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Type I diabetes mellitus is an autoimmune disease mediated by a selective immune-mediated destruction of the insulin containing beta cells within the pancreatic islets of Langerhans. T cells reactive to
beta cell-derived antigens are critical for the pathogenesis of type I diabetes, indeed treatments that
target T cells are currently in clinical trials. CD8þ T cells may play a particularly crucial role in the onset of
hyperglycaemia, as they can mediate beta cell destruction late in the pathogenesis of diabetes. However,
the precise steps by which beta cell-reactive CD8þ T cells are activated are poorly understood. In this
review we speculate on the possibility that B cells are essential for the activation and expansion of
pathogenic CD8þ T cells that cause ﬁnal beta cell destruction. We also discuss the involvement of
different B cell subsets in the aetiology of diabetes.
Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction
Type I diabetes mellitus is an autoimmune disease marked by
insulin deﬁciency and hyperglycaemia for which there is no known
cure. Insulin deﬁciency is caused by a selective immune-mediated
destruction of the insulin containing beta cells within the pancreatic islets of Langerhans. Many lines of evidence support the
concept that type I diabetes is an autoimmune disease. Indeed,
progression to or protection from type I diabetes is associated with
certain MHC alleles, the most signiﬁcant diabetes susceptibility
genes being the MHC class II alleles HLA-DQB1 and HLA-DRB1, and
the MHC class I alleles HLA-B and HLA-A [1,2]. Moreover, type I
diabetes can be transferred by bone marrow transplantation [3],
and conversely, diabetes development can be slowed by treatment
with immunosuppressive drugs such as anti-CD3 monoclonal antibody and cyclosporine [4]. However, a detailed understanding of
the exact processes underlying the development of type I diabetes
from the study of human subjects has remained elusive, due to the
lack of suitable bio-markers, an inability to directly monitor the
pancreatic beta cells, and the shortage of predictive markers to
indicate development of the autoimmune response and diabetes
onset. Thus, much of what is known currently stems from the study
of animal models of human type I diabetes. In this regard, study of
the non-obese diabetic (NOD) mouse, which mimics many features
of human type I diabetes [5], has greatly enhanced our understanding of the pathogenesis of type I diabetes. One important
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aspect that has come to light from the study of the NOD model is
the role of CD4þ and CD8þ T cells, speciﬁc for beta cell derived
antigens, as important mediators of beta cell destruction, a process
essential for diabetes pathogenesis. Thus, transfer or elimination of
CD4þ or CD8þ T cells can precipitate or prevent diabetes, respectively, providing strong support for the concept that type I
diabetes is a T cell mediated autoimmune disease. However, major
questions remain concerning the precise steps by which T cells
reactive to beta cell antigens are activated, expanded and then
recruited to the pancreas, and to the mechanisms they utilize to
destroy the beta cells. It is self-evident that therapies designed to
prevent these processes could potentially provide powerful treatments for the cure of type I diabetes.
2. B cells and the pathology of type I diabetes
Whilst T cells may represent the ﬁnal arbitrators of beta cell
destruction, there is evidence that B cells also may play a prominent
role in the aetiology of type I diabetes [6]. Perhaps the most important evidence relates to a long recognised feature of human
subjects with type I diabetes, that is the presence of serum autoantibodies speciﬁc for beta cell derived antigens. The molecular
targets of these so called islet cell antibodies (ICA) include insulin,
glutamic acid decarboxylase (GAD) and the tyrosine phosphataselike molecules IA-2/IA-2b [7]. The presence and titres of particular
autoantibodies, together with assessment of the presence or absence of HLA-susceptibility genes, are currently the best predictive
markers for future development of type I diabetes. Signiﬁcantly,
many of the autoantigens recognized by the ICA, particularly
insulin and GAD, are also the targets for self-reactive T cells,
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demonstrating a strong link between the molecular targets of both
the T and B cell autoimmune response [8]. While these data provide
evidence for the activation of B cells, they do not explicitly indicate
whether B cells are a principal player, necessary for diabetes
pathogenesis or are rather activated secondary to the inﬂammatory
events occurring during the primary autoimmune assault. While
a healthy debate rages on this topic [5,6], it is quite likely that type I
diabetes represents a syndrome in which multiple immune and
non-immune pathways can differentially impact upon disease
progression in each individual. Thus, while B cells may not be
necessary for the development of type I diabetes in every human
subject [9], the overall predictive value of autoantibodies suggests B
cells would have some importance in the aetiology of diabetes for
a signiﬁcant proportion of cases.
The concept that B cells are important players in diabetes
pathogenesis is more strongly supported from studies on the NOD
mouse. In the NOD model, B cells inﬁltrate the pancreas during the
early stages of insulitis and, as in human subjects, circulating autoantibodies, speciﬁc for beta cell auto-antigens are readily detected
[6]. Signiﬁcantly, genetic or antibody-mediated ablation of B cells in
NOD mice is protective, thus crossing a mutation that prevents B
cell development onto the NOD background to generate NOD.Igmnull
mice, prevents diabetes [10]. In addition, treatment of NOD mice
with anti-CD20 antibodies to mediate B cell elimination can also
markedly reduce diabetes incidence [11]. Collectively, studies in
both human subjects with type I diabetes, as well as NOD mice,
provide evidence that B cells are important for the development of
spontaneous diabetes, but are also potential therapeutic targets for
the treatment of type I diabetes.
3. B cells can perform an antigen presenting cell function in
type I diabetes
If B cells are necessary for diabetes development, as indicated by
studies on the NOD mouse model, what is their function? There is
evidence to indicate that B cells are involved in multiple aspects of
the processes culminating in type I diabetes. Of particular importance for this discussion, numerous studies have demonstrated that
B cells can provide T cell help as antigen presenting cells, and are
required for the optimal expansion of diabetogenic T clones
[12–14]. In contrast, B cells do not appear to be required as an
important effector cell for beta cell destruction in the NOD model. T
cells transferred from diabetic NOD mice to B cell deﬁcient
recipients can still precipitate diabetes, whereas transfer of antibodies alone to NOD mice cannot mediate beta cell destruction
[12]. However, these studies should not be interpreted to indicate
autoantibodies have no pathogenic role. Indeed, one report has
suggested that beta cell speciﬁc autoantibodies are necessary to
prime the maternal environment, setting the scene for later diabetes development in susceptible progeny [15]. More pertinently,
autoantibodies may allow efﬁcient capture of beta cell autoantigens
to enable the selection and or activation of self-reactive T cells by
antigen presenting cells [16]. Indeed, surface expression of autoantibodies may be important in facilitating the antigen capture and
presenting capability of B cells themselves [17,18].
The current paradigm of how B cells participate in the pathogenesis of type I diabetes as antigen presenting cells indicates the
presentation of autoantigen to CD4þ T cells in a MHC class II restricted fashion [6]. While this is a popular concept, the supportive
evidence is not unequivocal. Major conceptual support for MHC
class II mediated B cell antigen presentation is considered to have
been provided by studies utilizing B cell deﬁcient NOD mice, which
typically exhibit a low frequency of spontaneous diabetes. In these
studies, while diabetes can be precipitated following reconstitution
with splenic B cells carrying the NOD MHC haplotype IAg7, diabetes
is not restored when NOD mice are reconstituted with MHC class II

deﬁcient B cells [19]. However, there are some important caveats to
the interpretation of these experiments. Since MHC class I is in
strong linkage disequilibrium with MHC class II, the introduction of
the MHC class II knockout mutation also alters the MHC class I alleles present in NOD mice. This is a critical point, as disruption of
the MHC class I gene is sufﬁcient to prevent diabetes in NOD mice
[20]. Perhaps more direct evidence for B cell mediated and MHC
class II dependent antigen presentation comes from studies with
islet speciﬁc CD4þ T cells expressing the BDC2.5 clonotypic TCR
[21] and those reactive to GAD. The expansion of both BDC2.5
transgenic T cells and GAD-reactive CD4þ T cells is severely impaired in vivo in B cell deﬁcient NOD mice [12,19]. Thus, these data
demonstrate that B cells can act as drivers of CD4þ T cell activation
through MHC class II dependent interactions. However, they do not
necessarily indicate that B cell help is limited to providing support
for pathogenic CD4þ T cells. Indeed, we speculate that an additional
and perhaps overlooked role for B cells in the pathogenesis of type I
diabetes may be as antigen presenting cells required for the activation of self-reactive CD8þ T cells.
4. CD8D T cells can mediate beta cell killing
There is strong supportive evidence to indicate that CD8þ T cells
are important in the pathogenesis of type I diabetes. This includes
studies showing that CD8þ T cells contribute to the insulitic lesion
in NOD mice and that NOD mice deﬁcient in MHC class I due to lack
of b-2 microglobulin do not develop diabetes. It is postulated that
CD8þ T cells could destroy insulin producing beta cells through the
release of cytolytic granules containing perforin and granzyme, or
through Fas and Fas ligand dependent interactions [22]. Concordantly, both perforin and Fas knockout NOD mice show delayed
onset and reduced incidence of diabetes [23,24]. These data suggest
that CD8þ T cell-mediated beta cell killing is a major mechanism of
beta cell destruction underlying the pathogenesis of type I diabetes.
CD8þ T cell dependent killing pathways could be activated following the engagement of the self-reactive TCR expressed by theses
pathogenic CD8þ T cells with MHC class I molecules expressed on
the surface of beta cells. Beta cells express MHC class I and, signiﬁcantly, beta cell restricted MHC class I deﬁciency is sufﬁcient to
arrest diabetes development and prevent beta cell destruction [25].
One interpretation of these studies is the absolute requirement for
CD8þ T cells in the process of ﬁnal beta cell destruction. This
concept might be further articulated to indicate that CD8þ T cells
are a late requirement in the pathogenesis of type I diabetes.
5. Are B cells required late in the development of diabetes?
A major pathologic feature of the aetiology of type I diabetes
mellitus in the NOD model is that diabetes proceeds in distinct
stages or check-points. The earliest evidence of diabetes is clearly
apparent by 4–6 weeks of age when NOD mice exhibit a pancreatic
mononuclear cell inﬁltrate, or insulitis. Despite the persistence of
this mononuclear inﬁltrate and the presence of self-reactive T cells,
overt diabetes, evidenced by the onset of hyperglycaemia, does not
begin to manifest until 12–16 weeks of age. Thus, one could infer
that qualitative or quantitative changes in the autoimmune response must occur over this later period to facilitate the transition
to overt diabetes.
One intriguing result to come out of a recent study exploring the
effect of anti-CD20 monoclonal antibody-mediated B cell depletion
on diabetes incidence [11], was the demonstration that treatment
was most effective when provided from w9–15 weeks of age. That
is, treatment was most effective when B cell depletion was achieved
during the transition to overt diabetes in NOD mice. Using a conceptually similar approach, we have also examined the effect of B
cell elimination on diabetes incidence and penetrance in female
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NOD mice (EM and STG, unpublished data). In contrast to anti-CD20
treatment, we achieved B cell depletion by administering a soluble
BCMA-Fc fusion protein to NOD mice. BCMA-Fc binds the cytokine
BAFF, leading to a block in B cell development at the transitional
stage in the spleen, preventing the emergence of mature B cells
[26]. Similar approaches designed to target BAFF have been utilized
to delineate the role of B cells in experimental models of lupus.
Surprisingly, we also found that eliminating B cells from 9–
15 weeks of age was the most effective strategy in protecting NOD
mice from diabetes. Collectively, these studies indicate a distinct
role for B cells at a later phase in diabetes pathogenesis.
These data raise the question as to whether B cells, acting as
antigen presenting cells, are necessary for the transition from
insulitis to frank diabetes that occurs from w12 weeks of age in
NOD mice. If this presumption was correct, one would predict that
B cells should exhibit features and characteristics consistent with
an enhanced capacity to provide support for T cell activation over
this time period. With respect to the presentation of auto-antigen
to self-reactive T cells, the pancreatic lymph node is recognized as
a critical site [27]. Interestingly, B cells speciﬁcally accumulate at
this location in increasing numbers in an age-dependent manner
[28], suggesting that this is not a random event, but rather is closely
linked to the conversion to overt diabetes in the NOD model.
Moreover, NOD B cells undergo a marked numerical expansion and
exhibit an increased activation status from w12 weeks of age. This
enhanced activation status is evidenced by an increase in the
expression of MHC class I and II molecules, as well as the costimulatory molecules CD80 and CD86 on the surface of B cells
colonizing the pancreatic lymph nodes and the pancreas [28].
Interestingly, B cells have been postulated to be critical for the
epitope spreading and the subsequent maturation of the CD4þ T
cell anti-beta cell immune response [13]. Collectively, these data
correlate the transition to overt diabetes with the phenomena of
heightened B cell activation, indicating an increased and speciﬁc
involvement of B cells in the late evolution of the autoimmune
assault on the pancreatic islets.
6. The late expansion and afﬁnity maturation of pathogenic
CD8D T cells is a critical step in diabetes development
If B cells do indeed play a particular role in the late stages of
diabetes, ﬁrst, what is the nature of that function and, second, who
is the recipient of that help? Clearly, one possibility lies in the
ability of B cells to activate diabetogenic CD4þ T cells. However, we
propose that new insights into the particular dynamics of CD8þ T
cell activation raise the intriguing possibility that B cells are also
required for the expansion of pathogenic CD8þ T cells. These data
relate to the study of CD8þ T cells reactive to the islet-speciﬁc
glucose-6-phosphatase catalytic subunit-related protein (IGRP).
IGRP-reactive CD8þ T cells were initially isolated from the pancreatic lesion of NOD mice. This clone represents a major proportion of the self-reactive CD8þ T cell repertoire inﬁltrating the
pancreas, moreover, this T cell clone is sufﬁcient to mediate beta
cell killing and precipitate diabetes when transferred to NOD recipients [29]. Of interest in NOD mice, IGRP-speciﬁc CD8þ T cells
undergo a marked clonal expansion and afﬁnity maturation from
w10–16 weeks of age, a period overlapping with the onset of overt
hyperglycaemia in female NOD mice [30]. Further, the expansion of
IGRP-speciﬁc CD8þ T cells is predictive of diabetes onset in NOD
mice [31]. Importantly, consistent with studies demonstrating that
removal of MHC class I from beta cells can prevent diabetes, interventions that thwart IGRP-speciﬁc CD8þ T cell activation can
prevent diabetes onset in NOD mice [25,32]. Thus, IGRP-reactive
CD8þ T cells expand late in the pathogenesis of diabetes, overlapping with the period of transition from benign insulitis to overt
diabetes and, perhaps provocatively, these events coincide with the
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period when B cell elimination is the most efﬁcacious at preventing
diabetes.
7. Evidence for interactions between B cells and pathogenic
CD8D T cells
We observed that B cell elimination mediated by BCMAFc-treatment protected NOD mice from diabetes when administered over the time period during which IGRP-reactive CD8þ T cells
underwent a marked expansion. Similarly, anti-CD20-mediated B
cell elimination also reduced diabetes incidence in NOD mice when
administered over this same time period. These results suggested
a potential relationship between B cells and CD8þ T cell activation,
and so prompted us to explore the kinetics of IGRP-reactive CD8þ
T cell expansion in our BCMA-Fc model system. Intriguingly, we
found that NOD mice treated from 9 to 15 weeks of age with BCMAFc lacked the characteristic expansion of IGRP-speciﬁc CD8þ T cells
typical of un-manipulated NOD mice (E.M. and S.T.G., unpublished
observation). Thus, in the absence of B cells, no expansion of IGRPspeciﬁc CD8þ T cells was observed in NOD mice. These data
indicate the existence of a tight relationship between the presence
of B cells, IGRP-speciﬁc CD8þ T cell expansion and diabetes onset.
8. Are B cells necessary for the optimal expansion of CD8D
T cells?
These data provide the ﬁrst hints that B cells may be linked to
the activation of a diabetogenic CD8þ T cell clone in the spontaneous NOD model of diabetes. A major question arising from these
observations is what is the nature of this B cell dependent help? B
cells are able to capture, process and present autoantigen to selfreactive CD4þ T cells. These B cell-activated CD4þ T cells could in
turn provide help to CD8þ T cells by way of cytokines to facilitate
their proliferation, survival and or their acquisition of effector
function. The cytokine interleukin (IL)-21 represents one candidate
molecule that could provide this function. IL-21 is produced by
antigen-activated CD4þ T cells and following the engagement of its
cognate receptor expressed by CD8þ T cells, it potently induces
CD8þ T cell expansion and enhances CD8þ T cell effector function
[33]. Of further interest, IL-21 expression is dysregulated in NOD
mice [34], such that IL-21 is expressed at high levels by NOD CD4þ
T cells over the 10–16-week time period. Thus, B cell-mediated
presentation of autoantigen to CD4þ T cells could lead to the
elaboration of CD4þ T cell-dependent help, which by way of providing critical cytokines, could enable the activation of autoreactive
CD8þ T cells.
A very recent report [35], utilizing a TNF-transgenic accelerated
model of diabetes crossed onto the B cell deﬁcient NOD background, provided further evidence that B cells may be important for
the activation of CD8þ T cells. In that report, B cell deﬁciency correlated with a decrease in intra-islet CD8þ T cell survival and
a delay in diabetes onset. The decreased CD8þ T cell survival may
be consistent with a requirement for the provision of CD4þ T celldependent cytokines in the maintenance of the self-reactive CD8þ
T cells’ assault on the beta cells. Indeed, the lack of CD8þ T cell
expansion found in our study may also be consistent with a failure
of CD8þ T cell survival. Together, these studies predict that without
B cells to support their clonal expansion, self-reactive CD8þ T cells
cannot reach the threshold necessary to achieve fulminant beta cell
destruction.
9. Can B cells provide pathogenic CD8D T cells with MHC class
I restricted help?
If CD8þ T cells are required to engage their cognate beta cell
targets to mediate the ﬁnal killing blow, it would be important to
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elucidate whether this beta cell CD8þ T cell interaction was also
sufﬁcient to mediate the initial activation of CD8þ T cells. Perhaps
surprisingly, expression of MHC class I on beta cells alone is not
sufﬁcient to incite diabetes [36], pointing to the existence of another cellular player necessary for the initial activation of CD8þ T
cells. Though this function is classically relegated to dendritic cells,
we speculate that one of the cell types involved may also be the B
cell, so that B cells may be important antigen presenting cells for
the activation of pathogenic CD8þ T cells. B cells express high levels
of MHC class I and are thus theoretically capable of acting as antigen presenting cells for CD8þ T cells. However, there is debate as to
the in vivo signiﬁcance of this potential. For instance, whilst in vitro
B cells can activate CD8þ T cells, in vivo B cells do not appear to be
absolutely required for CD8þ T cell activation, but rather turn off
naive T cells. Moreover, studies utilizing a model antigen system
indicated that the normal outcome of antigen presentation by B
cells is the induction of CD8þ T cell tolerance [37]. Though, if the
tolerizing capacity of B cells relates to the lack of expression of the
appropriate co-stimulatory molecules by resting, versus activated B
cells, then under the inﬂammatory conditions observed during the
development of diabetes, the balance might be shifted from one of
tolerance induction to activation. Indeed, we have found that B cells
invading the islets and pancreatic lymph nodes do express MHC
class I, as well as appropriate co-stimulatory molecules, including
CD80 and CD86, necessary for CD8þ T cell activation.
As mentioned above, studies in which reconstitution of B cell
deﬁcient NOD mice with MHC class II deﬁcient B cells prevented
diabetes have been interpreted to indicate a critical role for MHC
class II-mediated presentation by B cell in the pathogenesis of type I
diabetes. However, this strategy would also alter the MHC class I
alleles present in NOD mice. Indeed, in the light of this discussion it
is interesting to speculate that the protection observed in those
particular experiments may also indicate a requirement for MHC
class I mediated B cell dependent antigen presentation for diabetes
pathogenesis.
10. Which B cell subtype provides the T cell help necessary
for diabetes development: is there a marginal zone
B cell requirement?
B cell development proceeds in the spleen to give rise to two
mature subsets: follicular B cells and marginal zone B cells, respectively [38]. Despite this fact, there has been little investigation
into the relative roles of these two splenic B cell subsets in type I
diabetes. Indeed, there may be a presumption in the ﬁeld that
follicular B cells, which mediate the germinal centre reaction and
produce high afﬁnity antigen and memory cells, are perhaps the
most likely B cell candidates to be involved in the pathogenesis of
type I diabetes. This is unwarranted, as B cell deﬁcient NOD mice, as
well as anti-CD20 and BCMA-Fc treated NOD mice, all exhibit reduced levels of both follicular B cells and marginal zone B cells.
Thus these current studies do not preferentially rule out a role for
one or other B cell subtype.
In particular, marginal zone B cells exhibit a number of features
that might mark them as candidate players in type I diabetes. Their
location within the marginal sinus of the spleen enables them to
sample blood borne antigens, such as those potentially released
from dying beta cells [38]. Moreover, marginal zone B cells exhibit
an activated ‘effector’ phenotype, as indicated by their ability to
generate rapid antibody responses to antigens and blood borne
pathogens. These features, coupled with their propensity to harbour a self-reactive repertoire, indicate a potential for involvement
in autoimmunity. Signiﬁcantly, mice transgenic for BAFF, as well as
NZB/W F1 mice, exhibit an increased frequency of marginal zone B
cells, harbour high titres of circulating antibodies directed against
self-constituents and develop autoimmune conditions reminiscent

of lupus and sialadenitis [26]. Of relevance to the provision of T cell
help, marginal zone B cells are able to act as efﬁcient antigen presenting cells and can provide cognate help to naive CD4þ T cells
[39]; indeed, marginal zone B cells have been shown to be as
capable as dendritic cells in driving antigen-speciﬁc T cell proliferation and IL-2 production.
Emerging studies in the NOD model indicate that marginal zone
B cells may make an important contribution to diabetes pathogenesis. NOD mice exhibit signiﬁcantly increased numbers of
marginal zone B cells compared to non-autoimmune prone strains,
and the expansion of marginal zone B cells is linked to a major
region on chromosome 4 co-localizing with the diabetes susceptibility locus Idd9/11 [28,40]. Moreover, elimination of marginal zone
B cells by way of a depleting anti-CD21/35 (CR1/2) mAb reduced
disease incidence in one experimental model of diabetes [41]. More
recent evidence shows that both marginal zone and follicular B
cells are able to capture, process and present the autoantigen insulin to self-reactive T cells from NOD mice [28]. In addition, activated marginal zone B cells accumulated in the pancreatic lymph
node of NOD mice with an increasing frequency over the w10–
16 week period when overt diabetes manifests. These are the ﬁrst
data to indicate marginal zone B cells can present an important
autoantigen to T cells and drive their proliferation. Further studies
to determine whether both marginal zone and follicular B cells are
equally capable of acting as antigen presenting cells for CD4þ or
CD8þ T cells will provide further insights into their respective roles
in the pathogenesis of type I diabetes.

11. Concluding remarks
Type I diabetes is an autoimmune disease caused by the
immune-mediated destruction of the pancreatic beta cells. The
realization that T cells play a critical role in the process of beta cell
destruction, based on studies from human subjects with type I
diabetes and the NOD model, has subsequently led to investigations
into the mechanisms by which these self-reactive T cells are activated. One possible model indicates that naive, self-reactive CD4þ
and CD8þ T cells are initially activated by dendritic cells within the
pancreatic lymph nodes, during the inductive phase of type I diabetes. However, the clone size of these self-reactive T cells does
not reach the threshold necessary to precipitate the onset of clinical
hyperglycaemia. A late event triggers the activation and expansion
of self-reactive B cells, which capture antigen and present this to
self-reactive CD4þ T cells, which in turn mediate beta cell
destruction and activate CD8þ T cells through the elaboration of
cytokines. Additional mechanisms of B cell help may include the
presentation of autoantigen to MHC class I restricted CD8þ T cells,
facilitating their late expansion, activation and precipitating the
onset of diabetes. Future challenges remain to directly test these
propositions and determine the exact role of differing B cell subsets
in the aetiology of type I diabetes.
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