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Type 1 diabetes results from the destruction of insulin-producing pancreatic b cells by a b cell–specific
autoimmune process. b Cell autoantigens, macrophages, dendritic cells, B lymphocytes, and T
lymphocytes have been shown to be involved in the pathogenesis of autoimmune diabetes. b Cell
autoantigens are thought to be released from b cells by cellular turnover or damage and are processed
and presented to T helper cells by antigen-presenting cells. Macrophages and dendritic cells are the first
cell types to infiltrate the pancreatic islets. Naive CD4+ T cells that circulate in the blood and lymphoid
organs, including the pancreatic lymph nodes, may recognize major histocompatibility complex and b
cell peptides presented by dendritic cells and macrophages in the islets. These CD4+ T cells can be
activated by interleukin (IL)-12 released frommacrophages and dendritic cells. While this process takes
place, b cell antigen-specific CD8+ T cells are activated by IL-2 produced by the activated TH1 CD4+

Tcells, differentiate into cytotoxic Tcells and are recruited into the pancreatic islets. These activated TH1
CD4+ Tcells and CD8+ cytotoxic Tcells are involved in the destruction of b cells. In addition, b cells can
also be damaged by granzymes and perforin released from CD8+ cytotoxic T cells and by soluble
mediators such as cytokines and reactive oxygen molecules released from activated macrophages in the
islets. Thus, activated macrophages, TH1 CD4+ T cells, and b cell-cytotoxic CD8+ T cells act syner-
gistically to destroy b cells, resulting in autoimmune type 1 diabetes.
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INTRODUCTION

Type 1 diabetes results from insulin deficiency caused
by the loss of insulin-producing pancreatic b cells,1–3

generally develops in the young, and accounts for
approximately 5%–10% of the diabetic population
worldwide. The development of type 1 diabetes is
the consequence of progressive b cell destruction by
autoimmune processes during an asymptomatic period
that often extends over many years. Genetic suscepti-
bility is believed to be a prerequisite for the de-
velopment of type 1 diabetes.4,5 However, studies on
the development of the disease in identical twins

showed that their concordance rate is only 40%,6

suggesting that environmental or nongenetic factors
contribute to the development of the disease. Histo-
logic analysis of the pancreas from patients with
recent-onset type 1 diabetes revealed an infiltration
of the islets of Langerhans by mononuclear cells,7

which were later identified as T and B lymphocytes,
monocytes/macrophages, and natural killer (NK)
cells.8,9 As well, circulating islet-reactive autoanti-
bodies10 and islet-reactive T cells have been found in
patients with type 1 diabetes.11–14

The pathogenesis of autoimmune type 1 diabetes
has been extensively studied using 2 animal models,
the nonobese diabetic (NOD) mouse and the diabetes-
prone BioBreeding (DP-BB) rat, which have greatly
enhanced our understanding of the pathogenesis of
human type 1 diabetes. Although the exact mecha-
nisms involved in the initiation and progression of
b cell destruction are still not clear, it is generally
believed that b cell autoantigens, macrophages, dendritic
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cells, B lymphocytes, and T lymphocytes are involved
in the b cell–specific autoimmune process.15–19 b Cell
autoantigens are processed by macrophages, dendritic
cells, or B cells in the pancreatic islets and presented to
autoreactive CD4+ T cells in the peripheral lymphoid
system. These autoreactive CD4+ T cells are activated
and secrete cytokines, which can activate b cell–specific
cytotoxic CD8+ T cells. The activated T cells are re-
cruited to the pancreatic islets and produce cytokines,
which further activate macrophages and other T cells,
contributing to the destruction of b cells (Fig. 1). In this
review, we briefly discuss the possible roles of islet cell
autoantigens, macrophages, and T cells in the autoim-
mune destruction of pancreatic b cells.

ISLET CELL AUTOANTIGENS

Pancreatic b cell autoantigens are the targets of immune-
mediated destruction of b cells. Therefore, antigen-
specific immune reactions are believed to be involved in
the b cell destruction. One of the most common immu-
nologic markers of humans and animals with autoim-
mune diabetes is the presence of autoantibodies and

autoreactive T cells directed against b cell autoantigens.
These autoantigens include insulin,20 glutamic acid decar-
boxylase (GAD)65,21 tyrosine phosphatase, insulinoma
antigen (IA)-2 and IA-2b,22,23 carboxypeptidase-H,24

islet cell antigen (ICA)-69,25 GM gangliosides,26 a 38-kd
autoantigen,27 and SOX13.28 Autoantibodies against
these b cell autoantigens are not believed to have a
pathogenic role. However, the risk of developing dia-
betes is strongly related to the number of autoantibody
markers, that is, the presence of 2 or more autoanti-
bodies gives a higher probability of developing the
disease than the presence of a single autoantibody.29

Glutamic acid decarboxylase (GAD)

GAD, which is a synthetic enzyme of the inhibitory
neurotransmitter g-aminobutyric acid, has been the
most extensively studied b cell autoantigen. Sera from
type 1 diabetic patients was found to precipitate a 64-
kd protein, which was later identified as GAD. GAD65
antibody is found in 70%–75% of type 1 diabetes
patients and 1%–2% of healthy individuals.30 The anti-
GAD autoantibodies in type 1 diabetes patients are
predominantly directed to a conformational epitope of

FIGURE 1. Etiology of type 1 dia-
betes. Genetic predisposition ap-
pears to be a prerequisite for the
development of type 1 diabetes.
Environmental factors such as vi-
ruses, toxins, and diet may be in-
volved in the clinical expression of
genetic susceptibility. Once b cell–
specific autoimmunity has devel-
oped, autoimmune-mediated de-
struction of b cells results in the
onset of type 1 diabetes. Autoan-
tigens released from b cells are
processed by antigen-presenting
cells (APCs)andpresented tohelper
T cells (Th cells) in association
with MHC class II molecules. IL-12
released from APCs activates TH1-
type CD4+ T cells, causing the im-
mune balance between effector
and regulatory cells to breakdown.
TH1 cells produce IL-2, which acti-
vates b cell–specific precytotoxic
T cells (Pre CTL) to become cyto-
toxic (CTL), and IFN-g, which may

cause macrophages (MØ) to become cytotoxic. These cytotoxic macrophages release b cell–cytotoxic cytokines including
IL-1b, TNF-a, and IFN-g, and free radicals. TH1 cells also secrete cytokines that are directly cytotoxic to b cells. b Cell antigen-
specific CD8+ cytotoxic T cells (CTL) recognize antigens expressed on b cells in associationwithMHC class Imolecules. These
CTLs release granzyme and perforin (cytolysin), which are toxic to b cells. In addition, Fas- and TNFR-mediated apoptosis are
involved inb cell destruction. In thisway,macrophages, T cells, and cytokines synergistically act todestroyb cells, resulting in
the development of autoimmune type 1 diabetes.
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GAD, and the major antigenic region in humans has
been identified as the middle and carboxyterminal
region of GAD65.31,32

Although the presence of anti-GAD65 antibodies is
a highly predictive marker for the development of type
1 diabetes in humans, contradictory results have been
reported regarding the correlation between the pres-
ence of anti-GAD antibodies and diabetes in NOD
mice. One study found that anti-GAD65 antibodies
were detected in the early stages of the disease,33

whereas another study found that the presence of anti-
GAD65 antibodies was not a prerequisite for the
development of diabetes in NOD/Lt and NOD/Wehi
mice, which have a higher and lower incidence of
diabetes, respectively, than NOD mice.34 The latter
study suggested that a strong humoral response to
GAD may actually be associated with less destructive
pathology, as indicated by the negative correlation be-
tween insulitis and anti-GAD antibody levels.

It was found that the initial immune response directed
against pancreatic islets in NOD mice is a TH1 response
against a confined region of GAD (amino acids 509–528
and 524–543) and that later responses are directed
against another region of GAD and other autoanti-
gens.35 Immunization of NOD mice with purified GAD
resulted in the tolerization of GAD-reactive T cells and
blocked the T cell response to other b cell antigens, thus
preventing diabetes.35 There is also direct evidence that
GAD-reactive T cells are diabetogenic in NOD mice.36,37

GAD-specific CD4+ T cells have also been observed in
recent-onset type 1 diabetic patients and their relatives
at risk to develop diabetes.38–40 In addition to CD4+

T cells, MHC class I human lymphocyte antigen (HLA)-
A*0201-restricted CD8+ cytotoxic T cells reactive against
GAD were identified in recently diagnosed diabetic
patients and in high-risk subjects, but not in healthy
control subjects expressing HLA-A*0201.41 These results
suggest that GAD may be an important target antigen
and GAD-reactive T cells may play a pathogenic role in
the destruction of pancreatic b cells in animal models
and in human type 1 diabetes. However, contradictory
results regarding the role of GAD in the pathogenesis of
type 1 diabetes have been reported. Some GAD-reactive
T cells do not have the ability to induce diabetes, and
Tcell responses to GAD-derived peptides were observed
in mice resistant to type 1 diabetes,42,43 suggesting that
peripheral tolerance to GAD is not associated with
protection from diabetes. In addition, molecular mim-
icry between GAD and Coxsackie B4 virus has been
hypothesized for the development of type 1 diabetes,
but controversies still exist.44,45

To investigate the role of GAD in the pathogenesis of
autoimmune diabetes, several lines of transgenic mice
have been established in which the expression of GAD

has been manipulated. Hyperexpression of GAD65 in
b cells of NOD mice resulted in a lower incidence of
diabetes in one line of transgenic mice and no dif-
ference in the incidence of diabetes in another trans-
genic line, as compared with nontransgenic control
NOD mice. A quantitative difference in the expression
of GAD between the 2 lines might have accounted for
prevention of diabetes.46 A transgenic NODmouse line
that expresses GAD65 in all tissues showed an
accelerated onset and increased incidence of diabetes
as compared with control NOD mice.47 Interestingly,
b cell–specific suppression of GAD65 and GAD67
expression prevented insulitis and diabetes in anti-
sense-GAD transgenic mice backcrossed with NOD
mice.48,49 These results suggest that the expression of
GAD in pancreatic b cells is involved in the modulation
of b cell–specific autoimmunity. Recently, it was
reported that expression of a modified form of GAD
under the control of the invariant chain promoter in
NOD mice induced tolerance to GAD65, but failed to
prevent insulitis and diabetes,50 suggesting that in-
hibition of the generation of GAD65-reactive T cells
may not be the mechanism for the prevention of
diabetes in GAD-suppressed NOD mice. However,
GAD67-reactive T cells were not tolerized in this study.
Because GAD67 is the dominant form in mice and any
level of GAD expression in NOD mice results in the
development of diabetes, further study on the toleriza-
tion of both GAD65 and GAD67-reactive T cells
remains to be done to determine the precise role of
GAD-reactive T cells in the development of diabetes.

Another possibility regarding the prevention of b cell
destruction in GAD-suppressed NOD mice is that sup-
pression of GAD in b cells may have rendered the
b cells more resistant to destruction by T cells and/or
macrophages because normal b cells expressing GAD
show expression of tissue transglutaminase, which is
known to promote apoptosis of cells, whereas tissue
transglutaminase is suppressed in GAD-suppressed
b cells. A further possibility is that a diabetes-resistant
gene from the strain of origin might have been trans-
mitted to the transgenic offspring, as these antisense
GAD transgenic mice were produced using eggs from
(SJL 3 C57BL/6) F2 mice, which are diabetes resistant.
Systemic GAD65 knockout mice backcrossed with
NOD mice for 4 generations still developed diabetes
and insulitis similar to wild-type NOD mice.51 How-
ever, it is difficult to draw any definite conclusions
from this study, as mouse b cells predominantly
express GAD67 and very low levels of GAD65, and
these GAD65 knockout mice still express GAD67.
Therefore, b cell–specific conditional GAD65/67
knockout NOD mice are essential to find whether
the expression of GAD in b cells truly plays
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a critical role in the initiation of b cell–specific auto-
immune diabetes.

Insulin

Insulin was the first diabetes-related autoantigen to
be discovered. Autoantibodies to insulin are found in
50%–70% of type 1 diabetic children52 and are the first
sign of an ongoing autoimmune process.53 It was also
reported that the early appearance of insulin auto-
antibody predicts early development of diabetes in
NODmice.54 Insulin B chain-specific CD4+ Tcell clones
accelerate diabetes in NOD.scid mice.55 Transgenic
expression of mouse proinsulin II under a MHC class II
gene promoter prevented the development of diabetes
in NOD mice.56 These results suggest that insulin auto-
antigen plays an important role in the development
of type 1 diabetes. However, the pathogenic role of in-
sulin autoantibody and insulin-reactive T cells needs
further investigation.

IA-2/IA-2b

IA-2 and IA-2b are newly discovered members of the
protein tyrosine phosphatase family and are considered
to be major autoantigens of type 1 diabetes. Initially,
autoantibodies directed against a 37/40-kd tryptic
fragment were detected in sera of type 1 diabetes
patients.57 Later, IA-2 was identified as the precursor of
the 40-kd fragment,22,58 and IA-2b (also known as
phogrin) was identified as the precursor of the 37-kd
fragment.23,59 IA-2 and IA-2b have a high degree of
homology and are located in secretory granules, but the
role of these molecules in b cells is not clear. Autoanti-
bodies to IA-2 are present in 70%–80% of type 1 diabetic
children,60 making them useful serological markers
for human type 1 diabetes. In addition, T cells from
diabetic patients respond to IA-2 antigen.11,12 However,
the precise role of the IA-2 and IA-2b antigens in the
pathogenesis of type 1 diabetes is unknown.

MACROPHAGES

Macrophages and dendritic cells are among the first
cell types to infiltrate the pancreatic islets during the
disease process in NOD mice and BB rats.61–63 This
infiltration precedes invasion of the islets by T lympho-
cytes, NK cells, and B lymphocytes.64 It was reported
that B cells also play an important role as antigen-
presenting cells (APCs) for b cell antigens in the process
of the development of b cell–specific autoimmunity in
NOD mice.65 The activation of b cell–reactive T cells
may be initiated from the processing and presentation
of b cell autoantigens by APCs in the pancreatic islets.
APCs that present b cell autoantigenic peptides in

conjunction with MHC molecules migrate to the pan-
creatic lymph nodes where they are recognized by
circulating naive b cell–autoreactive T cells. The naive
T cells are then activated, migrate to the pancreatic
islets, and are further activated by re-encountering the
cognate b cell antigens (Fig. 2).
Inactivation of macrophages in NOD mice or BB rats

significantly prevented the development of diabetes.66–68

Further studies showed that macrophages are required
for the development of effector T cells that destroy
b cells in NOD mice69 (Fig. 3). T cells in macrophage-
depleted NOD mouse recipients did not destroy trans-
planted NOD islets, indicating that T cells in a macro-
phage-depleted environment lose their ability to
differentiate into cytotoxic T cells. The level of IL-4
secreted from TH2 cells was increased, whereas the
level of IFN-g secreted from TH1 cells was decreased
in macrophage-depleted NOD mice, indicating that
down-regulation of the TH1 immune response and up-
regulation of the TH2 immune response may be factors
in the loss of the ability of T cells in a macrophage-
depleted environment to kill b cells.69 T cell prolif-
eration to islet antigens or GAD was significantly
decreased when splenocytes from macrophage-
depleted NOD mice were used as APCs, suggesting

FIGURE2. Activationofb cell–autoreactiveTcells byb cell
autoantigens and APCs in autoimmune type 1 diabetes.
Naive b cell–autoreactive T cells may circulate through the
blood and lymphoid organs. b Cell autoantigens are
processed and presented by APCs (dendritic cells [DC],
macrophages, and B cells) in the pancreatic islets. Mature
APCs, which present b cell autoantigen peptides in
conjunctionwithMHCmolecules, migrate to the pancreatic
lymph nodes. Naive b cell–autoreactive T cells in the
circulation recognize the MHC/b cell autoantigen peptide
complex on APCs and become activated. These activated b
cell–reactive T cells access the pancreatic islets and re-
encounter cognate b cell antigens and become reactivated.
The activated b cell–reactive T cells can then kill b cells.
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that depletion of macrophages results in the reduction
of APC function and subsequently down-regulation of
antigen-specific CD4+ T cell activation (Fig. 3).

Splenic Tcells frommacrophage-depleted NODmice
showed a significant decrease in the expression of FasL
and perforin as comparedwith macrophage-containing
NODmice.69 This result suggests that macrophages are
required for the activation of cytotoxic T cells that can
destroy pancreatic b cells. Taken together, we suggest
that IL-12 secreted by macrophages may activate TH1-
type CD4+ T cells and subsequently the IL-2 and IFN-g
produced by these activated CD4+ T cells may assist
in maximizing the activation of CD8+ T cells. Down-
regulation of islet cell–specific T cell activation may be
another factor contributing to the impairment of the
capability of T cells to kill b cells in macrophage-
depleted NOD mice.

Macrophages can also damage b cells by production
of soluble mediators such as oxygen free radicals and
other cytokines including IL-1b, TNF-a, and IFN-g70–73

(Fig. 3). The toxic effect produced by activated macro-
phages on b cells is thought to be mediated by the
superoxide anion and hydrogen peroxide. The expres-
sion of IL-1b, TNF-a, and IFN-g is detected during
early insulitis in NOD mice and BB rats.74,75 It has been
reported that IL-1 is selectively cytotoxic to pancreatic
b cells in vitro,76 and IL-1 receptors are present on
b cells.77 IL-1 and TNF-a inhibit insulin secretion from
isolated islets.78,79 The destruction of b cells induced by
IL-1 is potentiated by TNF-a. In vitro studies reveal
that the cytotoxic effect of IL-6, TNF-a, lymphotoxin,
and IFN-g on the islets is cumulative. These mediators,

acting alone or synergistically, destroy islets. Thus,
treatment with IL-1 receptor antagonist, soluble IL-1
receptor, anti-IL-6 antibody, anti-TNF-a antibody,
or anti-IFN-g antibody decreases the incidence
of diabetes.80

Activated macrophages produce reactive oxygen
species including oxygen radicals, hydroxyl radicals,
and NO species (Fig. 3). Studies suggest that IL-1b– and
TNF-a–stimulated endogenous iNOS activity induces
NO production in b cells, which contributes to b cell
injury.81 The generation of NO in response to cytokines
in b cells82 and the generation of peroxynitrite was
detected in b cells of NOD mice.83 The b cells are very
sensitive to free radicals because b cells exhibit very low
free radical scavenging activity.84,85 Thus, overexpres-
sion of cytosolic superoxide dismutase (Cu/Zn-SOD) in
b cells prevents diabetes.86,87 In addition, SOD mimetics
protect from diabetes induced by the diabetogenic Tcell
clone, BDC2.5, in NOD.scid mice.88 Reactive oxygen
species can damage b cells by causing DNA strand
breaks, which induce the DNA repair enzyme poly(ADP)
ribose polymerase (PARP). PARP uses and depletes
nicotinamide adenosine dinucleotide (NAD), leading
to necrosis of b cells. In line with this, PARP-deficient
mice are resistant to diabetes induced by a low dose
of streptozotocin.89

T CELLS

It is known that both MHC class II–restricted CD4+

T cells and MHC class I–restricted CD8+ T cells play
a critical role in the pathogenesis of type 1 diabetes in
NOD mice. Athymic NOD and NOD.scid mice do not
develop insulitis or diabetes.90,91 In addition, treatment
of NOD mice with anti-CD3 antibodies inhibits the
development of diabetes.92 However, the precise role of
CD4+ and CD8+ T cells in the pathogenesis of auto-
immune type 1 diabetes is not clearly understood.

Both CD4+ and CD8+ T cells are required to transfer
diabetes, and CD4+ T cells transfer insulitis, but not
diabetes to NOD.scid mice.91 CD4+ T cells are required
for the recruitment of b cell–cytotoxic CD8+ T cells into
the islets,93 but some CD8+ T cell clones from diabetic
NOD mice can transfer diabetes without the help of
CD4+ T cells.94,95 However, other results showed that
some CD4+ T cell clones can induce diabetes in the
absence of CD8+ T cells,96 and splenocytes from dia-
betic donors can transfer disease into recipients lacking
MHC class I expression on their islets,97 suggesting that
CD4+ T cells alone have the ability to induce diabetes.

We have cloned many CD4+ and CD8+ islet-reactive
T cells from lymphocytes infiltrating the pancreatic
islets of NOD mice98 (Table 1). Islet-specific CD8+ Tcell

FIGURE 3. Role of macrophages in the development of
autoimmune type 1 diabetes. Macrophages are involved
in b cell antigen processing and presentation and the
induction of the TH1 immune response, contributing to the
creation of microenvironment for the development and
activation of b cell cytotoxic T cells. In addition, macro-
phages produce solublemediators that are toxic to b cells.
This results in the destruction of b cells and subsequent
development of autoimmune diabetes.
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clones selectively destroyed b cells in vitro (Figs. 4 and
5), whereas CD4+ T cell clones did not destroy b cells
but attached closely to them84 (Fig. 4). Further studies
using cloned CD4+ and CD8+ T cells revealed that
MHC class I–restricted cytotoxic CD8+ T lymphocytes
play an important role as final effectors in b cell
destruction in vivo and that CD4+ T cells are required
for the activation of CD8+ T cells and their recruitment
into the pancreatic islets.93,98 Among the CD4+ and
CD8+ T cell clones produced, NY8.3 (CD8+ T cell clone)
and NY4.1 (CD4+ T cell clone) were used to establish
T cell receptor transgenic mice. TCR-b transgenic NOD
mice with TCR-b rearrangements of NY8.3 showed
a 10-fold increase in frequency of precursors of b cell–

specific cytotoxic T lymphocytes and an accelerated
onset, but not an increased incidence, of diabetes.99

TCR-ab transgenic mice, with both a- and b-TCR
rearrangements of NY8.3, showed a 400-fold increase
in the peripheral frequency of b cell–specific cytotoxic
lymphocytes and a dramatically accelerated onset of
diabetes without an increase in disease incidence.100

TCR-ab transgenic mice with both a- and b-TCR re-
arrangements of the NY4.1 clone98 also showed an
accelerated onset of diabetes as a result of a more rapid
progression of islet inflammation.100 However, mice
with only the TCR-b rearrangement of NY4.1 became
diabetic later than the mice with the TCR-a and -b
rearrangement of NY4.1, indicating that the accelerated
onset of diabetes in these mice required the coex-
pression of both the TCR-a and -b transgenes.
Cytokines produced by Tcells also play an important

role in the pathogenesis of autoimmune type 1 diabetes
(Figs. 1 and 6). Many different approaches have been
tried to study the role of cytokines in the pathology
of type 1 diabetes, including systemic administration of
cytokines, neutralization of cytokines, and knockout of
cytokine genes.101 In general, TH1 cytokines (IL-2, IFN-g,
TNF-b) cause the development of the disease, whereas
TH2 or Th3 cytokines (IL-4, IL-10, TGF-b) prevent the
disease. However, the role of cytokines in the patho-
genesis of autoimmune type 1 diabetes is complex.
Treatment of NOD mice with anti-IFN-g antibody
prevented the development of diabetes,102 and trans-
genic expression of IFN-g resulted in the development
of diabetes in diabetes-resistant mice.103 However, the
genetic absence of IFN-g in NODmice results in a delay
in the development of diabetes but does not prevent its
development.104 Systemic administration of IL-4105 or
IL-10106 prevented type 1 diabetes in NOD mice, and
the transgenic expression of IL-4 in b cells also pre-
vented the disease.107 However, local expression of
IL-10 in the islets accelerated the development of
diabetes in NOD mice, and IL-4 knockout NOD mice

Table 1. CD4+ and CD8+ T cell clones and their
reactivity characteristics.

Clones* Phenotype
Destruction
of b cells†

Cytotoxicity
to NOD islets

(51Cr-release assay,
T/E = 1/20, %)‡

NY1.1 CD4 + 6.3
NY3.1 CD4 + 5.7
NY3.2 CD4 2 1.2
NY4.1 CD4 + 5.9
NY4. CD4 2 1.1
NY2.3 CD8 +++ 26.3
NY5.2 CD8 ++ 19.5
NY6.3 CD8 ++ 20.6
NY8.3 CD8 +++ 28.7
NY9.3 CD8 ++ 22.1

*CD4+ and CD8+ T cells were cloned from the islet infiltrates of
acutely diabetic female NOD mice.
†Destruction of b cells was evaluated by morphological exam-
ination using light and electron microscopy.
‡Cytotoxicity to islet cells was evaluated by morphological
examination using phase-contrast microscopy and 51Cr-release
cytotoxicity assay.
T/E, target/effector.

FIGURE 4. Distinct difference in in-
teraction with b cells between CD4+

andCD8+Tcellclones. Islet-derivedT
cell clones NY4.1 (CD4+) (A) and
NY2.3 (CD8+) (B) were incubated
with islets from silica-treated NOD
mice. After 2.5 hours, tissues were
examinedbyelectronmicroscopy.A:
CD4+ T cells (NY4.1) attached closely
to b cells but did not cause cell lysis.
B: CD8+ T cells (NY2.3) attached
closely to b cells and extended
pseudopods into them, causing cell
damage (loss of plasma membrane
and electron-dense cytoplasm).
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did not show accelerated disease onset.108 Therefore,
the interactions of the many different cytokines in the
immune system are complex and the development of
diabetes may depend on which way the finely tuned
immune balance of immunoregulatory T cells is tipped
(Figs. 1 and 6).

Effector T cells destroy b cells through direct contact
with surface ligands of apoptosis-inducing receptors,
such as FasL and membrane-bound TNF-a, or through
the secretion of perforin molecules, which facilitate
the passage of protease granzymes (Figs. 1 and 6).
Granzymes activate nucleases in the cells and kill them.
In addition, proinflammatory cytokines produced from
T cells contribute to the apoptosis of b cells. Systemic
Fas-deficient NOD mice did not develop insulitis or
diabetes,109 and the expression of Fas increases during

the development of diabetes, suggesting that Fas plays
an important role in b cell destruction.However, a recent
study reported that b cell–specific Fas-deficient mice, in
which CD4+ T cells with a transgenic TCR specific for
influenza hemagglutinin (HA) cause diabetes in mice
that express HA under control of the rat insulin pro-
moter, developed autoimmune diabetes with slightly
accelerated kinetics, indicating that Fas-dependent apo-
ptosis of b cells is a dispensable mode of b cell death in
autoimmune type 1 diabetes.110 TNF receptor 1-deficient
NOD mice failed to develop diabetes,111 and NOD
mice lacking perforin expression developed insulitis but
not diabetes,112 suggesting that the TNF and perforin
pathway appears to play an important role for
b cell killing.

CONCLUSION

The cause of autoimmune type 1 diabetes is multifac-
torial, and both genetic and environmental factors are
involved in the initiation and progression of b cell
destruction. Thus, the elucidation of pathogenic mech-
anisms involved in the etiology of the disease is
difficult. Based on experimental results from studies
using NOD mice and BB rats over the past 3 decades,
we have reviewed the possible pathogenic mechanisms
involved in the autoimmune destruction of pancreatic
b cells in type 1 diabetes and summarized them in the
model shown in Figure 1. This model shows the
possible interactions between b cell autoantigens and
immunocytes such as macrophages, dendritic cells,
T cells, and their secretory products in connection with
MHC class I and II molecules, based on our research
and that of others primarily using animal models of
type 1 diabetes. This model may not encompass all
aspects of the pathogenicmechanisms involved in auto-
immune diabetes in humans; nevertheless, it may
provide helpful information with respect to the syner-
gistic destruction of pancreatic b cells by immunocytes
and their cytokines and a basis for the formation of new
hypotheses for further investigation.
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FIGURE 5. Selective destruction of b cells by NY2.3
(CD8+) T cells.NY2.3Tcellswere incubatedwith islets from
silica-treated NOD mice. After 2.5 hours, tissues were
examined under the electron microscope. b cells (b) were
extensively damaged, whereas a cells (a) (A) and d cells (d)
(B) were spared. L, CD8+ cytotoxic T lymphocyte. Horizon-
tal bar = 0.1 mm.
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47–56.

85. Asayama K, Kooy NW, Burr IM. Effect of vitamin E
deficiency and selenium deficiency on insulin secretory
reserve and free radical scavenging systems in islets:
decrease of islet manganosuperoxide dismutase. J Lab
Clin Med. 1986;107:459–464.

86. Kubisch HM, Wang J, Luche R, et al. Transgenic
copper/zinc superoxide dismutase modulates suscepti-
bility to type I diabetes. Proc Natl Acad Sci U S A. 1994;91:
9956–9959.

87. Kubisch HM, Wang J, Bray TM, et al. Targeted
overexpression of Cu/Zn superoxide dismutase protects
pancreatic beta-cells against oxidative stress. Diabetes.
1997;46:1563–1566.

88. Piganelli JD, Flores SC, Cruz C, et al. Ametalloporphyrin-
based superoxide dismutase mimic inhibits adoptive
transfer of autoimmune diabetes by a diabetogenic T-cell
clone. Diabetes. 2002;51:347–355.

89. Burkart V, Wang ZQ, Radons J, et al. Mice lacking the
poly(ADP-ribose) polymerase gene are resistant to pan-
creatic beta-cell destruction and diabetes development
induced by streptozocin. Nat Med. 1999;5:314–319.

90. Ogawa M, Maruyama T, Hasegawa T, et al. The
inhibitory effect of neonatal thymectomy on the in-
cidence of insulitis in non-obese diabetes (NOD) mice.
Biomed Res. 1985;6:103–106.

91. Christianson SW, Shultz LD, Leiter EH. Adoptive
transfer of diabetes into immunodeficient NOD-scid/
scid mice. Relative contributions of CD4+ and CD8+

T-cells from diabetic versus prediabetic NOD.NON-Thy-
1a donors. Diabetes. 1993;42:44–55.

92. Hayward AR, Shreiber M. Neonatal injection of CD3
antibody into nonobese diabetic mice reduces the inci-
dence of insulitis and diabetes. J Immunol. 1989;143:
1555–1559.

93. Nagata M, Santamaria P, Kawamura T, et al. Evidence
for the role of CD8+ cytotoxic T cells in the destruc-
tion of pancreatic beta-cells in nonobese diabetic mice.
J Immunol. 1994;152:2042–2050.

94. Wong FS, Visintin I, Wen L, et al. 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. 1996;183:67–76.

95. Graser RT, DiLorenzo TP, Wang F, et al. Identification of
a CD8 T cell that can independently mediate auto-
immune diabetes development in the complete absence
of CD4 Tcell helper functions. J Immunol. 2000;164:3913–
3918.

96. Kurrer MO, Pakala SV, Hanson HL, et al. Beta cell
apoptosis in T cell-mediated autoimmune diabetes. Proc
Natl Acad Sci U S A. 1997;94:213–218.

97. Serreze DV, Chapman HD, Varnum DS, et al. Initiation
of autoimmune diabetes in NOD/Lt mice is MHC class
I-dependent. J Immunol. 1997;158:3978–3986.

98. Nagata M, Yoon JW. Studies on autoimmunity for T-cell-
mediated beta-cell destruction. Distinct difference in
beta-cell destruction between CD4+ and CD8+ T-cell
clones derived from lymphocytes infiltrating the islets of
NOD mice. Diabetes. 1992;41:998–1008.

99. Verdaguer J, Yoon JW, Anderson B, et al. Acceleration of
spontaneous diabetes in TCR-beta-transgenic nonobese
diabetic mice by beta-cell cytotoxic CD8+ T cells
expressing identical endogenous TCR-alpha chains.
J Immunol. 1996;157:4726–4735.

100. Verdaguer J, Schmidt D, Amrani A, et al. Spontaneous
autoimmune diabetes in monoclonal Tcell nonobese dia-
betic mice. J Exp Med. 1997;186:1663–1676.

101. Rabinovitch A, Suarez-Pinzon WL. Role of cytokines in
the pathogenesis of autoimmune diabetes mellitus. Rev
Endocr Metab Disord. 2003;4:291–299.

102. Debray-Sachs M, Carnaud C, Boitard C, et al. Pre-
vention of diabetes in NOD mice treated with anti-
body to murine IFN gamma. J Autoimmun. 1991;4:237–
248.

103. Sarvetnick N, Liggitt D, Pitts SL, et al. Insulin-dependent
diabetes mellitus induced in transgenic mice by ectopic
expression of class II MHC and interferon-gamma. Cell.
1988;52:773–782.

104. Hultgren B, Huang X, Dybdal N, et al. Genetic absence
of gamma-interferon delays but does not prevent
diabetes in NOD mice. Diabetes. 1996;45:812–817.

105. Cameron MJ, Arreaza GA, Zucker P, et al. IL-4 prevents
insulitis and insulin-dependent diabetes mellitus in
nonobese diabetic mice by potentiation of regulatory

590 Yoon and Jun

American Journal of Therapeutics (2005) 12(6)



T helper-2 cell function. J Immunol. 1997;159:4686–
4692.

106. Pennline KJ, Roque-Gaffney E, Monahan M. Recombi-
nant human IL-10 prevents the onset of diabetes in the
nonobese diabetic mouse. Clin Immunol Immunopathol.
1994;71:169–175.

107. Mueller R, Krahl T, Sarvetnick N. Pancreatic expression
of interleukin-4 abrogates insulitis and autoimmune
diabetes in nonobese diabetic (NOD) mice. J Exp Med.
1996;184:1093–1099.

108. Wang B, Gonzalez A, Hoglund P, et al. Interleukin-4
deficiency does not exacerbate disease in NOD mice.
Diabetes. 1998;47:1207–1211.

109. Itoh N, Imagawa A, Hanafusa T, et al. Requirement of
Fas for the development of autoimmune diabetes in
nonobese diabetic mice. J Exp Med. 1997;186:613–618.

110. Apostolou I, Hao Z, Rajewsky K, et al. Effective destruc-
tion of Fas-deficient insulin-producing beta cells in type
1 diabetes. J Exp Med. 2003;198:1103–1106.

111. Kurrer MO, Pakala SV, Hanson HL, et al. Beta cell
apoptosis in T cell-mediated autoimmune diabetes. Proc
Natl Acad Sci U S A. 1997;94:213–218.

112. Kagi D, Odermatt B, Seiler P, et al. Reduced incidence
and delayed onset of diabetes in perforin-deficient
nonobese diabetic mice. J Exp Med. 1997;186:989–
997.

Autoimmune Destruction of Pancreatic b Cells 591

American Journal of Therapeutics (2005) 12(6)


