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■ Abstract 
Cytokine-induced β-cell death is the end-stage event in the 
pathogenesis of autoimmune diabetes. Beside cytokines, 
several pro-apoptotic pathways mediated through nitric ox-
ide, reactive oxygen species, glucose and Fas ligation can be 
involved, suggesting that programmed cell death (PCD) is a 
critical aspect in this process. The apoptotic program is acti-
vated by the utilization of the Fas/Fas-ligand (FasL) axis in 
the interrelation of T and β-cells. Evidence for this mecha-
nism arose from the finding that β-cells in NOD mice could 
be protected from apoptosis by blocking the Fas-FasL 
pathway. Glucose is a regulator of Fas expression on human 
β-cells and elevated glucose levels may contribute to acceler-
ated β-cell destruction by constitutively expressed FasL in-
dependently of the autoimmune reaction. It can thus be 
concluded that immunological, as well as metabolic, path-

ways may act in concert to cause β-cell destruction. Much 
experimental work has been carried out to manipulate β-
cells in transgenic mice expressing apoptosis modulators in 
islets. For example, the transcription factor, nuclear factor-
κB (NF-κB), promotes the expression of several β-cell 
genes, including pro- and anti-apoptotic genes. The preven-
tion of cytokine-induced gene expression of several NF-κB 
targets, such as inducible nitric oxide synthase, Fas, and 
manganese superoxide dismutase can prevent β-cell death. 
Thus, modulating the expression of apoptotic mediators 
may significantly affect the end-stage outcome of autoim-
mune diabetes and could thus be a potential avenue for 
clinical therapy, even though currently existing findings re-
main exploratory due to the restrictions of transgenic mouse 
models. 
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Introduction 
 

   issue homeostasis maintains the body in a stable 
   equilibrium, involving the interplay of cellular 

growth, differentiation and death. The process is regu-
lated by programmed cell death (PCD), which is 
switched on by the activation of an intrinsic suicide 
program to remove superfluous, aging, infected and 
mutated cells from the body’s tissue [1, 2]. PCD, also 
called apoptosis, refers to a set of events within a cell 
which leads to the breakdown of chromosomal DNA 

and the cessation of metabolic activity. It can be in-
duced by different stimuli such as deprivation of 
growth and survival factors, i.e. death by neglect, or by 
ligation of surface receptors that contain a death do-
main, then called receptor-mediated apoptosis [3]. 
Apoptosis is an active process mediated by serine pro-
teases called caspases, so-called due to their specificity 
for amino acid motifs containing an aspartic acid 
cleaved by these enzymes. Caspases exist within a cell 
as zymogens, i.e. inactive precursors called procas-
pases. Similarly to the blood clotting system or the 
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complement system, activation of a few molecules of 
an upstream procaspase can activate a growing number 
of effector caspases situated downstream in the activa-
tion cascade. Full activation of this cascade leads to 
nuclear condensation accompanied by DNA fragmen-
tation [4, 5]. Shrinkage of the whole cell then occurs, 
with parts of the cell disintegrating into smaller apop-
totic fragments. Macrophages finally clear these frag-
ments and the residual cell bodies by phagocytosis [6]. 

Apoptotic processes remove unwanted cells with-
out releasing their cellular contents into the extracellu-
lar space. These processes have an important function 
in avoiding unnecessary immune responses, because 
the existence of, for example double-stranded DNA, 
uric acid and lysosomal proteases, may be recognized 
as foreign implicating the generation of inflammatory 
responses. A failure in the clearance of cellular con-

tents during apoptosis is likely to play a role in the 
pathogenesis of systemic autoimmune diseases, such as 
systemic lupus erythematosus (SLE) and other rheu-
matic connective tissue diseases [7]. Failures in caspase 
activation, in turn, lead to certain forms of the auto-
immune lymphoproliferative syndrome (ALPS), which 
is characterized by massive accumulation of activated 
T cells in peripheral lymphoid tissues and a generalized 
inflammatory and wasting condition [8, 9]. Thus, fail-
ures in the clearance of apoptotic β-cells could play a 
critical role in the generation of unintentional immune 
responses towards islets, and a failure of the immune 
system to control islet-reactive T cells could involve 
defective activation of apoptosis during the process of 
β-cell destruction. Therefore, the pathways mediating 
and controlling apoptotic cell death are of obvious 
relevance in the pathogenesis of T1DM. 

 

Cell 
membrane

A B C
CD95L

CD95
(Fas/
Apo1)

TNF
Apo2L/
TRAIL

TNFR1
DR4
or
DR5

FADD FADDD
D D

D D
D

D
D

D
D D

D
D

D

D
D

D
D D

D D
D D
D

D
D

D
D

D
D

D
EDD

ED

D
ED D

EDD
ED

D
ED

FADDFADD

TRADDTRADD

Caspases 8 + 10

Effector
caspases

Apoptosis

Caspases 8 + 10

Effector
caspases

Apoptosis

Caspases?

Effector
caspases

Apoptosis

Adaptor?

TNF-α
IFN-γ

DISC

IL-1α
IFN-γ

 
 

Figure 1. Apoptotic pathways. A. Apoptosis signaling by CD95. DD: death domain. DED: death effector domain. CD95L 
(FasL) is a homotrimeric molecule. Each CD95L trimer binds three CD95 molecules. CD95 and CD95L play an important 
role in different types of physiologic apoptosis: 1. peripheral deletion of activated mature T cells; 2. killing of targets such 
as virus-infected cells or, in the case of T1DM, β-cells cells by cytotoxic T cells; 3. killing of inflammatory cells. The adapter 
protein FADD binds through its own death domain to the clustered receptor death domains. FADD contains a "death effec-
tor domain" that binds to an analogous domain repeated in tandem within the zymogen form of caspase 8 (also called 
FLICE). Upon recruitment by FADD, caspases 8 and 10 then activates downstream effector caspases committing the cell 
to apoptosis [4]. IL-1α and IFN-γ upregulate expression of Fas on islet cells [17]. B. Proapoptotic and antiapoptotic signal-
ing by TNFR1. Unlike CD95L, TNF triggers apoptosis unless protein synthesis is blocked, which suggests the preexistence 
of cellular factors that can suppress the apoptotic stimulus generated by TNF. TNF trimerizes TNFR1 upon binding, induc-
ing association of the receptors' death domains. Subsequently, an adapter termed TRADD binds through its own death 
domain to the clustered receptor death domains. C. Signaling by DR4 and DR5 and its modulation by decoy receptors. 
Overexpression of DR4 or DR5, which bind Apo2L, triggers apoptosis. There are divergent results regarding the required 
adaptor for the death domain of DR4 and DR5 [4]. Exposure to TNF-α and INF-γ leads to upregulation of TRAIL that binds 
to DR4 on β-cells and subsequently leads to a higher rate of β-cell apoptosis [27]. Figure modified according to [4]. 
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The role of  death domain-containing recep-
tors and their ligands in T1DM 

Death domain receptors and T cell apoptosis 
Tumor necrosis factor (TNF) is a pleiotropic cyto-

kine which can induce activation, differentiation, pro-
liferation or death of cells of the immune system. 
Screening of the expressed sequence tag (EST) data-
base almost a decade ago gave rise to the discovery of 
a whole family of structurally related cytokines and 
their receptors that were thus named the TNF and 
TNFR (TNF receptor) superfamilies [10]. Some mem-
bers of the TNFR superfamily contain a so-called 
death-domain (DD) in their cytoplasmic tail, and de-
pending on the TNFR they are associated with, they 
have been named TRADD (TNF-receptor associated 
death domain) and FADD (Fas-associated death do-
main)/FLICE [11, 12]. DDs are able to recruit procas-
pase 8 (an upstream caspase) upon ligand binding to 
the receptor to form the death-inducing signaling 
complex (DISC) and thus activate receptor-mediated 
PCD within the cell (Figure 1) [4]. Receptor-mediated 
PCD is important in the downscaling of an immune 
response after clonal expansion and activation of anti-
gen-specific T cells. This process is called activation-
induced cell death (AICD) [13]. In general, T cells are 
resistant to receptor-mediated PCD until they are fully 
activated. This resistance is due to intracellular proteins 
that inhibit the formation of death-signaling complexes 
within the cell. Their expression is downregulated later 
during T cell activation when T cells themselves also 
start to express the ligand for Fas (FasL, CD95L) [14, 
15]. 

In human subjects of recent onset T1DM, FasL is 
expressed on CD8+ and CD4+ T cells and on macro-
phages that have infiltrated into their islet tissues [16]. 
It is conceivable that only a thin line separates two very 
different fates of activated T cells, i.e. survival and the 
ability to exert an effector function, and the fate of be-
coming apoptotic. The factors regulating this subtle 
balance are of obvious importance in the regulation of 
T cell-mediated immune responses, and may also play 
an important role in regulating the actions of islet-
infiltrating T cells. Although a lot of these T cells are 
likely to become apoptotic in islets, they seem to be 
able to orchestrate inflammation and cytotoxicity at a 
level sufficient to induce β-cell death before PCD takes 
place. It is also possible that the inflammatory envi-
ronment in infiltrated islets supports their survival 
through cytokines, e.g. of the TNF family, and cell-cell 
contacts exerting anti-apoptotic signals, e.g. through 
TNFR that do not contain death domains. 

Death domain receptors and β-cell apoptosis 
Proinflammatory cytokines, such as IL-1α and 

IFN-γ, upregulate expression of Fas on islet cells upon 
in vitro exposure (Figure 1) [17, 18]. Fas is not ex-
pressed on islet cells of normal subjects, but its expres-
sion on islet β-cells has been detected by histological 
examination on pancreatic biopsy specimens of pa-
tients with recent-onset T1DM [17, 19]. Enhanced Fas 
expression may be due to the release of the inducible 
form of nitric oxide synthase (iNOS) by infiltrated 
macrophages and autoreative CD4+ and CD8+ T cells 
[19, 20]. While Fas-ligand (FasL, CD95L) has even 
been reported to be expressed by cultured islet cells of 
normal subjects [17, 19, 21], it is conceivable that liga-
tion of Fas by FasL expressed by individual and 
neighboring β-cells could be one mechanism driving β-
cells to apoptosis (fratricide-suicide). Unlike FasL, Fas 
is not expressed on islets of normal subjects, but its 
expression is upregulated in vitro upon exposure to pro-
inflammatory cytokines, such as IL-1α and IFN-γ (Fig-
ure 1) [17, 19, 22]. The combination of these cytokines 
produced by pancreas-infiltrated macrophages and 
autoreative CD4+ and CD8+ T cells may induce β-cells 
to release iNOS, which possibly leads to enhanced Fas 
expression and drive them to die by apoptosis [23-25]. 

Expression of TNF-related apoptosis-inducing 
ligand (TRAIL), which interacts with the death recep-
tor DR4 [26], is upregulated in apoptosis-sensitive, in-
sulin-secreting MIN6 islet β-cells upon exposure to 
TNF-α and IFN-γ in vitro (Figure 1) [27, 28]. TRAIL is 
able to induce stronger cytotoxicity and a higher rate 
of apoptosis in different β-cell lines than FasL and 
TNF-α. β-cell antigen-specific CD4+ and CD8+ clones 
express TRAIL, suggesting that these cells are poten-
tial sources of TRAIL-inducing β-cell destruction [29]. 
NOD mice at the stage of overt diabetes also overex-
press TRAIL in their pancreatic islets as compared to 
younger prediabetic mice [28]. There is still sparse evi-
dence regarding a clear correlation between its expres-
sion and β-cell apoptosis in diabetes but several find-
ings point to this hypothesis. In a recent clinical study 
human pancreases of children with acute established 
and recent-onset T1DM exhibited the presence of 
TRAIL, while none could be observed in normal islets 
[30]. 

Fas-FasL interaction mediates apoptosis of β-
cells during T1DM development 

Studies conducted in NOD mice suggest that 
T1DM development in these animals is a 2-stage proc-
ess [31]. The first phase is asymptomatic, involving a 
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loss of immunological tolerance which favors the infil-
tration of islet-specific lymphoid cells including CD4+, 
CD8+ and B cells, as well as macrophages and den-
dritic cells into the pancreatic islets. The development 
of insulitis, including the destruction of β-cells by 
apoptosis, occurs in the second stage. The T cell-
mediated cytotoxic destruction of β-cells takes place 
through two distinctive mechanisms, one is perforin-
based, the other Fas-based. In this event, Fas is 
upregulated on β-cells by cytokine release and Fas-
positive β-cells interact with FasL-bearing CD4 T cells. 
On the other hand, cytolytic killing of β-cells by CD8 
effector cells is provoked through the perforin/gran-
zyme B pathway [32]. Proinflammatory cytokines re-
leased by islet-infiltrated lymphocytes drive β-cells to 
produce higher levels of iNOS which, in turn, enhance 
their Fas expression [22]. However, cytokine-induced 
β-cell apoptosis also happens in a NO-independent 
manner [33, 34]. Therefore, perpetual β-cell apoptosis 
occurs predominantly in a Fas-dependent manner en-
gaged by FasL-bearing autoreactive T cells. 

Additional results regarding the role of Fas-FasL-
mediated apotosis in T1DM showed that Fas is ex-
pressed at a low quantity on β-cells in 125-day-old pre-
diabetic animals but not in islet tissues of 35-day-old 
young NOD mice [35]. These observations suggest 
that Fas-FasL interaction is a minor contributor to β-
cell destruction in the initial stage of the disease. On 
the other hand, we may interpret these results in the 
way that Fas expression on β-cells within the early 
stage of diabetes is too low to become detected by is-
let-infiltrating autoreactive cells to a sufficient degree 
as to provoke extensive islet cell destruction. Only af-
ter cytokine-induced upregulation of Fas expression 
does the apoptotic Fas-FasL-pathway become com-
manding. Increased production of islet antigens re-
leased from damaged β-cells may further costimulate 
the proliferation of autoreactive T cells to exert a more 
aggressive diabetogenicity. In support of this notion is 
the finding that in vitro incubation of NOD mouse is-
lets with IL-1α and IFN-γ leads to a more intensive 
Fas expression on β-cells which allows them to interact 
better with FasL-bearing autoreactive T cells, thus ren-
dering them to undergo apoptosis [36]. 

The finding that FasL was detected on β-cells of 
neither NOD nor Fas-deficient MRL-lpr/lpr islets, 
while both mouse strains were equally susceptible to 
cytokine-induced β-cell death, implies that an alterna-
tive mechanism other than Fas-FasL interaction may 
be important in diabetes development [37]. Perforin-
positive offspring derived from perforin-deficient 
C57BL/6 mice backcrossed to NOD mice succumb to 

the development of overt diabetes more rapidly than 
their perforin-negative littermates. Furthermore, per-
forin-negative animals exhibited a greater resistance to 
developing cyclophosphamide-induced diabetes [38]. 
In lymphocytic choriomeningitis virus (LCMV)-
glycoprotein (GP) transgenic mice, which express vi-
rus-GP on islet β-cells, LCMV infections led to the 
generation of GP-specific T cells and induced diabetes 
development, but perforin-deficiency has been found 
to confer resistance to diabetes development in this 
model despite Fas expression [39]. We can thus con-
clude from the existing findings that the perforin path-
way must be a second critical apoptotic pathway in the 
development of autoimmune diabetes. 

However, there are also contradictory results re-
garding the perforin apoptotic pathway. In 8.3-TCR 
transgenic mice, β-cells were destroyed by diabetogenic 
T cells via the Fas-FasL system, while perforin knock-
out has been observed to be insufficient in protecting 
the animals from developing diabetes [40]. Fas-
deficient NOD.lpr/lpr mice have been found to be re-
sistant to T cell-mediated apoptosis and remain free 
from developing spontaneous diabetes despite express-
ing perforin (Figure 2) [37]. However, protection in 
these animals may be attributed to the existence of ab-
normal FasL-expressing cells in the host capable of 
mediating apoptosis against the transferred autoreac-
tive T cells rather than to a reduced or lacking Fas-
FasL interaction [41]. In a different study, a population 
of suppressor cells bearing the CD4-CD8-B220+ phe-
notype has been found in the NOD.lpr/lpr mice, sug-
gesting that B220+ suppressor cells contribute to a 
down-regulation of diabetogenic T cells in Fas-
deficient NOD.lpr/lpr mice [42]. 

Apart from the abnormal FasL expression in 
NOD.lpr/lpr mice that exerts an anti-diabetic activity 
against diabetogenic T cells, we can conclude that the 
majority of studies carried out in rodent diabetes mod-
els showed that both FasL expression and the perforin 
pathway correlate with diabetes development. NOD 
mice with β-cells overexpressing FasL are less resistant 
to diabetogenic T cells and are found to develop diabe-
tes at an accelerated rate compared to the wild type 
NOD counterparts [42]. Furthermore, higher FasL ex-
pression is detected in pancreatic islet tissues of cyclo-
phosphamide-induced diabetic mice and female NOD 
mice as they progress to develop insulitis and become 
diabetic [43, 44]. NOD mice heterozygous for the 
FasL mutation gld resulting in the expression of subop-
timal levels of functional FasL on their T lymphocytes 
develop insulitis but exhibit delayed progression to 
diabetes (Figure 2) [45]. 
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Death signal modulation for T1DM interven-
tion 

The understanding that Fas-FasL-mediated apop-
tosis induced by autoreactive T cells against islet β-cells 
leads to diabetic insulitis has prompted several studies 
to address the question as to whether disruption of this 
pathway may protect from diabetes development in 
rodent disease models. 

Intervention in the interaction of effector and target cells 
Blocking Fas-FasL interaction by anti-FasL anti-

bodies is effective in preventing NOD mice at 2-4 
weeks but not at 5-15 weeks of age from becoming 
diabetic. Adoptive cell transfer experiments revealed 
that inhibiting FasL on diabetogenic CD4 but not CD8 
T cells is critical for mediating protection since admini-
stration of anti-FasL antibodies is effective in prevent-
ing diabetes development induced by diabetogenic 
CD4+ and not CD8+ T cell transfer [46]. 

A recombinant fusion protein FAS-Fc consisting of 
murine Fas and the Fc moiety of human IgG1 admin-

istrated in multiple doses 
has been found to protect 
NOD mice from develop-
ing cyclophosphamide-
induced diabetes. Unex-
pectedly, instead of FasL 
blockade interfering with 
Fas-FasL interaction, the 
treatment was found to 
preserve the functional in-
tegrity of regulatory T cells 
that contributed to the re-
sistance of diabetes devel-
opment in the animals [47]. 

Restoring self tolerance 

The active form of vi-
tamin D, 1α,25-dihydroxy-
vitamin D3 (1α,25(OH)2 
D3), has been reported to 
mediate immunoregulatory 
functions and as such it 
was used as an immuno-
suppressive reagent in 
transplantation [48]. NOD 
mice treated with the com-
pound gained resistance to 
insulitis and subsequent 
diabetes development [49]. 

Protection in these cases can be attributed to a mecha-
nism that facilitates an improved positive selection of 
thymocytes and the induction of tolerogenic dendritic 
cells contributing to the downregulation of autoreac-
tive T cell activity [50]. 

Functional modulation of autoreactive T cells 
Costimulation via CD28/B7 between T cells and 

antigen-presenting cells is a necessary consecutive 
pathway for the activation of T cells [51]. Recently, a 
new member of the TNF superfamily, TNFSF14 
which is also called LIGHT, expressed on activated T 
cells that binds the herpes virus entry mediator 
(HVEM), has been shown to promote T cell prolifera-
tion via its interaction with LIGHT [52, 53]. This 
mechanism is also associated with the proliferation of 
autoreactive T cells in the development of autoim-
mune diseases such as T1DM. Blockade of LIGHT by 
treating 5- to 6-week-old female NOD mice with 
HVEM-Ig (100 µg per mouse) for a short term (a du-
ration 3 weeks) led to a significant prevention of dis-
ease development [54]. 
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Figure 2. Human diseases and animal models of death ligand/receptor signaling 
defects. ALPS Ib is the human genetic counterpart of the gld mice and corresponds to 
FasL blockade in mice. NOD mice heterozygous for the FasL mutation gld express low 
FasL levels on their T lymphocytes and exhibit delayed progression to diabetes. Fas-
deficient NOD.lpr/lpr mice are resistant to T cell-mediated apoptosis. Transgenic ani-
mals expressing an inhibitor of caspase 8 do not develop lymphoproliferation although 
all death-receptor pathways are blocked. Upregulation of cFLIP has the same effect 
and secures insulin secretion in the insulin-secreting cell line βTc-Tet. Transgenic ex-
pression of CrmA in RIP-NOD mice inhibits caspases 8 and 10 and leads to delayed 
diabetes onset induced by diabetogenic spleen cells. Figure modified according to [9]. 
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Targeted expression of FADD-like IL-1β-converting enzyme 
(FLICE) to prevent β-cell apoptosis 

Insulin secretion of murine and rat islet cells is af-
fected by TNF-α in a  concentration-dependent man-
ner [55, 56]. However, a combination of TNF-α with 
IL-1α and IFN-γ is needed to induce apoptosis of 
mouse islet cells [57]. TNF-α-induced apoptosis can be 
inhibited by a variety of mediators, including FLICE-
inhibitory proteins [58]. In vitro studies with the insulin-
secreting cell line βTc-Tet showed that upregulated 
expression of cellular FLIP (cFLIP) led to the block-
ade of caspase 8 activity that rendered the cells resis-
tant to apoptosis mediated by TNF-α, IL-1-α and IFN-
γ (Figure 2). This strategy also prevented a significant 
reduction in insulin secretion induced by exposure of 
the cells to TNF-α alone [59]. These results encourage 
further investigation as to whether overexpression of 
cFLIP in human islet cells may improve the acceptance 
of islet implants. 

Targeted expression of cytokine response modifier A (CrmA) to 
prevent β-cell apoptosis 

CrmA is a cowpox virus-encoded protein that be-
longs to the serine protease inhibitor family. CrmA is 
able to inhibit caspases 8 and 10 to prevent a variety of 
mammalian cell types, including pancreatic islet cells, 
from undergoing apoptosis (Figure 2) [60]. Transgenic 
expression of CrmA in RIP-NOD mice (rat insulin 
promoter driven adenovirus E9 transgenic NOD mice) 
is unable to prevent streptozotocin-induced spontane-
ous diabetes development, but is effective in prevent-
ing diabetes development induced by diabetogenic 
spleen cells [61]. In a recent study, targeted expression 
of CrmA to pancreatic β-cells of NOD mice at birth 
led to a substantial delay and reduction of diabetes on-
set after adoptive transfer of diabetic spleen cells or 
diabetogenic CD8 T-cell clones (Figure 2) [62]. In the 
light of these findings, modulation of CrmA expres-
sion does not appear to be a feasible approach for pre-
venting T1DM development, but overexpression of 

CrmA in islet β-cells could be tested as an additional 
procedure for prolonging the life of islet grafts. 

Immunomodulation with TRAIL to prevent β-cell death 
Pancreatic islet β-cells of NOD mice at the stage of 

overt insulitis show upregulated TRAIL expression. 
However, β-cells of these animals do not undergo 
apoptosis upon exposure to TRAIL, suggesting that 
enhanced TRAIL expression is unlikely to contribute 
to β-cell apoptosis. On the other hand, TRAIL is able 
to render human autoantigen-specific T cells hypore-
sponsive without driving them to undergo apoptosis 
[63]. In another study that involves the administration 
of a recombinant soluble TRAIL receptor, sDR5, into 
cyclophosphamide-treated NOD mice and NOD.Scid 
mice adoptively transferred with diabetogenic T cells, 
the animals are found to develop diabetes at a signifi-
cantly accelerated rate than untreated mice [28]. This 
has been attributed to the blocking of the anti-
diabetogenic property of TRAIL with sDR5 rather 
than to enhanced β-cell apoptosis. 

Conclusion 
In summary, apoptosis mediated by the engage-

ment of death receptors with their respective ligands 
contributes critically to T1DM development. New ex-
perimental systems address the question as to whether 
modulating the expression of these molecules may lead 
to the design of future therapeutic regimens for the 
treatment of T1DM. It is still too early to relate the ef-
fectiveness of any of these approaches or a combina-
tion of them to the therapeutic potential of T1DM. 
However, with increasing understanding in the mecha-
nisms provoking β-cell death and survival modulation 
of the life-span of activated, autoreactive T cells 
through their death receptors can open promising ave-
nues for the development of new T1DM intervention 
strategies. 
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