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The hallmark of type 1 diabetes is specific destruction of pancreatic islet 3-cells. Apoptosis of B-cells may
be crucial at several points during disease progression, initiating leukocyte invasion of the islets and
terminating the production of insulin in islet cells. B-Cell apoptosis may also be involved in the occasional

evolution of type 2 into type 1 diabetes.

ype 1 diabetes is an autoimmune disease

resulting from specific destruction of the

insulin-producing B-cells of the islets of

Langerhans of the pancreas. It has two distinct

phases: insulitis, when a mixed population of
leukocytes invades the islets; and diabetes, when most
B-cells have been killed off, and there is no longer
sufficient insulin production to regulate blood glucose
levels, resulting in hyperglycaemia. Individuals can have
covert insulitis for a long time (years in humans, months
in rodent models) before it finally progresses to overt
diabetes, and sometimes it never does.

Type 1 diabetes is an old disorder — descriptions of it
appear in ancient Egyptian and Greek writings. It is also a
common disease, currently affecting about 0.5% of the
population in developed countries and increasing in
incidence. In addition, there is mounting evidence that a
fraction (variously estimated at 5-15%) of people originally
diagnosed as type 2 diabetic may actually have a slowly
progressing and less severe form of type 1 termed ‘latent
autoimmune diabetes of adults’ It is surprising, then, that
we remain so ignorant about the aetiology and pathogene-

Figure 1 Proposed scheme for the
initiation of type 1 diabetes. Naive T
cells (purple spheres) circulate through
the blood and lymphoid organs,
including the pancreatic lymph nodes
(PLNs). In the nodes, they encounter
APCs (probably mature DCs) displaying
on their surface MHC molecules
carrying antigens in the form of peptide
fragments. In this case, the antigens
derive from proteins synthesized by
pancreatic islet 3-cells, picked up (in
soluble form, as cell bits or as apoptotic
cells) when the APCs (probably DCs in
immature state) resided in the islets. A
minute fraction of the naive T cells can
recognize MHC molecule/B-cell antigen
complexes, become activated (red
asterisks), and then access tissues
including the pancreas, where they re-
encounter cognate antigen, and are
reactivated and retained.
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sis of autoimmune diabetes. We do not know what triggers
it, have little understanding of the genetic and environmen-
tal factors regulating its progression, and have a confused
view of the final effector mechanism(s). Consequently, we
stilldo notknow howto preventor reverse type 1 diabetesin
a sufficiently innocuous manner to be therapeutically
useful. Faced with the difficulties of addressing these issues
in humans, many investigators have turned to small-animal
models of diabetes, in particular the non-obese diabetic
(NOD) mouse and transgenic derivatives of it (Box 1).

Here we focus on the crux of autoimmune diabetes —
B-cell death. We explore the possibility that physiological
destruction of B-cells is a crucial event at disease outset,
initiating autoimmunity. We also evaluate what is
known about the mechanism(s) of B-cell death in the
terminal phases of the autoimmune attack, and weigh the
contention that destruction of 8-cells can convert type 2
into type 1 diabetes.

Death as the initiator
Type 1 diabetes is primarily a T-lymphocyte-mediated
disease’®. Immunohistological analyses show that most
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leukocytesintheisletinfiltrateare T cells. Disease does notdevelopin
NOD mice that are genetically athymic or T lymphopenic, or were
thymectomized at birth; likewise, it is dampened or even abrogated
by reagents that interfere with T-cell function. Finally, diabetes can be
transferred by injecting T cells from diseased donors into healthy
NOD recipients — the purest demonstration being inoculation of a
single T-cell clone into a lymphocyte-deficient NOD mouse.
Although most of these data derive from rodent diabetes models,
there is ample indication that the human disease is also mediated by
T lymphocytes, and hasasimilar islet histology and positive response
to treatmentwith T-cell inhibitors.

T cells with diabetogenic properties fall into both the CD4 ™ helper
and the CD8" killer classes, although both may be required for
optimum disease activity". They respond to several antigens that are
specifically, but perhaps not uniquely, synthesized by pancreatic islet
B-cells, including peptides derived from insulin, glutamic acid
decarboxylase and the tyrosine phosphatases 1A-2 and 1A-288
(phogrin). For CD4" T cells, the antigens are peptides presented by
major histocompatibility complex (MHC) class Il molecules found
primarily on specialized antigen-presenting cells (APCs); for CD8"
T cells, they are peptides displayed by MHC class | molecules present
on most cell types.

Where and when the autoimmune response is initiated

Where do naive, potentially diabetogenic T cells first encounter their
B-cell-derived antigens? The most likely possibilities are in the islets
themselves; in the lymph nodes draining the islets (the pancreatic
lymph nodes; PLNs); or at some distant site (although in this case the
original stimulus would not be the B-cell antigen itself, but rather a
molecular mimic of it introduced by infection or diet). Data from
two transgenic mouse models of diabetes** support the second
explanation, suggesting a scheme (Fig. 1) that is highly analogous
to that established for T-cell responses to antigens introduced
through the skin.

Like all naive T lymphocytes, naive B-cell-reactive, potentially
diabetogenic T cells do not usually access the tissues (including the
pancreas), but circulate freely through the blood and lymphoid
organs. At some point, B-cell-derived antigens are taken up by APCs
(probably dendritic cells; DCs) in the islets, inducing maturation of
the APCs and their migration to the immediately draining PLNSs.
Here, they display the -cell-derived antigens to naive B-cell-reactive
T cells in circulation and activate them. As part of the activation
process, the T cells acquire the ability to migrate through the tissues;
in the islets, they re-encounter cognate antigen, become reactivated
and are retained, thereby initiating insulitis. An unknown fraction of
the activated and/or re-activated T cells may re-enter the circulation.
Much evidence suggests that a similar sequence of events unfolds to
initiate insulitis in standard NOD mice?.

Thisscheme raises the issue of when B-cell antigens are first made
available for uptake by islet-resident APCs. An answer has come
from a T-cell receptor (TCR) transgenic mouse model of diabetes’.
Insulitis begins abruptly and highly synchronously in these animals
at 15-18 days of age. At and after this time, it is possible to detect the
relevant B-cell-derived antigen in the PLNs (and in no other lymph
nodes) by monitoring activation and proliferation of transferred
transgenic T cells; before this time, the PLNs seem to be free of the
relevant antigen even though it is synthesized by -cells from birth®.
There seems to be no difference in the timing or extent of B-cell
antigen release to the PLNs in NOD versus non-diabetes-prone
C57BI/6 mice®, implying that this event, albeit crucial to the process,
does not explain the propensity of NOD mice to develop diabetes.

How autoimmunity is initiated

Inregard to how B-cell antigensare first made available, an intriguing
possibility isthat they are taken up by APCsin the islets because of the
death of B-cells. Many groups have shown that a wave of physiologi-
cal B-cell death takes place in the islets of juvenile rodents, peaking at
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Box 1
The NOD mouse and simpler murine models

Discovered in the late 1970s, the non-obese diabetic (NOD) mouse
has become the most commonly used animal model of autoimmune
diabetes?. Disease develops spontaneously in this strain, sharing
several crucial features with the human disorder — for example, a
protracted course of pathology, disease that is primarily mediated by
T lymphocytes, and disease that is under complex polygenic
control, by far the most important contributor being the MHC. The
NOD mouse has permitted many of the outstanding issues in the
diabetes field to be addressed by direct experimentation, and results
from this animal have heavily coloured our view of the pathogenesis
of diabetes. But, because of the asynchrony and complexity of the
disease in this model, vital issues have remained unresolved. Thus,
diverse strategies have been taken to simplify the NOD disease in
order to highlight particular features by ablation or exaggeration.

One strategy has been the generation of T-cell receptor (TCR)
transgenic mice to focus on the role of T lymphocytes. Because of
allelic exclusion, mice carrying already rearranged TCR transgenes
have a T-cell repertoire highly skewed for the transgene-encoded
specificity — even monoclonal when mutations blocking
rearrangement of endogenous TCR genes (SCID, RAG™) are
introduced. Such a skewed repertoire has proved useful for
synchronizing disease unfolding and for monitoring the behaviour of
pathogenic T cells. There are now several examples of TCR
transgenic mice with repertoires enriched for a diabetogenic
specificity®®*® — either MHC class-I-restricted CD8" or class-II-
restricted CD4" T cells, and T cells recognizing either a natural
antigen or a genetically engineered neo-antigen synthesized
specifically by B-cells.

Another strategy has been to direct expression of molecules of
interest specifically to islet g-cells under the dictates of the insulin
promoter, permitting assessment of the effects of expression at
enhanced levels, ectopically, locally or in isolation. Examples include
mice expressing MHC molecules, cytokines, co-stimulatory
molecules and neo-antigens®**%.

Thus, there now exists a set of powerful murine models of
diabetes, each one with its inherent interests and disadvantages.
We do not know, however, which model most faithfully mimics which
variant of human diabetes. Given the heterogeneous symptoms,
courses and genetics exhibited by affected individuals, it may well
be that human diabetes is really a multiplicity of diseases. It seems
that an open-minded view is called for at this point.

14-17 days after birth™, Significant death at this age was first postu-
lated on the basis of mathematical modelling studies, taking into
accountthekinetics of B-cell division, changesin cell volume, and the
evolution of cell mass’. Confirmation came from quantifying dying
cells on pancreas sections®: the frequency of dying cells was low even
at peak times (4—-13%), but, given that dead cells can be very difficult
to detect owing to rapid engulfment and disposal, it is possible that a
significant fraction (estimated at one-third) of the B-cells in juvenile
rodents turns over. A wave of B-cell death was observed in both
normal and diabetes-prone strains, although perhaps augmented
in some of the latter’. Interestingly, an analogous perinatal wave,
peaking at birth, has been demonstrated in humans, leading to
the suggestion that extension of this wave might be the cause of
hyperinsulinaemiain infancy™.

The significance of such a wave of B-cell death in the context of
initiation of autoimmunity is that the engulfment of apoptotic and
necrotic cells can be a potent activation signal for APCs, in particular
DCs". Most recently, emphasis has been placed on necrotic cellsasan
immunogenic (as opposed to a tolerogenic) stimulus, but apoptotic
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Figure 2 Intracellular death signalling
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and caspase-10 in humans). These pro-caspases are cleaved to generate active
caspase forms, which activate downstream caspases, which in turn cleave several cell
substrates to effect cell death. Other pathways initiated by ultraviolet light,
glucocorticoids and stress, for example, do not involve cell-surface receptors, but
rather mitochondrial perturbations and/or Ca?* release. Other first-level caspases
(caspase-9 and -12) are mobilized, followed by poorly characterized downstream
events. Central to mitochondrial involvement are pro- and anti-apoptotic members of

cells can also provoke an immune response under the appropriate
conditions, for example, when present in high enough numbers,
physiologically stressed, or exposed to inflammatory cytokines such
astumour-necrosis factor (TNF)-aand interleukin (1L)-1p (ref. 13).
In addition, several studies have linked the presentation of autoanti-
gens and production of autoantibodies with apoptotic cells, notably
in systemic lupus erythaematosus™. Thus, it seems plausible that this
wave of B-cell death prompts uptake of B-cell antigens in the islets
followed by their ferrying to the PLNs, where they become available
to naive circulating B-cell-reactive T cells. In support of this, an
earlier wave of apoptosis in the kidney (peak at 10 days) is correlated
with an earlier arrival of kidney-derived antigens in the renal lymph
nodes (at 10 days)>'**.

The wave of B-cell death in juvenile animals might stem from one
or both of two processes. First, at various times during development,
certain tissues undergo a remodelling process involving apoptosis'®
and/or necrosis™’. A classic example is the loss of interdigital tissue in
mammalian limbs during fetal development; examples in the neona-
tal window include death in the kidney, nervous system, heart and
adrenal cortex. The precise mechanisms involved are poorly
understood, but both cell-autonomous and extracellular controls
have been implicated in different contexts, and the latter can involve
either the imposition of a positive signal or the removal of a negative
one™. Second, the wave of B-cell death peaks around the time of wean-
ing — a known stage of massive metabolic and synthetic perturba-
tions such as changes in glycogenolysis, gluconeogenesis, lipogenesis
and hormone production, including insulin and glucagon®. Such
changes might be an extracellular signal for triggering tissue remodel-
ling, and/or they might induce tissue stress. The latter is likely to be
relevant to the pancreatic islets, as -cells are unusually sensitive to
overproduction of proteins and to exposure to several cytokines®.

Thesignalling networks involved in cell-stress-induced apoptosis
are beginning to be identified. One major pathway, distinct from that
implicated in death mediated by members of the TNF receptor
family, mobilizes cytochrome ¢, Apafl, caspase-9, and in some cases
caspase-3 (refs 21-25; and Fig. 2). Yuan and co-workers® reported
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the Bcl family, which regulate exit of cytochrome ¢, culminating in the assembly of an
‘apoptosome’. The perforin/granzyme B pathway is also poorly defined, although at
some point caspase-3 is mobilized. Perforin/granzyme B may also directly cleave
cellular substrates. Dashed arrows indicate uncertainty, a controversial link, or one with
limited experimental underpinning. No arrows emanate from Bmf and Bim because the
pathways are currently ill defined.

thatstressin theendoplasmic reticulum (ER), usually provoked by an
excess of misfolded proteins, specifically activates caspase-12, which
eventually leads to apoptosis. Cells from caspase-12-deficient mice
are resistant to ER-stress-induced death, but do undergo apoptosisin
response to other death stimuli®. Also involved in this pathway are
IRE-1, TRAF-2, calpain, caspase-7 and perhaps caspase-9 (refs
27-29;and Fig. 2). Itisimperative to assess these two pathways in the
context of insulitis onset.

Thus, we and others’ propose that a wave of physiological B-cell
death, which takes place in all individuals, is crucial in the initiation
of type 1 diabetes. It has pathological consequences in diabetes-
prone individuals, who have an autoreactive T-cell repertoire that
can be mobilized by the exposed B-cell antigens and may also be
subject to additional genetic or environmental susceptibility factors.
This resulting indiscriminate release of B-cell antigens might explain
why it has been so difficult to identify convincingly ‘the antigen® that
initiates autoimmune diabetes. It also eliminates the need for invok-
ing molecular mimicry by microbial T-cell epitopes to initiate the
autoimmune process—anotion that has attracted much interest but
has little direct experimental support®™ — although microbes might
still precipitate insulitis prematurely or cause it to convert more
rapidly to diabetes.

Proof will require juvenile B-cell death to be linked experimental-
ly to onset of insulitis; that is, by blocking the death wave or inducing
it prematurely, we should detect a reduced or earlier leukocytic
infiltrate, respectively. It may also prove possible to track apoptotic
B-cell fragments as they are engulfed by APCs in the pancreas
and transported to the PLNs, as has been done so elegantly in an
intestinal system®. Finally, it will be important to define the death
signalling pathways that are mobilized during the wave of B-cell
deathinjuvenileanimals.

Death as a terminator

Massive, specific destruction of pancreatic islet B-cells is the hall-
mark of type 1 diabetes. Thus, itissurprising that we still have so little
definitive information — either from rodent models or from affected
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humans — on how this comes about or why it is so specific. For
humans, this most probably reflects the fact that once diabetes is
diagnosed, most of the B-cell destruction has already taken place.

Cellular mechanisms of B-cell death

Two principal cellular mechanisms have been proposed (refs 1,2; and
Fig. 3). The ‘recognition-linked’ mechanism attributes the death of
B-cells to cytotoxic T-cell recognition of autoantigens presented by
MHC molecules at their surface. Thus, killing is provoked by direct
recognition of a target on the B-cell and requires T-cell/B-cell con-
tact. Inmice, thiswould imply recognition of MHC class-1-restricted
antigens by CD8" T cells because their B-cells do not express MHC
class Il molecules. Several observations are consistent with this
scheme: (1) CD8" T cells follow CD4" T cells into the islets when
splenocytes from diabetic donors are transferred into healthy NOD
recipients; (2) both CD4"and CD8" T cellsare required for transfer of
diabetes even though the former can invade the host’s islets alone;
(3) some CD8" T-cell clones derived from diabetic NOD mice can
provoke diabetes on transfer into lymphocyte-deficient recipients, or
are diabetogenic in monoclonal TCR transgenic mice®™*; (4) dia-
betes but not insulitis is reduced when insulitic, pre-diabetic NOD
mice are injected with anti-MHC class | or anti-CD8 monoclonal
antibodies; (5) CD8" T cellsisolated from diabetic animals can attach
to and lyse B-cells in vitro. Also perhaps relevant is that CD8" T cells
frequently dominate islet infiltrates in humans with diabetes (for
example, see ref. 35). However, other evidence argues against this
scheme: (1) some CD4" T-cell clones can provoke diabetes in the
absence of CD8" T cells in transfer or TCR transgenic systems®;
(2) splenocytes from diabetic donors can transfer disease into
recipients lacking MHC class | molecules on their islets®”; and (3) dia-
betes can develop in a TCR transgenic model in the absence of
antigen-specific contact between T and B-cells®.

The second, ‘activation-linked’, mechanism is an indirect one, by
which the mere proximity of B-cells to angry T cells provokes their
death. This scheme is more consistent with two perplexing observa-
tions: CD4" T cells can cause diabetes in mice in the absence of CD8"
T cells; but MHC class 1l molecules are not detected on murine
B-cells. According to this scheme, B-cell autoantigens are picked up
by APCs (macrophages or DCs) resident in or recruited to the islets,
and are presented to primed CD4" T cells provoked to circulate
through the tissues. As a result of such T-cell/APC interactions, the
activated T cells may directly kill the bystander B-cells, for example
through perforin or Fas/Fas ligand (FasL) interactions (pathway i in
Fig. 3b); produce soluble mediators that induce B-cell death (ii in
Fig. 3b); or activate the cytocidal functions of macrophages in the
vicinity (iii in Fig. 3b). The B-cells themselves may enter the melee,
induced to synthesize soluble mediators that hasten their own demise
(ivinFig. 3b). The nature of the soluble mediators involved is contro-
versial: interferon (IFN)-v, IL-1, TNF-q, IL-6 and nitric oxide (NO)
have all been implicated (see below).

Molecular mechanisms: cell-cell contact

Recent efforts have been directed at dissecting the molecular mecha-
nisms responsible for the B-cell death that preludes type 1 diabetes®.
According to several mouse models®“, apoptosis is probably the
main mode of destruction. For humans, finer mechanistic studies are
essentially restricted to experiments on B-cells cultured in vitro or
expression profiling of ex vivo material; for mouse models, the range
of genetically engineered knockout strains has added an important
perspective. Nonetheless, the results acquired so far have often been
contradictory and unsatisfying.

In recognition-linked killing (and also the surface-receptor-
mediated variant of activation-linked killing; Fig. 3b, pathway i),
most attention has been devoted to perforin and Fas/FasL. The
perforin/granzyme pathway (Fig. 2), which leads to insertion of
tubular perforin complexes into the cell membrane and consequent
osmotic lysis, is the main mode of death induced by cytotoxic T cells.
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Both NOD mice**? and a class-I-restricted TCR transgenic model®
showed normal insulitis, but a reduced incidence and delayed onset
of diabetes when rendered perforin-deficient, suggesting that per-
forinhasarole interminal B-cell destruction. In direct contradiction
to these results, however, two class-1-restricted TCR transgenic mod-
els developed severe diabetes on a perforin-deficient background**,
and a third model also did neonatally, although disease was attenuat-
ed when perforin-deficient transgenic T cells were transferred into a
normal recipient®. Perhaps the explanation for these inconsistent
data lies in other effects of the perforin mutation; for example,
perforin also seems to be involved in the homeostasis of memory
CD8"cells®. Alternatively, different CD8" T-cell clones, recognizing
various B-cell antigens, might intervene at diverse stages in the
disease process, relying on different effector mechanisms.

Results on the role of Fas/FasL in B-cell death have been equally as
confusing. Fas, which is expressed on activated lymphocytes and
some cells in tissues, is probably the main cell-surface receptor
transmitting death signals (Fig. 2),and FasL isexpressed primarily on
activated T lymphocytes*. The first evidence that this receptor/lig-
and pair might be involved in terminal B-cell destruction came from
the observation that NOD mice homozygous for the Ipr mutation (a
mutation of the fas gene) did not develop diabetes; moreover,
transfer of splenocytes from diabetic standard NOD mice into NOD
Ipr/lpr recipients did not provoke diabetes, although it did in
wild-type hosts*. The homozygous Ipr mutation also had an effect in
one TCR transgenic model*, but notin another®,

These findings prompted several studies demonstrating Fas on
B-cells isolated from rodents and humans, and its upregulation dur-
ing progression to diabetes (for example, see ref. 48), although the

Perforin
FasL-Fas

IL-6, TNF-qi, ..
\IL-1, IFN-y, NO

Macrophage

Figure 3 Proposed cellular mechanisms of 3-cell death. a, According to
‘recognition-linked” mechanisms, the T cell (in this case CD8" T cell) is activated by
direct recognition of islet 3-cell antigens (red dots) presented by MHC molecules (in
this case class | molecules) on B-cells. Activation provokes killing of the B-cell
through cell/cell contact using, for example, the Fas/FasL or perforin pathways. b,
According to ‘activation-linked” mechanisms, the T cell (either CD4* or CD8")
recognizes (3-cell antigens presented indirectly by APCs (macrophages, DCs) in the
vicinity. The resulting activation provokes 3-cell death mediated by surface receptors
(such as FasL/Fas, TNF-a/TNF-R) (i); cytokines and other soluble death mediators
produced by the T cell (ii); activation of macrophages and stimulation of their
cytocoidal activities (jii); and activation of B-cells and stimulation of their production
of cell death mediators (iv).
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complex cellular composition of inflamed islets renders histological
interpretation difficult, and Fas upregulation and its function have
been disputed®. In addition, in vitro studies have documented
cytokine-induced Fas upregulation on cultured murine and human
islets and its ability to transmit apoptosis signals**. But it has also
been reported that insulitis was abrogated in NOD lpr/lpr mice®,
meaning that the lack of diabetes in these animals might have
nothing to do with terminal B-cell destruction, but rather to
another pleiotropic effect of this mutation on the lymphoid system
or to a need for some B-cell death to initiate the autoimmune
response (see above).

Indeed, islets from NOD Ipr/lpr mice were not protected from
autoimmune attack when transferred into diabetic wild-type recipi-
ents®**, and even wild-type islets were protected when introduced
into NOD Ipr/lpr hosts™. The explanation for these contradictory
transfer results seems to be that lymphocytes residing in Ipr/lpr mice
strongly upregulate FasL>, rendering them potent killers of any intro-
duced cells expressing Fas®. This neat explanation is not completely
satisfying, however, as it has been reported that a homozygous gld (or
FasL) mutation, which lacks the pleiotropic effects of the Ipr mutation,
also inhibited diabetes in NOD mice, and that transfer of diabetogenic
T cells into lymphocyte-deficient NOD severe combined immunode-
ficient (SCID) Ipr/Ipr mice also resulted in attenuation of diabetes®.

A role for membrane TNF/TNF receptor 1l (TNF-RII) interac-
tions in recognition-linked killing of B-cells in a CD8" T-cell-
dependent diabetes model has been suggested®’, although, again,
these data are difficult to interpret because of the pleiotropic
mutations in the mouse strains from which they derive. Interestingly,
however, TNF-RII expression was upregulated during disease
unfoldinginaCD4" T-cell-dependent TCR transgenic model®.

Molecular mechanisms: soluble mediators

Animplication of perforin, Fas/FasL or membrane TNF-o/TNF-Rin
terminal B-cell destruction cannot be taken asevidence for a recogni-
tion-linked mode of death, because T-cell/B-cell contact is also a
feature of a variant of the activation-linked mechanism (pathway i in
Fig. 3b). Nonetheless, the other variants all entail soluble mediators
(pathways ii—iv in Fig. 3b) and, as discussed above, because there is
evidence to support this latter class of mechanisms, much effort has
been devoted to identifying the factors that might be involved.

Untangling the relative roles of the different pro-inflammatory
cytokines in B-cell death is problematic because these cytokines are
produced by more than one cell type and have effects on many
targets. In addition, the same cytokine might act as a membrane or
soluble form (with a different range of activities) or might engage
several receptors (again with different effects). Moreover, the
pro-inflammatory cytokines form a network of molecules, which
influence each other’s synthesis and activities. The difficulties
encountered are illustrated by TNF-a. This cytokine exists in a
soluble or membrane-bound form, interacts with TNF-RI and -Rll,
and promotes activities, such as inflammation, differentiation,
survival and death, in many cell types®. Elevated levels of TNF-a
expression have been correlated with B-cell destruction invivo®, and
TNF-a can contribute directly or indirectly to B-cell destruction in
vitro®™®, put its effects on the unfolding of diabetes in vivo are
confusing. Systemic injection of TNF-a gave different results accord-
ing to the age of the recipient: enhancing disease before 3 weeks, and
blocking afterwards®. This differential effect has been mimicked in
transgenic mice expressing TNF-« specifically in the B-cells of NOD
mice’. These results probably reflect changing populations of TNF-a
producers and users throughout the development of the animal and
disease progression.

Thus, interpreting experiments using mice with a genetic defi-
ciency in TNF-a may not be straightforward. NOD mice deficient in
TNF-RI developed normal insulitis but reduced diabetes; they also
showed less than the usual diabetes when transferred with T cells
fromwild-type NOD donors®. To circumvent some of the problems,
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a transplant model was developed with the transfer of both islets
from various knockout mice and diabetogenic lymphocytes from
TCRtransgenic mice into NOD-SCID recipients. Transplantscarry-
ing mutations in TNF-RI, but not Fas, IFN-vy receptor or inducible
NO synthetase (iNOS) resisted rejection, although this turned out to
reflect an indirect effect on lymphocyte residence in the islets rather
than adirect effect on B-cell killing®.

Another difficult area is the role of free radicals and reactive
oxygen intermediates in terminal B-cell destruction®. Inflammation
leads to the induction of INOS and consequent production of NO in
macrophages and other cell types. IL-1, TNF-a and IFN-vy have all
been implicated in this increased production, but IL-18 may be pri-
mordial®. Elevated concentrations of NO lead to DNA damage and
apoptosis by a poorly defined mechanism. More specifically related
to diabetes, in vitro both macrophages® and islet B-cells® can be
induced to synthesize NO, and both exogenously and endogenously
produced NO provokes B-cell destruction®. In vivo, iNOS concen-
trations increase in parallel with diabetes onset in a model of T-cell
transfer®® and after cyclophosphamide treatment of insulitic
animals’®; moreover, an inhibitor of INOS activity can block diabetes
transfer®. Thus, it was surprising to find that iNOS-deficient NOD
mice developed diabetes as usual (J. Fenyk-Melody and J. Mudger,
personal communication) and that islets from such animals were
attacked efficiently by diabetogenic T cells in the transplant model
mentioned above®,

Currently, debate is focused on just how critical NO is in ‘natural’
diabetes, and whether the main culprit is NO produced exogenously
by macrophages or NO produced endogenously by g-cells (or both).
Resolving the latter issue is important because it might suggest a
mechanism for the specificity of B-cell death: at least in vitro, both
islet - and B-cells are sensitive to NO-induced destruction®, but
only the latter show elevated iNOS concentrations after cytokine
treatment®. Notably, cytokine-induced death of human B-cells
seems not to depend critically on iNOS in vitro™, but it has been
suggested that NO serves to induce the expression of Fas on human
islets, rendering them susceptible to T-cell attack™.

Other oxygen-reactive species might also be involved in B-cell
destruction during diabetes development. Peroxynitrite” and
hydrogen peroxide™ are involved in B-cell killing in vitro, whereas
overexpression of catalase™, manganese superoxide dismutase’™ ",
glutathione peroxidase™ and thioredoxin” have such an influence on
cytokine-mediated killing in vitro or on diabetes development in
NOD mice. In addition, the ALR mouse strain constitutively
expresses, both systemically and in B-cells, high levels of molecules
associated with dissipating free-radical stress, including manganese
superoxide dismutase and glutathione peroxidase, and islets from
these animals resist cytokine-induced B-cell death through cytokines
invitroand through diabetogenic T cells invitroand in vivo™.

Why is it so complex?

So the picture that we currently have is blurred: data from different
diabetes models implicate distinct death effector systems with no
clear indication of which, if any, are involved in the development of
human diabetes. It should be remembered that different intracellu-
lar death signalling pathways may be implicated in the B-cell
apoptosis induced by diverse agents™, and that murine and human
B-cells may show variable susceptibilities to apoptosis mediated by
the different pathways®. In particular, one has to question the
relevance of in vitro studies in light of increasing evidence that the
removal of cells from their normal tissue environment can launch a
very specific cell death program, ‘anoikis’, mediated by bmf — a
member of the pro-apoptotic Bcl-2 family®.,

Itisalsoimportant to remember that affected individuals can pre-
sent with heterogeneous clinical parameters®, and thus diabetes in
man could be a set of related disorders with possible differences in
inciting antigen, primary effector cell type and, most relevant here,
mechanism of B-cell destruction. Itis not known which of the mouse
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models will prove best for studying each of the human variants.
Neither is it known whether islet grafts are subject to the same or
different mechanisms of destruction — an important issue given the
increasing interest in using grafts to attenuate disease.

Death as a connector

By contrast, type 2 diabetes is non-autoimmune in nature®. Its hall-
marks are insulin resistance issuing from any of several causes and
inadequate insulin secretion. In advanced stages of disease, B-cell
function may degenerate to such a degree that insulin therapy
becomes necessary. As mentioned above, a significant fraction of
individuals originally diagnosed with type 2 diabetes are cryptic type
1 diabetics or evolve with time to a type 1 state, which is defined as
exhibiting anti-B-cell autoimmunity. What connects the two types?

The nature of the B-cell abnormality underlying reduced insulin
secretion in humans with late type 2 diabetes may be multifactorial.
Hyperglycaemia can lead to alterations in glucose sensing by the
B-cell, and evidence has been presented for agenetic component that
results in defects in B-cell function, a reduction in B-cell mass, or a
combination of the two. A modest reduction in the B-cell mass of
type 2 individuals at autopsy has been reported®, but conflicting
results abound®®. When B-cell mass is reduced, amyloid deposits
are often seen®®, but the extent to which they contribute to B-cell
failure has been disputed®. It may be worth keeping in mind that type
2 diabetics would be expected to have an elevated B-cell mass owing
tohyperplasia, so the comparable masses sometimes found in diabet-
ic compared with normal individuals might still reflect induction of
B-cell death— only longitudinal studies can give atrue indication. In
vitro experiments have shown that elevated glucose concentrations,
analogous to those seen in type 2 diabetics, can induce apoptosis of
cultured human islets®.

Better evidence for B-cell death in late stages of type 2 diabetes
comes from animal models. Perhaps the most convincing are data
from the gerbil, Psammomys obesus, which does not naturally develop
diabetes, but can in captivity when fed a high-energy diet. The disease
begins with a state of insulin resistance/hyperinsulinaemia/normo-
glycaemia and evolves to one of hypoinsulinaemia/hyperglycaemia.
During the development of hyperglycaemia, an increase in apoptosis
occurs, culminating in asevere disruption of the islet architecture®™#,
This increased B-cell death could result from hyperglycaemia, as
suggested by in vitro studies showing that islets from diabetes-prone
gerbils exhibit a progressive apoptosis on culture at high glucose
concentrations®%. In vitro studies on other rodent models™, have
also shown apoptosis of B-cells after incubation in elevated
concentrations of glucose or free fatty acids.

Almost nothing is known about the mechanism(s) of this B-cell
death. One possible clue has come from studies on islets from human
type 2 diabetics at autopsy showing a decrease in the ratio of
anti-apoptotic to pro-apoptotic members of the Bcl-2 family:
decreased Bcl-x.; increased Bad, Bid and Bik®. Interestingly,
increased levels of apoptosis and islet cell Bad were also characteristic
of mice that are diabetic because of a genetic deficiency in insulin
receptor substrates (IRS-2)%. These findings support the notion that
apoptosis signals channel through the mitochondria and argue
against surface-receptor-mediated signals (Fig. 2).

Another clue may come from Perk knockout mice, which develop
diabetes at an early age owing to massive disappearance of B-cells*.
The protein kinase Perk couples protein folding in the ER to
polypeptide biosynthesis by phosphorylating one of the subunits of
eukaryotic translation initiation factor 2 (elF2«), which attenuates
translation in response to ER stress such as insulin biosynthesis in
states of hyperglycaemia or hyperlipidaemia®®. In the absence of
Perk, translation could not be muted by this mechanism, the ER
became distended, the ER stress transducer IRE1a was activated, and
massive loss of B-cells and diabetes occurred. IREL« lies upstream of
caspase-12 (ref. 28), which is specifically activated during the ER
stress response (ref. 26; and Fig. 2), so it is likely that this is the death
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effector pathway mobilized in such contexts. Notably, individuals
affected with Wolcott—Rallison syndrome develop diabetes as infants
and have a mutation in the human equivalent of Perk®®. Thus, abnor-
malities in Perk or associated molecules might underlie any reduced
B-cell mass that occurs in the more usual cases of type 2 diabetes.

It seems, then, that B-cell death may be what connects type 2 and
type 1 diabetes in those occasional cases where the former evolves
into the latter. Depending on genetic and/or environmental
influences on a particular individual’s course of pathogenesis, a
fraction of type 2 diabetics may exhibit abnormal B-cell death; and,
again reflecting a combination of genetic and environmental effects,
a subfraction of these may show mobilization of T cells reactive to
B-cell autoantigens, eventually culminating in autoimmune,
insulin-dependent diabetes. If so, the scheme hypothesized to
unfold is very reminiscent of the one that we proposed above for
initiating type 1 diabetes in more standard cases, as are some of the
players speculated to take part (metabolic fluxes, ER stress,
caspase-12). Animal models permitting direct comparison of
early- and late-onset autoimmune diabetes need to be engineered to
evaluate this notion. O

1. Tisch, R. & McDevitt, H. Insulin-dependent diabetes mellitus. Cell 85, 291-297 (1996).

2. Bach, J. F. & Mathis, D. 70th forum in immunology: the NOD mouse. Res. Immunol. 148, 281-370
(1997).

3. Hoglund, P.etal. Initiation of autoimmune diabetes by developmentally regulated presentation of
islet cell antigens in the pancreatic lymph nodes. J. Exp. Med. 189, 331-339 (1999).

4. Green, E. A, Eynon, E. E. & Flavell, R. A. Local expression of TNFa in neonatal NOD mice promotes
diabetes by enhancing presentation of islet antigens. Immunity 9, 733-743 (1998).

5. Katz, J. D., Benoist, C. & Mathis, D. T helper cell subsets in insulin-dependent diabetes. Science 268,
1185-1188 (1995).

6. Gonzalez, A. etal. Genetic control of diabetes progression. Immunity 7, 873-883 (1997).

7. Finegood, D. T., Scaglia, L. & Bonner-Weir, S. Dynamics of B-cell mass in the growing rat pancreas.
Diabetes 44, 249-256 (1995).

8. Scaglia, L., Cahill, C. J., Finegood, D. T. & Bonner-Weir, S. Apoptosis participates in the remodeling of
the endocrine pancreas in the neonatal rat. Endocrinology 138, 1736-1741 (1997).

9. Petrik, J., Arany, E., McDonald, T.J. & Hill, D. J. Apoptosis in the pancreatic islet cells of the neonatal
rat is associated with a reduced expression of insulin-like growth factor 11 that may act as a survival
factor. Endocrinology 139, 2994-3004 (1998).

10. Trudeau, J. D. et al. Neonatal 3-cell apoptosis: a trigger for autoimmune diabetes? Diabetes 49, 1-7
(2000).

11.Kassem, S. A., Ariel, 1., Thornton, P. S., Scheimberg, I. & Glaser, B. -cell proliferation and apoptosis
in the developing normal human pancreas and in hyperinsulinism of infancy. Diabetes 49,
1325-1333 (2000).

12.Steinman, R. M., Turley, S., Mellman, I. & Inaba, K. The induction of tolerance by dendritic cells that
have captured apoptotic cells. J. Exp. Med. 191, 411-416 (2000).

13.Bellone, M. et al. Processing of engulfed apoptotic bodies yields T cell epitopes. J. Immunol. 159,
5391-5399 (1997).

14.Pittoni, V. & Isenberg, D. Apoptosis and antiphospholipid antibodies. Semin. Arthritis Rheum. 28,
163-178 (1998).

15.Coles, H. S. R., Burne, J. F. & Raff, M. C. Large-scale normal cell death in the developing rat kidney
and its reduction by epidermal growth factor. Development 118, 777784 (1993).

16. Meier, P, Finch, A. & Evan, G. Apoptosis in development. Nature 407, 796-801 (2001).

17.Chautan, M., Chazal, G., Cecconi, F,, Gruss, P. & Golstein, P. Interdigital cell death can occur through
anecrotic and caspase-independent pathway. Curr. Biol. 9, 967-970 (1999).

18.Jacobson, M. D., Weil, M. & Raff, M. C. Programmed cell death in animal development. Cell 88,
347-354 (1997).

19. Mayor, F. & Cuezva, J. M. Hormonal and metabolic changes in the perinatal period. Biol. Neonate 48,
185-196 (1985).

20.Parham, P. Intolerable secretion in tolerant transgenice mice. Nature 333, 500-503 (1988).

21.Li, K. etal. Cytochrome c deficiency causes embryonic lethality and attenuates stress-induced
apoptosis. Cell 101, 389-399 (2000).

22.Cecconi, F., Alvarez-Bolado, G., Meyer, B. I, Roth, K. A. & Gruss, P. Apaf1 (CED-4 homolog)
regulates programmed cell death in mammalian development. Cell 94, 727-737 (1998).

23.Yoshida, H. et al. Apafl is required for mitochondrial pathways of apoptosis and brain development.
Cell 94, 739-750 (1998).

24.Hakem, R. et al. Differential requirement for caspase 9 in apoptotic pathways in vivo. Cell 94,
339-352 (1998).

25.Kuida, K. et al. Reduced apoptosis and cytochrome c-mediated caspase activation in mice lacking
caspase 9. Cell 94, 325-337 (1998).

26.Nakagawa, T. et al. Caspase-12 mediates endoplasmic-reticulum-specific apoptosis and cytotoxicity
by amyloid-f. Nature 403, 98-103 (2000).

27.Rao, R. V. et al. Coupling endoplasmic reticulum stress to the cell death program: mechanism of
caspase activation. J. Biol. Chem. (in the press).

28.Nakagawa, T. & Yuan, J. Cross-talk between two cysteine protease families. Activation of caspase 12 by
calpain in apoptosis. J. Cell Biol. 150, 887-894 (2000).

29.Yoneda, T. et al. Activation of caspase-12, an endoplastic reticulum (ER) resident caspase, through
tumor necrosis factor recepto-associated factor 2-dependent mechanism in response to the ER stress.
J. Biol. Chem. 276, 13935-13940 (2001).

30.Wegmann, D. R. The immune response to islets in experimental diabetes and insulin-dependent
diabetes mellitus. Curr. Opin. Immunol. 8, 860-864 (1996).

797




insight review articles

31.Benoist, C. & Mathis, D. Autoimmunity provoked by infection: how good is the case for T cell epitope
mimicry? Nature Immunol. 2, 797-801 (2001).

32.Huang, F.-P. et al. A discrete subpopulation of dendritic cells transports apoptotic intestinal epithelial
cells to T cell areas of mesenteric lymph nodes. J. Exp. Med. 191, 435-443 (2000).

33.Wong, F. S., Visintin, 1., Wen, L., Flavell, R. A. & Janeway, C. A. CD8 T cell clones from young
nonobese diabetic (NOD) islets can transfer rapid onset of diabetes in NOD mice in the absence of
CD4 cells. J. Exp. Med. 183, 67-76 (1996).

34. Graser, R. T. etal. Identification of a CD8 T cell that can independently mediate autoimmune diabetes

development in the complete absence of CD4 T cell helper functions. J. Immunol. 164, 3913-3918 (2000).

35.1toh, N. et al. Mononuclear cell infiltration and its relation to the expression of major
histocompatibility complex antigens and adhesion moleucles in pancreas biospy speciments from
newly diagnosed insulin-dependent diabetes mellitus patients. J. Clin. Invest. 92, 2313-2322 (1993).

36.Kurrer, M. O., Pakala, S. V., Hanson, H. L. & Katz, J. D. 8 cell apoptosis in T cell-mediated
autoimmune diabetes. Proc. Natl Acad. Sci. USA 94, 213-218 (1997).

37.Serreze, D. V. etal. Initiation of autoimmune diabetes in NOD/Lt mice is MHC class I-dependent. J.
Immunol. 158, 3978-3986 (1997).

38.Sarukhan, A., Lechner, O. & von Boehmer, H. Autoimmune insulitis and diabetes in the absence of
antigen-specific contact between T cells and islet B-cells. Eur. J. Immunol. 29, 3410-3416 (1999).

39.Thomas, H. E. & Kay, T. W. H. Beta cell destruction in the development of autoimmune diabetes in
the non-obese diabetic (NOD) mouse. Diabetes Metab. Res. Rev. 16, 251-261 (2000).

40.0’Brien, B. A., Harmon, B. V., Cameron, D. P. & Allan, D. J. Apoptosis is the mode of beta-cell death
responsible for the development of IDDM in the nonobese diabetic (NOD) mouse. Diabetes 46,
750-757 (1997).

41.Kagi, D. et al. Reduced incidence and delayed onset of diabetes in perforin-deficient nonobese
diabetic mice. J. Exp. Med. 186, 989-997 (1997).

42.Amrani, A. et al. Perforin-independent -cell destruction by diabetogenic CD8" T lymphocytes in
transgenic nonobese diabetic mice. J. Clin. Invest. 103, 1201-1209 (1999).

43.Kagi, D., Odermatt, B., Ohashi, P. S., Zinkernagel, R. M. & Hengartner, H. Development of insulitis
without diabetes in transgenic mice lacking perforin-dependent cytotoxicity. J. Exp. Med. 183,
2143-2152 (1996).

44, Seewaldt, S. et al. Virus-induced autoimmune diabetes: most beta-cells die through inflammatory
cytokines and not perforin from autoreactive (anti-viral) cytotoxic T-lymphocytes. Diabetes 49,
1801-1809 (2000).

45.Kreuwel, H. T. et al. Comparing the relative role of perforin/granzyme versus Fas/Fas ligand
cytotoxic pathways in CD8" T cell-mediated insulin-dependent diabetes mellitus. J. Immunol. 163,
43354341 (1999).

46.Badovinac, V. P, Tvinnereim, A. R. & Harty, J. T. Regulation of antigen-specific CD8+ T cell
homeostasis by perforin and interferon-gamma. Science 290, 1354-1358 (2000).

47.Krammer, P. H. CD95's deadly mission in the immune system. Nature 407, 789795 (2000).

48.Chervonsky, A. V. etal. The role of Fas in autoimmune diabetes. Cell 89, 17-24 (1997).

49.Thomas, H. E., Darwiche, R., Corbett, J. A. & Kay, T. W. H. Evidence that § cell death in the nonobese
diabetic mouse is Fas independent. J. Inmunol. 163, 1562-1569 (1999).

50. Loweth, A. C., Williams, G. T, James, R. F. L., Scarpello, J. H. B. & Morgan, N. G. Human islets of
Langerhans express Fas ligand and undergo apoptosis in response to interleukin-18 and Fas ligation.
Diabetes 47, 727-732 (1998).

51.Itoh, N. et al. Requirement of Fas for the development of autoimmune diabetes in nonobese diabetic
mice. J. Exp. Med. 186, 613-618 (1997).

52. Allison, J. & Strasser, A. Mechanisms of beta cell death in diabetes: a minor role for CD95. Proc. Natl
Acad. Sci. USA 95, 13818-13822 (1998).

53.Kim, Y. H. et al. Apoptosis of pancreatic beta-cells detected in accelerated diabetes of NOD mice: no
role of Fas-Fas ligand interaction in autoimmune diabetes. Eur. J. Immunol. 29, 455-465 (1999).

54.Watanabe, D., Suda, T., Hashimoto, H. & Nagata, S. Constitutive activation of the Fas ligand gene in
mouse lymphoproliferative disorders. EMBO J. 14, 1218 (1995).

55.Kim, S. et al. Inhibition of autoimmune diabetes by Fas ligand: the paradox is solved. J. Immunol. 164,
2931-2936 (2000).

56.Su, X. etal. Signficant role for Fas in the pathogenesis of autoimmune diabetes. J. Immunol. 164,
2523-2532 (2000).

57.Herrera, P. L., Harlan, D. M. & Vassalli, P. Amouse CD8 T cell-mediated acute autoimmune diabetes
independent of the perforin and Fas cytotoxic pathways: possible role of membrane TNF. Proc. Natl
Acad. Sci. USA 97, 279-284 (2000).

58. Walter, U. et al. Monitoring gene expressino of TNFR family members by -cells during development
of autoimmune diabetes. Eur. J. Immunol. 30, 1224-1232 (2000).

59.Beutler, B. A. The role of tumor necrosis factor in health and disease. J. Rheumatol. 57, 16-21 (1999).

60. Mueller, C., Held, W., Imboden, M. A. & Carnaud, C. Accelerated B-cell destruction in adoptively
transferred autoimmune diabetes correlates with an increased expression of the genes coding for
TNF-a and granzyme A in the intra-islet infiltrates. Diabetes 44, 112-117 (1995).

61.Kaneto, H. etal. Apoptotic cell death triggered by nitric oxide in pancreatic 3-cells. Diabetes 44,
733-738(1995).

62. Mandrup-Poulsen, T., Bendtzen, K., Dinarello, C. A. & Nerup, J. Human tumor necrosis factor
potentiates human interleukin 1-mediated rat pancreatic beta-cell cytotoxicity. J. Immunol. 139,
4077-4082 (1987).

63.Yang, X.-D. et al. Effect of tumor necrosis factor o on insulin-dependent diabetes mellitus in NOD
mice. |. The early development of autoimmunity and the diabetogenic process. J. Exp. Med. 180,
995-1004 (1994).

64.Kagi, D. et al. TNF receptor 1-dependent B cell toxicity as an effector pathway in autoimmune
diabetes. J. Immunol. 162, 4598-4605 (1999).

65.Pakala, S. V., Chivetta, M., Kelly, C. B. & Katz, J. D. In autoimmune diabetes the transition from
benign to pernicious insulitis requires an islet cell response to tumor necrosis factor c. J. Exp. Med.
189, 1053-1062 (1999).

66. Corbett, J. A. & McDaniel, M. L. Intraislet release of interleukin 1 inhibits @ cell function by inducing
B cell expression of inducible nitric oxide synthase. J. Exp. Med. 181, 559-568 (1995).

67.Kroncke, K. D., Funda, J., Berschick, B., Kolb, H. & Kolb-Bachofen, V. Macrophage cytotoxicity

798

%4 © 2001 Macmillan Magazines Ltd

towards isolated rat islet cells: neither lysis nor its protection by nicotinamide are beta-cell specific.
Diabetologia 34, 232-238 (1991).

68.Corbett, J. A., Lancaster, J. R. Jr, Sweetland, M. A. & McDaniel, M. L. Interleukin-1B-induced
formation of EPR-detectable iron-nitrosyl complexes in islets of Langerhans. J. Biol. Chem. 266,
21351-21354 (1991).

69. Corbett, J. A. et al. Nitric oxide production in islets from nonobese diabetic mice: aminoguanidine-
sensitive and -resistant stages in the immunological diabetic process. Proc. Natl Acad. Sci. USA 90,
8992-8995 (1993).

70.Rothe, H., Burkart, V., Faust, A. & Kolb, H. Interleukin-12 gene expression is associated with rapid
development of diabetes mellitus in non-obese diabetic mice. Diabetologia 39, 119-122 (1996).

71.Rabinovitch, A. etal. Human pancreatic islet beta-cell destruction by cytokines is independent of
nitric oxide production. J. Clin. Endocrinol. Metab. 79, 1058-1062 (1994).

72.Stassi, G. et al. Nitric oxide primes pancreatic beta cells for Fas-mediated destruction in insulin-
dependent diabetes mellitus. J. Exp. Med. 186, 1193-1200 (1997).

73.Delaney, C. A. etal. Sensitivity of human pancreatic islets to peroxynitrite-induced cell dysfunction
and death. FEBS Lett. 394, 300-306 (1996).

74.Rabinovitch, A., Suarez, W. L., Thomas, P. D., Strynadka, K. & Simpson, I. Cytotoxic effects of
cytokines on rat islets: evidence for involvement of free radicals and lipid peroxidation. Diabetologia
35,409-413 (1992).

75.Lortz, S. et al. Protection of insulin-producing RINm5F cells against cytokine-mediated toxicity
through overexpression of antioxidant enzymes. Diabetes 49, 1123-1130 (2000).

76.Hohmeier, H. E., Thigpen, A., Tran, W., Davis, R. & Newgard, C. B. Stable expression of manganese
superoxide dismutase (MnSOD) in insulinoma cells prevents IL-13-induced cytotoxicity and
reduces nitric oxide production. J. Clin. Invest. 101, 1811-1820 (1998).

77.Hotta, M. et al. Pancreatic {3 cell-specific expression of thioredoxin, an antioxidative and
antiapoptotic protein, prevents autoimmune and streptozotocin-induced diabetes. J. Exp. Med. 188,
1445-1451 (1998).

78.Mathews, C. E., Graser, R. T., Savinov, A., Serreze, D. V. & Leither, E. H. Unusual resistance of ALR/Lt
mouse beta cells to autoimmune destruction: role for beta cell-expressed resistance determinants.
Proc. Natl Acad. Sci. USA 98, 235-240 (2001).

79.Allison, J. et al. Transgenic overexpression of human Bcl-2 in islet 3 cells inhibits apoptosis but does
not prevent autoimmune destruction. Int. Immunol. 12, 9-17 (2000).

80.Eizirik, D. L. et al. Major species differences between humans and rodents in the susceptibility to
pancreatic B-cell injury. Proc. Natl Acad. Sci. USA 91, 9253-9256 (1994).

81.Klaus, G. G., Pepys, M. B., Kitajima, K. & Askonas, B. A. Activation of mouse complement by different
classes of mouse antibody. Immunology 38, 687-695 (1979).

82.Bach, J. F. Insulin-dependent diabetes mellitus as an autoimmune disease. Endocr. Rev. 15, 516-542
(1994).

83.Taylor, S. I. Deconstructing type 2 diabetes. Cell 97, 9-12 (1999).

84.Shimabukuro, M., Ohneda, M., Lee, Y. & Unger, R. H. Islet amyloid, increased A-cells, reduced B-
cells and exocrine fibrosis: quantitative changes in the pancreas in type 2 diabetes. Diabetes Res. 9,
151-159 (1988).

85.Sempoux, C., Guiot, Y., Dubois, D., Moulin, P. & Rahier, J. Human type 2 diabetes: morphological
evidence for abnormal B-cell function. Diabetes 50, S172-S177 (2001).

86.Guiot, Y., Sempoux, C., Moulin, P. & Rahier, J. No decrease of the 3-cell mass in type 2 diabetic
patients. Diabetes 50, S188 (2001).

87.Federici, M. et al. High glucose causes apoptosis in cultured human pancreatic islets of Langerhans.
Diabetes 50, 1290-1301 (2001).

88.Bar-On, H., Ben-Sasson, R., Ziv, E., Arar, N. & Shafrir, E. Irreversibility of nutritionally induced
NIDDM in Psammomys obesus is related to beta-cell apoptosis. Pancreas 18, 259-265 (1999).

89.Donath, M. Y., Gorss, D. J., Cerasi, E. & Kaiser, N. Hyperglycemia-induced B-cell apoptosis in
pancreatic islets of psammomys obesus during development of diabetes. Diabetes 48, 738-744 (1999).

90. Leibowitz, G. et al. B-cell glucotoxicity in the psammomys obesus model of type 2 diabetes. Diabetes
50, $113-5117 (2001).

91. Shimabukuro, M., Zhou, Y. T., Levi, M. & Unger, R. H. Fatty acid-induced beta cell apoptosis: a link
between obesity and diabetes. Proc. Natl Acad. Sci. USA 95, 2498-2502 (1998).

92.Efanova, |. B. et al. Glucose and tolbutamide induce apoptosis in pancreatic beta-cells: a process
dependent on intracellular Ca** concentration. J. Biol. Chem. 273, 3350133507 (1998).

93. Withers, D.J. etal. Irs-2 coordinates Igf-1 receptor-mediated 3-cell development and peripheral
insulin signalling. Nature Genet. 23, 3240 (1999).

94.Harding, H. P. et al. Diabetes mellitus and exocrine pancreatic dysfunction in perk” mice reveals a
role for translational control in secretory cell survival. Mol. Cell 7, 1153-1163 (2001).

95. Gilligan, M. et al. Glucose stimulates the activity of the guanine nucleotide-exchange factor elF-2B in
isolated rat islets of Langerhans. J. Biol. Chem. 271, 2121-2125 (1996).

96. Delepine, M. et al. EIF2AK3, encoding translation initiation factor 2-a kinase 3, is mutated in
patients with Wolcott-Rallison syndrome. Nature Genet. 25, 406-409 (2000).

97.Guerder, S., Eynon, E. E. & Flavell, R. A. Autoimmunity without diabetes in transgenic mice
expressing (3 cell-specific CD86, but not CD80: parameters that trigger progression to diabetes. J.
Immunol. 161, 2128-2140 (1998).

98.Katz, J. D., Wang, B., Haskins, K., Benoist, C. & Mathis, D. Following a diabetogenic T cell from
genesis through pathogenesis. Cell 74, 1089-1100 (1993).

99. Ohashi, P. S. et al. Ablation of “tolerance” and induction of diabetes by virus infection in viral antigen
transgenic mice. Cell 65, 305-317 (1991).

100. Sarvetnick, N., Liggitt, D., Pitts, S. L., Hansen, S. E. & Stewart, T. A. Insulin-dependent diabetes
mellitus induced in transgenic mice by ectopic expression of class 1| MHC and interferon-gamma.
Cell 52, 773782 (1988).

Acknowledgements

We apologize to the many investigators whose work we could not cite due to a limit on the
number of references. We thank C. R. Kahn for his insights into type 2 diabetes. Our work
on B-cell death is funded by a research grant from the Juvenile Diabetes Research
Foundation.

NATURE | VOL 414 | 13 DECEMBER 2001 | www.nature.com




