE, Manger B, Gaipl U, Neuhuber WL, Kirchner T, Kalden JR,

Herrmann M: Impaired uptake of apoptotic cells into tingible body macrophages in germinal

centers of patients with systemic lupus erythematosus. Arthritis Rheum 2002;46:191–201.

43 Janeway CA: Immuno Biology: The Immune System in Health and Disease. New York, Current

Biology Publications, 1999, pp 339–358, 433–434.

44 Heinen E, Radoux D, Kinet-Denoel C, Moeremans M, De Mey J, Simar LJ: Isolation of follicular

dendritic cells from human tonsils and adenoids. III. Analysis of their Fc receptors. Immunology

1985;54:777–784.

45 Fang Y, Xu C, Fu YX, Holers VM, Molina H: Expression of complement receptors 1 and 2 on fol-

licular dendritic cells is necessary for the generation of a strong antigen-specific IgG response.

J Immunol 1998;160:5273–5279.

46 Kuhn A SR, Ruzicka T: Clinical Manifestations of Cutaneous Lupus erythematosus. Heidelberg,

Springer, 2004, pp 59–93.

47 Kuhn A, Sonntag M, Richter-Hintz D, Oslislo C, Megahed M, Ruzicka T, Lehmann P:

Phototesting in lupus erythematosus: A 15-year experience. J Am Acad Dermatol 2001;45:86–95.

48 Sontheimer RD: Photoimmunology of lupus erythematosus and dermatomyositis: A speculative

review. Photochem Photobiol 1996;63:583–594.

49 Furukawa F, Kashihara-Sawami M, Lyons MB, Norris DA: Binding of antibodies to the

extractable nuclear antigens SS-A/Ro and SS-B/La is induced on the surface of human ker-

atinocytes by ultraviolet light (UVL): Implications for the pathogenesis of photosensitive cuta-

neous lupus. J Invest Dermatol 1990;94:77–85.

50 Golan TD, Elkon KB, Gharavi AE, Krueger JG: Enhanced membrane binding of autoantibodies to

cultured keratinocytes of systemic lupus erythematosus patients after ultraviolet B/ultraviolet A

irradiation. J Clin Invest 1992;90:1067–1076.

51 LeFeber WP, Norris DA, Ryan SR, Huff JC, Lee LA, Kubo M, Boyce ST, Kotzin BL, Weston WL:

Ultraviolet light induces binding of antibodies to selected nuclear antigens on cultured human ker-

atinocytes. J Clin Invest 1984;74:1545–1551.

52 Norris DA: Pathomechanisms of photosensitive lupus erythematosus. J Invest Dermatol

1993;100:58S–68S.

53 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 1998;101:

890–898.

54 Chung JH, Kwon OS, Eun HC, Youn JI, Song YW, Kim JG, Cho KH: Apoptosis in the pathogene-

sis of cutaneous lupus erythematosus. Am J Dermatopathol 1998;20:233–241.

55 Pablos JL, Santiago B, Galindo M, Carreira PE, Ballestin C, Gomez-Reino JJ: Keratinocyte apop-

tosis and p53 expression in cutaneous lupus and dermatomyositis. J Pathol 1999;188:63–68.



Dying Cells and SLE 187

56 Baima B, Sticherling M: Apoptosis in different cutaneous manifestations of lupus erythematosus.

Br J Dermatol 2001;144:958–966.

57 Kuhn A, Herrmann M, Beckmann-Welle M, Fehsel K, Lehmann P, Villalba-Martin A, Krammer P,

Ruzicka T, Kolb-Bachofen V: Accumulation of apoptotic cells in the epidermis of patients with

cutaneous forms of lupus erythematosus. 2005;submitted.

58 Ren Y, Tang J, Mok MY, Chan AW, Wu A, Lau CS: Increased apoptotic neutrophils and

macrophages and impaired macrophage phagocytic clearance of apoptotic neutrophils in systemic

lupus erythematosus. Arthritis Rheum 2003;48:2888–2897.

59 Gaipl US, Brunner J, Beyer TD, Voll RE, Kalden JR, Herrmann M: Disposal of dying cells: A bal-

ancing act between infection and autoimmunity. Arthritis Rheum 2003;48:6–11.

60 Sheriff A, Gaipl US, Voll RE, Kalden JR, Herrmann M: Apoptosis and systemic lupus erythe-

matosus. Rheum Dis Clin North Am 2004;30:505–527, viii–ix.

61 Berkel AI, Petry F, Sanal O, Tinaztepe K, Ersoy F, Bakkaloglu A, Loos M: Development of sys-

temic lupus erythematosus in a patient with selective complete C1q deficiency. Eur J Pediatr

1997;156:113–115.

62 Shoshan Y, Shapira I, Toubi E, Frolkis I, Yaron M, Mevorach D: Accelerated Fas-mediated apop-

tosis of monocytes and maturing macrophages from patients with systemic lupus erythematosus:

Relevance to in vitro impairment of interaction with iC3b-opsonized apoptotic cells. J Immunol

2001;167:5963–5969.

63 Steinbach F, Henke F, Krause B, Thiele B, Burmester GR, Hiepe F: Monocytes from systemic

lupus erythematous patients are severely altered in phenotype and lineage flexibility. Ann Rheum

Dis 2000;59:283–288.

64 Franz S, Gaipl U, Appelt U, Heyder P, Voll R, Kalden JR, Herrmann M: The role of a defective

clearance in the pathogenesis of systemic lupus erythematosus. Arthritis Res Ther 2004;6:S34.

Prof. Martin Herrmann, PhD, MD

Institute for Clinical Immunology 

Friedrich-Alexander-University of Erlangen-Nuremberg

Glückstrasse 4a 

DE–91054 Erlangen (Germany)

Tel. �49 9131 85 36345, Fax �49 9131 85 35776 

E-Mail martin.herrmann@med3.imed.uni-erlangen.de



Elkon K (ed): Apoptosis and Its Relevance to Autoimmunity. 

Curr Dir Autoimmun. Basel, Karger, 2006, vol 9, pp 188–204

Apoptosis and Glomerulonephritis

Simon Watson, Jean-Francois Cailhier, Jeremy Hughes, John Savill

Queen’s Medical Research Institute, University of Edinburgh/MRC Center for

Inflammation Research, Edinburgh, UK

Abstract
Glomerulonephritis (GN) is a form of autoimmunity in which apoptosis may be a double-

edged sword. Resolution of GN can be promoted by apoptosis of infiltrating leucocytes and

excess resident glomerular cells, leading to efficient anti-inflammatory clearance by

macrophages and mesangial cells. However, unscheduled apoptosis in glomerular cells,

especially epithelial cells (‘podocytes’) may drive progression of GN to hypocellular, non-

functional scar. Defects in clearance of apoptotic cells may also have deleterious local

effects, in addition to promoting autoimmunity itself. Nevertheless, there is strong promise

for novel therapies based on new knowledge of apoptosis in GN, especially in regulation of

leucocyte clearance from the inflamed glomerulus.

Copyright © 2006 S. Karger AG, Basel

Introduction: The Inflamed Glomerulus and Apoptosis

Autoimmunity is an important cause of many histologically defined

patterns of glomerular injury and has been extensively reviewed elsewhere [1].

In turn, glomerulonephritis (GN) is an important cause of chronic renal failure

requiring renal replacement therapy [1, 2]. Although glomerular inflammation

can resolve completely, as exemplified by post-streptococcal GN, it frequently

persists leading to scarring and loss of organ function. While glomerulosclero-

sis (glomerular scarring) is prominent in failing kidneys affected by GN, tubu-

lointerstitial inflammation and fibrosis are also prominent and may determine

outcome of the glomerular lesion.

Apoptosis was first described in glomerulonephritis by Harrison [3].

However, studies of programmed cell death in the glomerulus emphasise the

histologically inconspicuous nature of apoptosis, which is due to rapid phago-

cytic clearance and degradation of dying cells. Various strands of evidence

demonstrate that in most tissues little more than an hour is required for a dying
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cell to become recognisably apoptotic, taken up by a phagocyte and degraded

beyond histological recognition [4]. In the rat, in keeping with normally low

rates of cell birth by mitosis (�1 in 10,000 in a classical study [5]), we observed

similarly low rates of histologically-demonstrated apoptosis in normal

glomeruli, with only 1 in 10,000 cells appearing apoptotic at any given time [6].

Nevertheless, as explained below, the detection of very high rates of apop-

tosis in a mouse model of autoimmune GN provided a key insight into the links

between failed clearance of apoptotic cells and autoimmunity [7]. Furthermore,

there is now compelling evidence that autoimmunity affecting the glomerular

vasculature can also be associated with disruption of safe cell clearance by

apoptosis and subsequent phagocytosis [8]. These discoveries could have

important implications for treatment, as discussed below.

Death of Cells Implicated in Glomerulonephritis

The glomerulus exhibits a stereotyped response to inflammatory injury,

with all histological types of GN exhibiting subtly different degrees of three key

abnormalities [1]. All have links to apoptosis.

First, increased infiltration with leucocytes is now recognised in virtually

all forms of glomerular injury, although subtle increases in glomerular

macrophages in disorders such as diabetic glomerulopathy can be contrasted

with classical acute inflammatory leucocyte infiltration in glomerular vascu-

litides, for example, with prominent recruitment of neutrophils, monocyte/

macrophages and lymphocytes. In keeping with inflamed sites elsewhere, apop-

tosis plays an important role in deletion of leucocytes attracted to inflamed

glomeruli [9], as discussed further below.

Second, increases in intrinsic glomerular cell number are common and

variably prominent. The glomerular mesangial cell can rapidly adopt a myofi-

broblastic phenotype, increased numbers in GN being analagous to the ‘heal-

ing’ response in skin wounds, in which a wave of myofibroblast proliferation

precedes wound closure. Glomerular endothelial cells can also proliferate

in disorders such as post-streptococcal GN. However, although the highly spe-

cialised glomerular epithelial cells or podocytes appear able to engage some

elements of the mitotic machinery there is little evidence that adult podocytes

can proliferate. Nevertheless, all three intrinsic glomerular cell types have been

reported to undergo apoptosis [9, 10].

Third, a truly universal feature of glomerular inflammation is a change in

the amount and composition of extracellular matrix (ECM) in the injured struc-

ture. For example, over-expression of (plasma type) fibronectin and type I col-

lagen are prominent in the mesangial matrix of injured glomeruli. This may
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increase the susceptibility of glomerular cells to apoptosis, since in vitro studies

demonstrate that fibronectin and type I collagen fail to provide mesangial cells

with �1 integrin-mediated survival signals, by contrast with normal con-

stituents of glomerular ECM such as laminin and type IV collagen [11].

Apoptosis in Glomerular Leucocytes

Neutrophil polymorphonuclear granulocytes are the classical ‘rapid

response’ force of the acute inflammatory response, being summoned to injured

tissue by a range of chemoattractants. Indeed, their presence in most tissues is a

reliable marker of inflammation since they are normally confined to their birth-

place in the bone marrow, the vasculature in which they circulate for �6 h and

‘graveyards’ in liver, spleen and bone marrow. Neutrophils are terminally dif-

ferentiated cells incapable of division. They are prominent in various severe

forms of GN. Furthermore, there is no evidence that they emigrate from

inflamed tissues by return to the blood or via lymphatics (at least not in signifi-

cant numbers). Instead, there is now compelling evidence that neutrophils and

their toxic granule contents are usually deleted from inflamed sites by undergo-

ing apoptosis leading to swift, non-phlogistic phagocytosis by ‘professional’

macrophages and ‘semi-professional’ phagocytes such as glomerular mesangial

cells [12]. Inflamed glomeruli exhibit apoptotic neutrophils [9]. Furthermore,

although the authors are not aware of reports of eosinophil granulocyte apopto-

sis in less common glomerular conditions characterized by local eosinophilia

(such as Churg-Strauss vasculitis), there is also compelling in vitro and in vivo

evidence that eosinophil granulocytes are also deleted by apoptosis [12].

Some important principles of regulation of leucocyte apoptosis are illus-

trated by controls on neutrophil programmed cell death. Although isolated

blood neutrophils engage constitutive apoptosis, dying in vitro with a half-life

around 18 h, a wide range of inflammatory mediators normally delay

such death [12]. One common ‘pro-survival’ pathway in granulocytes involves

activation of NF-�B transcription factor, which impinges on multiple down-

stream survival pathways. Clearly, therefore, if granulocyte apoptosis is to

occur at inflamed sites in vivo there must be powerful systems to overcome the

pro-survival ‘tone’ of inflammatory mediators. One such ‘pro-death’ influence

is phagocytosis by granulocytes of bacteria opsonised by endogenous comple-

ment components. This event triggers the ‘respiratory burst’ leading to produc-

tion of oxygen radicals within neutrophils which then drive death by

mechanisms including caspase activation and changes in the balance of proteins

in the Bcl-2 family [13]. Similarly, local release of ‘pro-death’ cytokines of the

TNF-� family, particularly Fas ligand (FasL) is likely to overcome pro-survival
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influences on granulocytes. Nevertheless, there remains some debate about the

cellular source of FasL in such circumstances. Some studies indicate that

neutrophils do not express FasL, a relevant source being neighbouring mono-

cyte/macrophages that release the cytokine in response to phagocytosis, includ-

ing uptake of apoptotic cells [14]. Other reports suggest that under certain

circumstances neutrophils can express functionally significant levels of FasL

and that this is normally kept in check by members of the forkhead transcription

factor family such as Foxo3a [15]. However this debate is resolved, it is clear

that regulation of FasL expression at inflamed sites represents a new therapeu-

tic target in inflammatory disorders (see below).

Monocyte recruitment occurs soon after neutrophil infiltration in classical

acute inflammatory responses, infiltrating monocytes differentiating into

inflammatory macrophages. The macrophage complement of the inflamed tis-

sue can also be increased by local proliferation of resident macrophages. In

severe forms of GN such as crescentic nephritis, in which there is leakage of

blood cells from glomerular capillaries into Bowman’s space, there is good evi-

dence of both monocyte recruitment and local monocyte/macrophage prolifera-

tion [16]. Furthermore, in these special circumstances there may be local

deletion of monocyte/macrophages by apoptosis [16], which is likely directed

because of the normal propensity of inflammatory macrophages to resist 

pro-apoptotic stimuli [12]. Nevertheless, rather than local death by apoptosis, it

appears that the usual fate of inflammatory macrophages is integrin-mediated

emigration from the inflamed site via lymphatics [17]. Indeed, there are com-

pelling reports of macrophage trafficking from inflamed glomeruli to draining

lymph nodes [see 16 for details]. Once emigrating macrophages reach draining

lymph nodes their fate is currently obscure, although it can be speculated that

such macrophages undergo apoptosis in the node. A further intriguing issue for

future study will be to define the influences that cause macrophages to emigrate

the inflamed site. Lessons may be learnt from a closely related phagocyte, the

dendritic cell, which when laden with apoptotic cells can traffic to lymph nodes

from tissues. Preliminary data strongly indicate that binding of apoptotic cells

may be a potent stimulus to macrophages for emigration [Watson et al., unpubl.

data].

Lymphocytes are also prominent in many types of GN, although mononu-

clear leucocyte (monocyte/macrophages and lymphocytes) infiltration of the

tubulointerstitial compartment of the kidney is often more prominent than that

observed in glomeruli. Furthermore, lymphocytes are in many ways character-

ized by their propensity to circulate through healthy and diseased tissues, cours-

ing from blood to lymph. Nevertheless, in keeping with other lineages

of inflammatory leucocytes, lymphocytes can undergo apoptosis at inflamed

sites [18].
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Apoptosis in Resident Glomerular Cells

Apoptotic deletion of infiltrating leucocytes can be readily appreciated as

a ‘force for good’, subject to appropriate clearance of such cells (as discussed

below). However, apoptosis in glomerular cells appears to be a ‘double-edged

sword’, in that glomerular cell death can promote resolution of inflammatory

glomerular injury but, as discussed in the next section, if excessive or unsched-

uled can result in unwanted progression to non-functional, hypocellular scar

(fig. 1). Consequently, it is important first to rehearse key concepts of pro-

grammed death in the three main cell types of the glomerulus.

Apoptosis of Mesangial Cells

Many types of GN exhibit increased glomerular mesangial cell number

and, with appropriate or no treatment, are potentially reversible indicating that

excess mesangial cells may be beneficially deleted by apoptosis. The complete

resolution of mesangial hypercellularity in the rat associated with self-limited

mesangial proliferation induced by anti-Thy1.1 antibody is a dramatic example of

this reparative capacity [6]. Although undoubtedly complex, evidence suggests

Fig. 1. Apoptosis in glomerulonephritis. Apoptosis occurs within the kidney as part of

normal tissue homeostasis. Apoptosis occurring during renal inflammation may have detri-

mental or beneficial effects depending upon the biological context in which it takes place.

Apoptosis

Phagocytosis of apoptotic cells 
• Clears cellular corpses and their 
 potentially pro-inflammatory contents 
• Results in beneficial deactivation 
 and re-programming of infiltrating 
 inflammatory macrophages 
 thereby facilitating tissue healing

Detrimental apoptosis 
• Podocyte loss with exposure of GBM 
• Progressive mesangial cell loss resulting
 in hypocellular glomerulosclerosis 
• Progressive tubular cell apoptosis
 promoting tubular atrophy 
• Progressive microvascular endothelial
 cell apoptosis resulting in
 ischaemia/hypoxia

Neutral apoptosis 
Occurs during development and 
normal cell turnover in kidneys 

Beneficial apoptosis 
• Deletion of infiltrating neutrophils 
• Mesangial cell apoptosis in areas
 of mesangial hypercellularity 
 restores glomerular architecture 
• Deletion of fibroblasts during 
 healing limits fibrosis
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that the balance between survival factors and pro-apoptotic death factors may

be key in regulating mesangial cell apoptosis in disease (fig. 2).

Cytokine Survival Factors
The peak of mesangial cell proliferation and apoptosis coincide in the

Thy1.1 model of mesangial proliferative glomerulonephritis [6]. This suggests

a potential regulatory role for survival factors as proliferating cells are signifi-

cantly more vulnerable to apoptosis if survival factors are in a limited supply.

The resultant competition for survival factors at the peak of mesangial cell

hypercellularity is, therefore, a candidate mechanism for apoptotic deletion of

surplus mesangial cells. Mesangial cell apoptosis induced by serum starvation

is inhibited by insulin-like growth factor-1 (IGF-1), IGF-2 and basic fibroblast

growth factor (bFGF) whilst transforming growth factor-�1 (TGF-�1), epider-

mal growth factor (EGF) or platelet-derived growth factor (PDGF) are not

protective [19]. These observations emphasize that survival controls are cell lin-

eage-specific such that different sets of factors would be required to promote

the survival of glomerular endothelial or epithelial cells. Furthermore, survival

factors may not protect cells from all pro-apoptotic stimuli e.g. IGF-1, IGF-2 or

bFGF do not block mesangial cell apoptosis induced by Fas ligation [19].

Activation of the transcription factor nuclear factor-kappa B (NF-�B) promotes

mesangial cell survival and inhibition of NF-�B activity sensitises mesangial

Fig. 2. The balance between life and death in glomerulonephritis. All cells are suscep-

tible to undergoing apoptosis and the occurrence of apoptosis during renal inflammation may

be regulated at a cellular level by the balance that exists between the pro-apoptotic factors

and survival signals to which individual cells are exposed. These factors will vary according

to the lineage and location of the cell.

Cell survival 
• Growth factors, e.g. VEGF, EGF 
• Activation of intracellular pro-survival 
 pathways, e.g NF-�B, PI3k-Akt 
• Adhesion to appropriate extracellular matrix, 
 e.g. collagen IV and laminin 
• Expression of protective Bcl-2 family 
 members 
• Nutrients and oxygen

Cell death 
• Cytotoxic molecules, e.g. FasL,TNF-�, 
 nitric oxide, ROS, complement, angiotensin II
• Insufficient supply of local growth factors  
• Inappropriate ECM, e.g. fibronectin and
 collagen I 
• Ischaemia and hypoxia
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cells to tumour necrosis factor-� (TNF-�)-mediated apoptosis [20]; a death

effector utilized by inflammatory macrophages [21]. Interestingly, methylpred-

nisolone inhibits mesangial cell NF-�B activity and ameliorates hypercellular-

ity in Thy 1.1 glomerulonephritis [22]. It is unknown whether this action plays

a major role in the beneficial effect of corticosteroids in patients with mesan-

gial proliferative glomerulonephritis.

Recombinant erythropoietin (EPO) is a survival factor for tubular cells

exposed to pro-apoptotic stimuli such as hypoxia and can protect tissues from

diverse insults including ischaemia-reperfusion injury. It is therefore of interest

that EPO also protects mesangial cells from pro-apoptotic stimuli in vitro

[reviewed in 23]. Currently, there is no data available regarding whether EPO

ameliorates experimental glomerular inflammation. Although still somewhat

controversial, the administration of recombinant EPO may slow the rate of pro-

gression of chronic renal failure [23]. Beneficial effects may be secondary to

improved renal oxygenation but an inhibitory effect upon chronic renal inflam-

mation is also a possibility – further work is needed in this area. Lastly,

chemokines may exert effects upon mesangial cell proliferation and apoptosis

[23] but there is no data as to whether these effects are relevant in vivo.

Extracellular Matrix
Cells in all tissues, glomeruli included, are surrounded by an extracellular

matrix (ECM) rich in proteoglycans. ECM is dynamic and modulates the

behaviour and phenotype of cells with ‘appropriate’ ECM imparting survival

signals. As mentioned above, collagen IV and laminin, components of normal

mesangial ECM, provide �1 integrin-mediated protection of rat mesangial cells

exposed to pro-apoptotic stimuli [11]. In contrast, collagen I and fibronectin,

typically found in diseased or scarring glomeruli, do not support mesangial cell

survival [11]. Thus, glomerular accumulation of ‘survival-neutral’ ECM may

increase the vulnerability of mesangial cells to pro-apoptotic stimuli and poten-

tially facilitate further mesangial cell loss. Indeed, mesangial cells cultured

upon damaged oxidised ECM exhibit increased apoptosis associated with

reduced NF-�B activation, emphasising the potential pathogenic importance of

disrupted survival signalling [reviewed in 23].

Pro-Apoptotic Stimuli
A range of factors appear capable of inducing mesangial cell apoptosis

including complement, immune complexes, reactive oxygen species, cytokines,

Fas ligation, etc. Mesangial cell Fas expression has been noted in cases of diffuse

proliferative lupus nephritis. Indeed, Fas ligand (FasL) is upregulated in human

lupus nephritis with recent work indicating that mesangial cells comprise the

majority of FasL positive cells [reviewed in 23]. The function of mesangial cell
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FasL expression is unclear but potential roles may include limiting further leuco-

cyte infiltration, inducing apoptosis of neighbouring Fas bearing mesangial cells

(so-called ‘fratricide’) or the release of soluble FasL into the glomerular microen-

vironment. Despite these experimental and observational insights, the exact role of

the Fas/FasL system in human glomerulonephritis requires further investigation.

Similarly, TNF-� is undoubtedly important in the pathogenesis and progression of

glomerulonephritis and can induce mesangial cell apoptosis in vitro [20, 21].

However, studies specifically examining the exact role of TNF-� in mesangial cell

apoptosis in vivo are currently lacking.

Inflammatory macrophages play an important role in glomerulonephritis

[reviewed in 23] and may induce mesangial cell apoptosis [21, 24]. In vitro co-

culture experiments in a model rodent system indicate a key role in mesangial cell

killing for macrophage-derived nitric oxide (NO), a lesser role for TNF-� and no

demonstrable involvement of FasL [21, 24]. In addition to inducing mesangial cell

death, macrophage-derived NO inhibited mesangial cell proliferation; an ideal

combination of effects to combat mesangial proliferative nephritis. Although the

role of NO in human disease is controversial, a significant correlation was found

between the numbers of cells expressing inducible nitric oxide synthase (iNOS) and

glomerular cell apoptosis in lupus nephritis renal biopsies. However, experiments in

mice targeted for the deletion of the iNOS gene have not produced a clear picture of

the exact role of iNOS-generated NO in glomerulonephritis [reviewed in 25].

Similar in vitro co-culture studies of human monocyte-derived macrophage-

mediated apoptosis of vascular smooth muscle cells (that share some features with

myofibroblastic mesangial cells) indicate the involvement of FasL, TNF-� and NO

with NO acting to enhance FasL-mediated death. Also, human macrophages

induced FasL-dependent apoptosis of antibody-coated human mesangial cells

(antibody-dependent cellular cytotoxicity, ADCC) [reviewed in 23]. Thus, mesan-

gial cells coated with antibody or immune complexes may become vulnerable to

injury from macrophages. Recent reports employing an experimental system for

inducible macrophage deletion emphasise the importance of macrophages in

governing progression and resolution of glomerular disease [26].

Apoptosis of Glomerular Endothelial Cells

This is important in both renal inflammation and healing. Patients with

SLE may have detectable anti-endothelial cell antibodies and such antibodies

are implicated in the microvascular injury found in patients with scleroderma.

The presence of active endothelial injury in human disease was recently

demonstrated in patients with active ANCA-associated small vessel vasculitis.

Patients with active disease exhibited significantly increased numbers of
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circulating necrotic endothelial cells with numbers falling following initiation

of immunosuppressive treatment [27]. The importance of disordered apoptosis

in GN is considered below.

Important endothelial cell survival factors include VEGF, angiopoietin-1,

integrin-mediated adhesion, eNOS-derived NO and shear stress. Endothelial

cell apoptosis may result from inflammatory pro-apoptotic stimuli, reduced sur-

vival signals or both. Although, macrophages actively induce endothelial cell

apoptosis during development [28], there is no direct evidence that inflamma-

tory macrophages actively induce microvascular endothelial cell apoptosis dur-

ing renal inflammation. However, macrophages may modulate endothelial cell

survival indirectly. For example, macrophage infiltration colocalises with both

reduced podocyte immunostaining for VEGF and loss of glomerular capillaries

in the remnant kidney model in rats suggesting that macrophages may lower the

‘threshold’ at which endothelial cells may undergo apoptosis. Administration of

exogenous VEGF is protective in this model as well as a mild model of Thy 1.1

glomerulonephritis thereby reinforcing its key role [reviewed in 23]. Prevention

of endothelial injury/apoptosis during acute disease would be predicted to

reduce the detrimental microvascular rarefaction implicated in the progression

of renal disease.

Apoptosis of Glomerular Epithelial Cells

Podocyte apoptosis and loss is a key factor in the development of glomeru-

losclerosis following injury. Podocytes adhere to the external surface of the

glomerular tuft and interactions with extracellular matrix play a major role in the

regulation of podocyte survival [29]. Low numbers of detached podocytes may

be found in normal urine but patients with glomerular disease exhibit markedly

elevated numbers of urinary podocytes (388 podocytes/mg creatinine versus �0.5

podocytes/ mg creatinine; disease versus control). Apoptosis may result in cell

detachment whilst cell detachment may result in apoptosis and consequently it is

unclear what exact contribution apoptosis plays to such podocyte detachment.

Numerous factors may induce podocyte death including reactive oxygen species,

fibroblast growth factor, complement, angiotensin II, mechanical strain,

endothelin and transforming growth factor-� [reviewed in 23]. Recent work indi-

cates that CD2-associated protein acts to inhibit transforming growth factor-�
induced podocyte apoptosis [29]. In addition, although VEGF is primarily

regarded as an endothelial cell mitogen/ survival factor, VEGF also inhibits

podocyte apoptosis and acts, at least in part, by promoting phosphorylation of

nephrin [30]. Podocyte apoptosis may be amenable to modulation as hepatocyte

growth factor is protective in vitro whilst retinoids reduce podocyte injury and

apoptosis induced by puromycin both in vivo and in vitro. In addition, the
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administration of endothelin 1 antagonists inhibited spontaneous age-dependent

glomerulosclerosis in rats and protected podocytes from puromycin-induced

apoptosis in vitro [reviewed in 23]. The downregulation of endogenous survival

factors would be predicted to predispose podocytes to undergoing apoptosis and

it is therefore of interest that the downregulation of podocyte Bcl-2 expression is

associated with a worse outcome in patients with chronic IgA nephropathy [31].

Disordered Apoptosis and Glomerulonephritis

Disordered Leucocyte Apoptosis

Autoimmune vasculitis associated with anti-neutrophil cytoplasmic anti-

bodies (ANCA) commonly causes severe glomerular inflammation with necro-

tizing capillaritis and crescentic change. It is now clear that ANCA can also

disrupt the normal progress of apoptosis in neutrophils that have been exposed to

stimuli that ‘prime’ the respiratory burst and superoxide production, such as low

concentrations of LPS or TNF-�, or culture in the presence of serum. This is

because primed neutrophils relocate small amounts of certain granule contents

to their cell surface, including myeloperoxidase (MPO) and proteinase 3 (Pr3),

the principal autoantigens recognised by ANCA. Consequently, immune com-

plexes form at the neutrophil cell surface, activating neutrophils and triggering

the respiratory burst and oxygen radical production [32].

The consequences for neutrophil apoptosis of such effects of ANCA are most

intriguing [32]. While there is acceleration of the ‘nuclear program’ of apoptosis,

with more rapid nuclear condensation and progression to eventual secondary

necrosis, there is no change in the rate of appearance on the neutrophil surface of

‘eat me’ signals such as phosphatidylserine (PS) exposure, reducing the time win-

dow for safe phagocytic clearance. The speculation that such disordered apoptosis

promotes necrosis of neutrophils prior to safe clearance needs testing but would

be consistent with the key histological feature of ANCA-associated vasculitis –

leukocytoclasis, the falling apart of neutrophils in affected tissues [32].

Since monocytes also express ANCA antigens it will be of interest to

examine whether monocyte survival or death is also affected by ANCA.

Disordered Glomerular Cell Apoptosis

Since there are reports of autoantibodies reactive with all three glomerular

cell types it can be speculated that autoantibody-mediated description of the

intrinsic death program, rendering this ‘less safe’ in some way, might be a more

general mechanism promoting persistent inflammation in some types of GN.
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However, whether the death program itself is normal or abnormal, it is

already clear that glomerular cell apoptosis can be disordered in GN in the sense

that there is too much apoptosis occurring at the wrong time and in the wrong

place. The first reports of mesangial cell apoptosis emphasized a role in benefi-

cial remodelling of an expanded glomerular cell complement as this returned to

normal [6]. Subsequent data have emphasized that increased glomerular cell

apoptosis can also be a final common pathway by which persistently inflamed

glomeruli progress to hypocellular, non-functional scar [reviewed in 23].

Thus glomerular cell apoptosis is truly a ‘double-edged sword’. Undou-

btedly beneficial in resolution of glomerular hypocellularity, apoptosis becomes

a bad thing when it occurs too frequently, at the wrong time or in the wrong cell

type. In particular, loss of podocytes appears to be a crucial threat to the

mechanical stability and viability of the glomerular tuft. As described above

there are multiple pro-death stimuli that will need ordering for importance

where glomerular cell death becomes deleterious.

Disordered Clearance of Apoptotic Cells and Glomerulonephritis

Haslett should be credited with the discovery that apoptosis was crucially

involved in resolution of inflammation [33]. His early writings predicted that

defects in safe clearance of apoptotic cells would be associated with persistent

inflammation and autoimmunity [33]. As will be apparent from a number of ear-

lier contributions in this volume, there is now very strong evidence that autoim-

mune glomerulonephritis can be associated with specific disorders of apoptotic

cell clearance, due to deficiency of soluble ‘bridging’ factors such as C1q and

MFGE8, and with generalised autoimmune conditions with defects in clearance

of apoptotic cells that require further characterization such as lupus [see chapters

by Henson, Elkon, Nagata, Hermann and coworkers, this vol.]. Although we have

an incomplete understanding of the complex molecular mechanisms involved in

phagocyte recognition of cells undergoing apoptosis, available data indicate roles

for various ‘eat me’ signals on the apoptotic cell surface, a range of soluble

‘bridging’ molecules and several classes of phagocyte receptors [reviewed in 34,

and chapters by Henson, Elkon, Nagata, Hermann and coworkers, this vol.].

Local Effects of Disordered Clearance

In patients and animal models of systemic lupus erythematosis and related

conditions such as C1q deficiency [7] free apoptotic cells can be observed in

inflamed glomeruli. Furthermore, probable progression to secondary necrosis
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without efficient phagocytic clearance is likely to account for the presence of

cell fragments in severe lupus GN, sometimes described by histopathologists as

‘nuclear dust’. Nevertheless, while we might expect inappropriately liberated

cell contents to have direct local pro-inflammatory effects [12, 33], more work

is required to examine this important issue, given some similarities between

necrotic and apoptotic cells [34].

A second key facet of locally disordered clearance of apoptotic cells con-

cerns the regulation of macrophage function. For example, apoptotic neutrophils

opsonised with ANCA can stimulate rather than suppress macrophage secretion

of pro-inflammatory mediators [32]. Indeed, we need to understand more of the

subtleties of apoptotic cell regulation of macrophage function, especially in the

presence of infection. Thus, not only may macrophages exposed to bacterial lig-

ands for Toll-like receptors demonstrate an initial pro-inflammatory response to

apoptotic cells [35] but also we need to understand how neutrophils driven into

apoptosis by pathogens may elicit heat shock protein-mediated activation of

macrophages [36]. Furthermore, we must characterize which of the many mole-

cules involved in clearance of dying cells mediate anti-inflammatory signalling

in the inflamed glomerulus. Thus, although �v�3 integrin, CD36 and thrombos-

pondin 1 have all been implicated in anti-inflammatory triggering of macrophage

TGF�1 secretion by apoptotic cells [34], preliminary work on knockout mice

deficient in these molecules reveals no defect in anti-inflammatory signalling

[Lacy-Hulbert et al., unpubl. data]. Furthermore, the PS receptors involved in

triggering TGF�1 release appear to require further characterization [37]. Roles

for other macrophage molecules, such as those of the TREM (triggering receptor

expressed on myeloid cells) family, will need to be sought [38]. Defects in sig-

nalling of anti-inflammatory effects of apoptotic cells may be particularly impor-

tant in progressive glomerular injury, since there might be failure to inhibit

macrophage-driven apoptosis of glomerular cells [21, 24, 26] with increased risk

of deleterious cell loss and scarring. Furthermore, there might be a lack of bene-

ficial secretion of glomerular cell growth/survival factors [39] (fig. 3).

Systemic Effects of Disordered Clearance

A key issue for future work, already addressed in this volume [chapters

by Henson, Elkon, Nagata, Hermann and coworkers, this vol.] is to understand

how defects in clearance of apoptotic cells are linked to promotion of the

autoimmune state which may then affect the glomerulus and induce or exacer-

bate GN. In particular, we need to understand why defective apoptotic cell

clearance can also be clearly dissociated from defective cell clearance, as exem-

plified by knockout mice deficient in mannose-binding lectin (MBL) [40].
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Furthermore, possible systemic inflammatory effects of defective apo-

ptotic cell clearance also need to be understood because inflammation at a

distant site is well known to exacerbate autoimmune GN [1, 2]. Thus, even

though MBL�/� mice do not display primary autoimmune GN, they can develop

lung inflammation which might exacerbate GN developing for other reasons –

further work is required to test these ideas. Nevertheless, mice deficient in

CD14 fail to display either systemic inflammation or autoimmunity [41].

Prospects for Therapy

New insights into the diverse roles in GN of apoptosis and clearance of

apoptotic cells seem likely to be the basis of novel therapeutic approaches

Fig. 3. Hypothesis for regulation of macrophage activation by interaction with apop-

totic cells. Activated macrophages (M�) can accelerate leucocyte apoptosis and trigger

resident cell apoptosis. Subsequent phagocytosis of the apoptotic progeny deactivates

or ‘reprograms’ the macrophage, which then receives signals to promote, repair and/or

emigrate.
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designed to promote resolution of glomerular inflammation and/or arrest

progression to hypocellular scar.

Manipulation of Leucocyte Clearance

Serhan and colleagues [reviewed in 42] have discovered that during the

course of self-limited inflammation there is a switch in local synthesis of lipid

mediators from pro-inflammatory agents, to species that arrest inflammatory

responses (such as prostaglandin D2 and lipoxins) or have potential to promote res-

olution (omega�3 polyunsaturated fatty acid derivatives of the ‘resolvin’ family).

Excitingly, prostaglandin D2 can override NF-�B-mediated granulocyte survival

and induce apoptosis [43], while lipoxins can promote beneficial phagocytosis of

apoptotic cells at perturbed sites in vivo [44]. These are new therapeutic leads.

Further work will also be required to investigate the ‘pro-resolution’

effects of glucocorticoids, familiar anti-inflammatory agents bedevilled by sys-

temic toxicity. Intriguingly, glucocorticoids can directly promote acquisition of

capacity for phagocytosis of apoptotic cells [45] as well as trigger apoptosis in

some leucocyte types such as eosinophils and lymphocytes [12]. A realistic

prospect of targeting such glucocorticoid effects is raised by the recent discov-

ery that phagocytic capacity for apoptotic cells can be controlled by macrophage

expression of 11�-hydroxysteroid dehydrogenase-1 [46], an enzyme that reacti-

vates inactive circulating glucocorticoids such as cortisone. Furthermore, the

well known anti-inflammatory effects of the glucocorticoid-inducible protein

annexin-1 and annexin-1-derived peptides may include the capacity to promote

phagocytosis of apoptotic cells [47].

Manipulation of Glomerular Cell Apoptosis

Although one might theoretically promote resolution of hypercellular GN

by inducing beneficial apoptosis of glomerular mesangial or endothelial cells,

or prevent progression by inhibiting inappropriate apoptosis of glomerular cells

(especially podocytes), these therapeutic objectives seem relatively distant

given potential pitfalls. Thus, in glomerular hypercellularity one would need to

target a pro-apoptotic stimulus (such as TNF� combined with a NF-�B inhibitor

[20]) to just the right number of cells at just the right time, or else risk deleteri-

ous glomerular cell loss. Conversely, theoretical risks of inhibiting inappropri-

ate apoptosis in progressive GN with cytokines such as VEGF include the

development of tumours. Nevertheless there is enthusiasm for and experience

in the use of pro-survival cytokines in renal disease [reviewed in 23].
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Conclusions

Apoptosis is now established as a key feature of glomerular inflammation,

regulating both the local complement of intrinsic and inflammatory cells and

systemic aspects of inflammatory and immune responses. Defects in the

frequency and execution of the apoptotic program are being uncovered in

glomerular diseases, as are perturbations of safe clearance of apoptotic cells by

phagocytes. Candidate therapies that target these control points have been iden-

tified and are being investigated.
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