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B Abstract

Autoantibodies have been used as good markers for the
prediction of future development of type 1 diabetes mellitus
(T1DM), but are not thought to be pathogenic in this dis-
ease. The role of B cells that produce autoantibodies in the
pathogenesis of human T1DM is largely unknown. In the
non-obese diabetic (NOD) mouse model of autoimmune
diabetes, it has been shown that B cells may contribute
multifariously to the pathogenesis of the disease. Some as-

pects of deficiencies of B cell tolerance may lead to the cir-
culation of autoreactive B cells. In addition, the antigen-
presenting function of autoantigen specific B cells is likely to
be particularly important, and autoantibodies are also con-
sidered to play a critical role. This review discusses the pos-
sible aspects of B cells involved in the development of auto-
immune diabetes.

Keywords: type 1 diabetes -+ NOD mouse * autoimmu-

nity + Bcells * costimulation - antigen-presenting cells

Introduction

ype 1 diabetes mellitus (T1DM) is an organ-
specific autoimmune disease in which the pancre-
atic B-cells that produce insulin are the target of im-
mune attack. There is a progressive loss of 3-cells and
when sufficient numbers of these cells have been de-
stroyed, or their function inhibited, diabetes occurs.
Autoimmune diseases such as T1DM involve the
interaction of different subsets of lymphocytes and an-
tigen-presenting cells (APC). These include CD4 and
CD8 T lymphocytes, B lymphocytes (B cells), macro-
phages and dendritic cells which together play an im-
portant role in the generation of the autoimmune re-
sponse. In humans, the process leading to TIDM may
take months or years [1]. In animal models such as the
non-obese diabetic (NOD) mouse, there is a gradual
infiltration of the pancreatic islet B-cells over weeks
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leading to the development of autoimmune diabetes
with some similarities to the human disease from the
age of 12 weeks onwards.

An inflammatory infiltrate in islets has been docu-
mented in a number of post-mortem studies [2, 3] as
well as biopsies of patients with newly-diagnosed dia-
betes [4]. In the NOD mouse, although there is much
evidence that T cells play a major pathogenic role, the
infiltrate in the pancreatic B-cells consists not only of
CD4 and CD8 T cells, but also of B lymphocytes and
other antigen presenting cells. In another model of
autoimmune diabetes, the Biobreeding (BB) rat, al-
though not the earliest entrants to the islets, B cells
have also been noted to become part of the later infil-
trate [5].

There have been many studies documenting the
role of T cells as major effectors in the development of
diabetes. Nevertheless, over the last few years, there
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has been increasing interest in the role of B lympho-
cytes, and studies investigating their role in autoim-
mune diabetes will be discussed in this review.

B lymphocytes are important cells in immu-
nity

Immunoglobulins (Igs) made up of 2 heavy chains
and 2 light chains are the antigen recognition receptors
expressed on the surface of B lymphocytes. They serve
as a component of the B cell receptor (BCR)
together with two other proteins, designated
Igx and IgB, which are important for B cell sig-
naling. In addition, B cells, like T cells, express
co-receptors that consist of CD19-CD21-CDS81
which enhance the ability of the B cells to re-
spond to antigens. The same Ig molecules that
recognize antigen are also produced as antibod-
ies by plasma cells, which are terminally differ-
entiated B cells. Antibodies normally bind to
pathogens or toxins in the extracellular spaces.
This binding, termed opsonization, neutralizes
viruses and toxins and prevents them from en-
tering cells. The antibodies coating the patho-
gen are recognized by Fc receptors on phago-
cytic cells and this allows the phagocytes to in-
gest and destroy bacteria. In addition, natural
killer (NK) cells, which do not express antigen-
specific receptors, can bind the Fc receptors
and this can initiate antibody-dependent cellular
cytotoxicity (ADCC). The engagement of Fc
receptor activates NK cells which release cyto-
toxic granules containing perforin and gran-
zymes and cause lysis and apoptosis of the tar-
get cell in a manner similar to cytotoxic CD8 T
cells. Furthermore, the binding of antibody to
antigen forms immune complexes that can acti-
vate complement that can directly lyse some
organisms.

The BCR binds antigen by the variable re-
gions of the Ig molecule and once bound, an activation
signal leads to clonal expansion and specific antibody
production. An important feature of the BCR specific-
ity is that antigens recognized by the Ig molecule are
endocytosed and are specifically presented on the sur-
face of B cells to T cells, thus concentrating the anti-
gen-presenting ability many fold.

Naive antigen-specific B cells do not, in general be-
come activated by antigen alone. The activation of B
cells and their subsequent differentiation into anti-
body-producing plasma cells usually requires CD4+ T
helper (Th) cells (Figure 1). B cells obtain help from
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activated helper T cells in the form of CD154-CD40
and other costimulatory interactions. Once B cells be-
come activated, they increase expression of costimula-
tory molecules such as B7.1 and B7.2 on the surface.
These activated B cells can then stimulate antigen-
specific CD4 Th cells (Figure 1). These T cells (both
Th1 and Th2) produce cytokines which further aid in
B cell differentiation, expansion and isotype switching
leading to antibody (including autoantibody) produc-

tion.
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Figure 1. B cell and CD4 T cell interaction. A. Naive T cells are
generally primed by antigen-presenting cells such as dendritic
cells. B. Antigen-specific T cells recognizing antigens presented by
B cells stimulate the B cells through CD40 ligand (CD40L) interac-
tions with CD40. C. Activated B cells upregulate costimulatory
molecules such as B7.2 and B7.1 which are then able to stimulate
T cells. D. T cells activated by specific antigen-recognition together
with costimulation produce cytokines. E. T cell-derived cytokines
stimulate B cells to switch isotypes and differentiate to produce an-
tibodies.

Autoantibodies in diabetes

Autoantibodies have long been associated with
T1DM. Indeed, the recognition that the immune sys-
tem plays a predominant role in TIDM was based on
the detection of autoantibodies which are present in
pre-diabetic and newly diagnosed patients with diabe-
tes. The earliest type of autoantibody was termed islet
cell antibody (ICA) and was measured by binding to
frozen human pancreas. In recent years a number of
methods and types of tissue section for this measure-
ment have been used but, in general, standardization is
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difficult [6]. More defined autoantibodies to islet
autoantigens include those to insulin [7], glutamic acid
decarboxylase (GAD) [8, 9] and the tyrosine phos-
phatase IA-2 [10-13]. ICA are made up of antibodies
mainly to GAD and IA-2 [14, 15], but also to other
undefined autoantigens. Currently, according to stan-
dardization workshops, it is possible to measure these
autoantibodies, particularly in combination, by radio-
immunoassay to a high sensitivity and with a low false
positive rate [6]. The presence of autoantibodies is cur-
rently the best marker for ongoing autoreactivity and is
a major predictive tool for the future development of
type 1 diabetes. In family studies with long-term follow
up, combinations of autoantibodies are known to be
highly predictive of future development of disease
when positive in relatives of patients with type 1 diabe-
tes. This applies particularly if they also have other
susceptibility genes, such as specific human leukocyte
antigen (HLA) alleles [16]. The type of autoantibodies
is also important and recent work suggests that it is
possible to distinguish between insulin autoantibodies
that are associated with disease and those that are not,
using phage display technology [17].

Autoantibodies have also been found in animal
models of diabetes. Insulin autoantibodies ate present
in NOD mice and early expression of these autoanti-
bodies predicts eatlier onset of the disease [18]. How-
ever, neither anti-GAD nor 1-A2 antibodies were con-
sistently found in all colonies of mice although the ef-
ficiency of measurement is variable [19]. Autoantibod-
ies associated with other manifestations of autoim-
mune disease were also detected in NOD mice, includ-
ing anti-thyroid antibodies and thyroiditis [20] and
autoimmune hemolytic anemia [21]. In addition to
production of islet cell autoantibodies in the serum,
Verdaguer and colleagues have recently identified B
cells infiltrating the pancreas as secreting antibodies 7%
sitn and reacting to pancreatic nervous system elements
[22]. These studies complemented earlier investigations
showing that, in addition to GAD, other components
of cells of the nervous system are a target for attack by
autoreactive T cells in diabetes [23].

There are many reports describing the measure-
ment of autoantibodies in diabetes and their use in
prediction of disease, and thus, this topic will not be
further reviewed in detail here. In T1DM, antibodies
themselves are not thought to be directly pathogenic.
They do not react against cell surface or matrix anti-
gens such as in autoimmune thrombocytopenic put-
pura or autoimmune hemolytic anemia. Moreover,
they do not cause disease by forming immune com-
plexes such as in systemic autoimmune diseases includ-
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ing systemic lupus erythematosus (SLE). However,
there are other roles of autoantibodies in disease de-
velopment and these will be discussed in later sections.
Although a very useful tool, the assumed non-
pathogenic nature of autoantibodies has meant that B
cells were largely ignored in terms of their role in the
pathogenesis of diabetes. Indeed, it has been shown
that it is possible to develop T1DM in the absence of
B cells, as seen in a patient who had X-linked agam-
maglobulinemia. This individual had a mutation in
Bruton’s tyrosine kinase gene (BTK) and hence, severe
B cell deficiency, but still developed T1DM [24]. Al-
though it is possible that B cells are not absolutely nec-
essary for the disease onset, such as in this rare case,
this does not rule out the role(s) of these cells in the
development of diabetes in non-immune deficient pa-
tients. It has become increasingly clear that B cells do
play an important role in disease development, cet-
tainly in the animal models of autoimmune diabetes,
and the evidence for this will be discussed in the next
sections.

B cells in autoimmune diabetes in the NOD
mouse

IgM is an important molecule for B cell ontogeny.
Gene targeting of IgM (uMT-/ leads to B cell devel-
opmental arrest, and thus, no mature B cells in the pe-
tiphery in pMT~/- mice. [25]. The development of dia-
betes was severely impaired when pMT-- mice were
crossed to NOD mice [26-29], although an early publi-
cation with small numbers of mice had shown less
protection [30]. Similarly, B cell development was in-
hibited in mice by anti-mouse Ig treatment [31] or ad-
ministration of anti-IgM antibody and the antibody-
treated mice did not develop diabetes compared with
mice treated with a control antibody [32]. It was not
possible to reconstitute NOD.uMT-~/- mice with B cells
alone, due to CD8 T cell attack on the B cells [33].
This CD8 T cell attack occurred because these T' cells
developing in mice that are deficient in B cells recog-
nized the reconstituting B cells as foreign. However,
when the NOD.uMT-/- mice were irradiated and re-
constituted with syngeneic NOD bone matrow, to
provide T cell precursors that do not recognize B cells
as foreign, together with mature peripheral B cells, the
incidence of diabetes was considerably increased [33].

Although diabetes is much reduced, the B cell-
deficient mice do develop insulitis and the onset of in-
sulitis may relate to the number of backcross genera-
tions to the NOD genetic background. Studies in
uMT-/- mice that had been backcrossed 8 times [27] or
10 times to NOD mice [34] had shown very little insu-
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litis at 12 weeks [27, 34] whereas insulitis occurred as
carly as 8 weeks in NOD.uMT~- backcrossed 14 gen-
erations to NOD mice [35], even though overall, insu-
litis is reduced. This indicates that B cells may not be
absolutely required for the initiation stage of the auto-
immune process but they can traffic to the islets and
facilitate the development of diabetes. It is possible
that their role is more prominent later in the expansion
of the diabetogenic repertoire.

Chiu and colleagues [36] performed an elegant ex-
periment where they transplanted NOD embryonic
15-day-old fetal thymi (FT) into 3-4 week-old
NOD.scid mice under the kidney capsule to generate T
cells that had developed in an environment devoid of
B cells. They took T cells from the FT transplanted
NOD.scid mice at 6 weeks of age, T cells from 6-
week-old NOD.pMT+- mice and T cells from normal
NOD mice and transferred each of these types of cells
to NOD.scid recipients. Insulitis and diabetes devel-
oped in all the recipient groups. Diabetes was found in
more than 30% of the recipients receiving T cells from
NOD.FT transplanted mice, more than 20% in the re-
cipients receiving uMT~/- T cells and more than 60% in
the recipients of NOD T cells [36]. Similar results were
obtained when T cells from young 5-week old NOD
mice were transferred to NOD.scid mice, and caused
insulitis and diabetes [37]. In these circumstances,
where the transferred cells undergo homeostatic pro-
liferation and rapid expansion, unrelated to antigen-
specific stimulation and due to the lymphopenic envi-
ronment, diabetes can occur in the absence of B cells.
Other factors, such as the absence of lymphocytes in
the scid recipients, may also increase antigen presenta-
tion by dendritic cells and macrophages. Thus, al-
though under normal circumstances B cells clearly play
a prominent role, they are not absolutely necessary if
there are other means by which T cells can expand.

The stimulation of CD8 T cell expansion may be a
critical function of B cells. This was indicated using a
model system, where the major goal was to study the
role of CD8 T cells in autoimmune diabetes develop-
ment [28]. NOD mice that express the costimulatory
molecule B7.1 on the islets using the rat insulin pro-
moter (RIP) develop accelerated diabetes as early as 3
weeks of age [38]. When these mice were crossed with
NOD.pMT"- mice, there was no effect on the devel-
opment of this much accelerated diabetes. In these
mice, there is a great expansion of CD8 T cells within
the islets, compared with normal NOD mice and B
cells are not required for the disease to occur. Again,
this is an instance where other factors, for example the
expression of costimulatory molecules, have allowed
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the expansion of potentially diabetogenic T cells [28].

Thus, it has been established, by removal of B cells,
that this subset of cells plays a role in autoimmune
diabetes in the NOD mouse, although, under some
circumstances, they may not be absolutely required for
the development of disease.

Loss of tolerance in autoreactive B cells

Many studies have confirmed the importance of a
loss of T cell tolerance in autoimmune diabetes. As B
cells also clearly play a role, it is possible that defective
B cell tolerance is another factor affecting the disease.

A number of mechanisms of B cell tolerance exist
to prevent autoreactive B cells from causing autoim-
mune disease. There are several possible outcomes of
B cell encounter with self-antigen. These include clonal
deletion, B cell receptor editing, clonal anergy and ig-
norance. The mode of tolerance of any given autoreac-
tive B cell is likely to be determined by multiple fac-
tors, such as affinity of the receptor for the antigen
and cross-linking of the receptor. Whether the ant-
genic determinant is membrane bound or soluble will
therefore have a bearing, as membrane-bound antigens
cross-link receptors more effectively. In addition, other
genetic factors may also govern autoreactive B cell re-
sponses.

Clonal deletion

Self-reactive B cells can undergo apoptosis and
death (i.e. clonal deletion). Using mice that expressed a
B cell transgene recognizing H-2KP, Nemazee and
Burki showed that in mice expressing Kb, the devel-
opment of B cells was blocked and immature B cells
were eliminated in the bone marrow [39]. B cells may
also be deleted when they encounter antigen in the pe-
riphery [40]. Silveira and colleagues have demonstrated
that clonal deletion of B cells recognizing membrane-
bound antigens takes place in NOD mice [41]. They
demonstrated clonal deletion in BCR transgenic mice
specific for Hen Egg Lysozyme (IgHEL) and mem-
brane-bound HEL (mHEL) [42]. On both NOD and
B6 genetic backgrounds, very few transgenic IgHEL
cells were present in the periphery [41], indicating no
defect in clonal deletion in NOD mice.

Deletion of autoreactive B cells is dependent on the
ability of antigens to cross link the B cell receptor, and
there is a difference in the ability of monomeric or oli-
gomeric soluble antigens to tolerize B cells compared
with multi-valent membrane-bound antigen [42]. Solu-
ble antigens are less likely to be able to cross link the
BCR. In mice that expressed B cells transgenic for
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HEL (IgHEL) together with soluble HEL (sHEL),
clonal deletion was not seen. Instead, B cells from
these mice are tolerized by anergy discussed below
[43]. Similarly, when experiments were done in NOD
mice expressing IgHEL and soluble HEL (sHEL),
(compared with IgHEL+mHEL), B cells expressing
the IgHEL were not deleted [41]. Thus there is a dif-
ference in the responses leading to this deletional tol-
erance dependent on whether the autoantigen is mem-
brane bound or soluble. Although these mechanisms
have been defined using transgenic mice, there may be
important implications for physiological antigens, for
example insulin is a soluble antigen, whereas other islet
autoantigens are not.

B cell receptor editing

In some circumstances, B cells may alter the BCR
by the process of receptor editing, thus preventing de-
letion [44]. In B cell development, the immunoglobulin
heavy chain rearranges first. Then, the light chain rear-
ranges so that production of surface IgM can occur. If
there is no cross linking of the receptor, rearrangement
of the light chain will terminate and the B cell will con-
tinue development. However, if self-antigen to which
the immunoglobulin reacts strongly is encountered, the
B cell development will stop and further light chain
rearrangement will continue. This secondary light
chain rearrangement can rescue the immature B cells
by replacing the already rearranged light chain with an-
other sequence. This mechanism was investigated us-
ing the Ig3-83 transgenic mice where the transgene
recognizes MHC class I H-2Kk and MHC class 1 H-
2KP [44]. As with clonal deletion, this mechanism of
tolerance is likely to occur following encounter with
antigens to which the B cells bind strongly. This recep-
tor-editing phenomenon was also investigated in these
1g3-83 transgenic mice comparing the B6 and NOD
genetic backgrounds [41]. It was shown that receptor
editing occurs to a similar extent in mice on both the
B6 and the NOD genetic background and thus it was
deduced that this mechanism of tolerance is not defec-
tive in NOD mice. Thus both clonal deletion and re-
ceptor editing appear to operate normally as B cell tol-
erance mechanisms in NOD mice.

B cell anergy

If B cells encounter weakly binding antigens such
as in the case of small soluble proteins or continuous
encounter with a soluble antigen, this may induce an-
ergy and the B cells are rendered unresponsive.
Goodnow and colleagues had demonstrated anergy as
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a mechanism of B cell tolerance using the BCR trans-
genic model specific for Hen Egg Lysozyme (IgHEL)
and soluble HEL (sHEL) [43]. Anergic mature B cells
cannot be activated by antigen, due to a block in signal
transduction [45]. However, anergy can be reversed by
treatment with LPS and self-reactive B cells (in this
case, anti-HEL reactive B cells) may thus be react-
vated [406].

Functional anergy was demonstrated in the trans-
genic mice expressing IcHEL and sHEL in mice back-
crossed onto the NOD background [41]. However,
this anergy could be reversed when an antigenic stimu-
lus was accompanied by anti-CD40 stimulation. Auto-
reactive anti-double stranded DNA-specific anergic B
cells can also be stimulated when T cell “help” factors
are provided [47]. Autoreactive diabetogenic T cells in
NOD mice have defects in tolerance induction [48-51].
It was suggested that these T cells provide CD40-
mediated signals that could reverse the weak anergic
state induced in B cells by engagement of a soluble cell
autoantigen during their development [47]. These auto-
reactive B cells could then amplify diabetogenic CD4 T
cell responses.

Clonal ignorance

B cell ignorance is an alternative mechanism of pro-
tection from autoreactivity of B cells with a low bind-
ing affinity for self-antigen. These B cells do not rec-
ognize their antigen because there is a low concentra-
tion or the antigen is sequestered and the B cell recep-
tor is not activated. B cells able to produce autoanti-
bodies to insulin have been postulated to be controlled
by this mechanism [52], although later studies have
suggested other mechanisms are more important (see
below).

In the previous sections, B cell tolerance has been
discussed in the context of model antigens. However,
B cell tolerance has also been investigated in mice in
relation to the natural endogenous soluble antigen, in-
sulin. As discussed in the sections above, autoantibod-
ies to insulin and proinsulin have been demonstrated
in both humans and mice. Insulin is a small soluble
molecule that circulates in low concentrations in tre-
sponse to glucose following ingestion. Rojas and col-
leagues have immunized a BALB/c mouse with insulin
and induced an anti-insulin response, producing an
IgG mAb125. Subsequently, the Ig heavy chain VH125
and Ig light chain VK125 genes were cloned. Trans-
genic mice expressing the genes encoding the insulin-
reactive 125 antibody were generated [53]. On the B6
genetic background, the investigators showed that the
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transgenic B cells were not clonally deleted, although
there was a reduction in surface expression of the
transgenic Ig. B cells were also not ignorant of the en-
dogenous insulin as they produced insulin-specific an-
tibodies. However, when immunized with beef and
pork proinsulin, they failed to increase the anti-insulin
antibody levels indicating that the B cells were anergic.
Furthermore, these mice showed no evidence of insu-
litis and anti-insulin antibody had no effect on glucose
homeostasis. When the Ig transgenic mice were back-
crossed to the NOD genetic background [54], the
transgenic B cells were also able to develop and, as in
the B6 background, had impaired responses to stan-
dard stimulators of B cells such as lipopolysaccharide,
anti-CD40 and 1L-4. However, although the transgenic
B cells did not proliferate, maturation and upregulation
of the costimulatory molecule CD86 occurred in the
NOD mice [54]. Thus, they appeared to be anergic but
were still able to mature, migrate to the follicles in
lymphoid organs and to the pancreas and upregulate
costimulatory molecules that are vital for full stimula-
tion of T cells.

Thus, on the NOD genetic background predis-
posed to developing spontaneous autoimmune diabe-
tes, clonal deletion and receptor editing appear to be
normal but there is an alteration in the induction of
anergy in two different transgenic models. This may
contribute to B cell effects on the development of dia-
betes.

B cells as antigen-presenting cells

B cells are one of three types of specialized APC in
the immune system, including dendritic cells and
macrophages, each of which has a distinct role. The
most potent APC for activation of naive T cells are
dendritic cells (DCs). Immature DCs encounter anti-
gens in peripheral tissues or solid organs and transport
the antigens to draining lymph nodes. DCs acquire
high levels of costimulatory molecules and MHC class
I and II molecules during this process, and thus they
can strongly activate T cells. Macrophages that have
major phagocytic capabilities are part of the first line
of defense against invading organisms. They can also
upregulate the expression of MHC and costimulatory
molecules during the phagocytosis. The activated
macrophages stimulate cells of the adaptive immune
response, such as T cells. However, they do not usually
deal effectively with soluble antigens.

B lymphocytes play a different role as APC. Al-
though B cells do not present antigens as efficiently as
DCs, they are adapted to bind soluble antigens specifi-
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cally via cell surface immunoglobulin and thus can pre-
sent soluble proteins much more effectively. The
specificity of the immunoglobulin directs processing of
the protein [55]. B cells constitutively express high lev-
els of MHC molecules and antigen-specific B cells may
therefore be very important in diversifying the immune
response, presenting sequestered antigens to CD4 T
cells [56]. B cells do not constitutively express costimu-
latory molecules and therefore are unlikely to initiate
responses to soluble self-proteins. However, in some
circumstances where B cells upregulate costimulatory
molecules, they can also efficiently activate naive T
cells. Antigen-specific T cells, in turn, are able to acti-
vate antigen-specific B cells and these can then further
stimulate T cells to break self-tolerance [57, 58].

B cells as APC in diabetes

B cell function and the production of antibodies,
including autoantibodies, are closely linked to CD4 T
cells (Figure 1). CD4 T cells provide an activation sig-
nal to the B cells through CD154 (CD40L), expressed
on the surface of the CD4 T cell, which interacts with
and activates the B cell expressing CD40 (Figure 1). In
addition, the production of antibodies also implicates
CD4 T cells in providing the cytokine and other
costimulatory signals for isotype switching from IgM
to IgG subclasses. Thus the presence of autoantibodies
is likely to indicate CD4 recognition of antigen pre-
sented by B cells (Figure 1).

B cell deficient uMT~- mice on the NOD genetic
background have been used to determine the role of B
cells as antigen-presenting cells in the development of
diabetes. Reconstitution of NOD.uMT~- mice with
immunoglobulin from diabetic NOD mice does not
precipitate diabetes. Serreze and colleagues purified
immunoglobulin from the sera of diabetic NOD mice
and injected this Ig twice weekly between 8 and 20 wk
of age. Circulating Ig levels were shown to be greater
than in control treated mice, although less than in nor-
mal NOD mice. Neither insulitis nor diabetes was ob-
served [33].

Antigen presentation function of B cells has been
investigated in a variety of experimental systems. In
uMT~- mice on the B10A genetic background, Con-
stant and colleagues [59] had shown that priming to a
variety of exogenous protein antigens was deficient in
these mice (except for keyhole limpet hemocyanin
(KLH)). However, priming to peptide antigens was in-
tact. This general defect in priming to protein antigens
may not be obvious if only a limited number of anti-
gens is used. In terms of the B cell role as antigen-

Copyright © by the SBDR



B cells in Autoimmune Diabetes

The Review of Diabetic Studies 127

Vol. 2 (No. 3 (2005

presenting cells in the NOD mouse, it was found that
T cells in NOD.uMT+/- mice had an impaired ability to
respond to islet autoantigens. Spontaneous responses
to autoantigens such as GAD and heat shock protein
60 (HSP60) were reduced compared to the responses
to purified protein derivative (PPD) and mitogens [60].
In addition, immunized responses to GAD were also
reduced in NOD.uMT~/- mice compared to KLLH [33].
However, responses to GAD were restored when
NOD.pMT"- mice were reconstituted with syngeneic
NOD bone marrow together with peripheral mature B
cells, and the incidence of insulitis and diabetes in-

dritic cells and B cells. NOD NKT cells produce lower
levels of cytokines compared with equivalent stimula-
tion in B6 mice using a-galactosyl-ceramide (xGalCer).
They have demonstrated that NOD DC activate NKT
cells poorly compared with DC in B6 mice. However,
in NOD mice, B cells were able to elicit I1.-4 produc-
tion from NKT cells [62]. Treatment with aGalCer has
previously been shown to be able to protect NOD
mice from diabetes [63, 64]. This stimulation of NKT
cells with concomitant cytokine production may pro-
vide another explanation for the efficacy of this treat-
ment.

creased [33]. Whilst the results
suggested that specific responses
to autoantigens were impaired in
these studies, it should be noted
that, overall, primed responses to
protein antigens are generally im-
paired in pMT~/- mice. In addition,
B cells could also be providing
other stimuli for responses to
autoantigens, other than their role
as APCs.

Noorchashm and colleagues
generated chimeric NOD.BCID
mice that were deficient in I-A¢7 in
the B cell compartment in a
scheme shown in Figure 2 [29].
The investigators postulated that
the defect and the reduction in in-
sulitis and diabetes was related to
the class II deficiency in the B cell
compartment. However, it should
be noted that there was also a
change in the MHC class I region
in the B cells in these mice and
therefore, it cannot be concluded
that this is solely on the basis of
lack of I-Ag” on B cells.

Thus far, B cells have been
considered as facilitators of devel-
opment of diabetes by direct anti-
gen presentation. It is possible that
they may also have a disease
modulatory role. Natural killer T
(NKT) cells express an invariant
Val4Ja281 T cell receptor and are
important modulators of diabetes
and other autoimmune diseases
(reviewed in [61]). Bezbradica and
colleagues have recently examined
activation of NKT cells by den-
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Figure 2. Generation of NOD mice that have a class II deficiency on the B
cells (NOD.B®"™® mice). NOD mice were crossed with |-A°-/- B6 mice on the H-
2° genetic background (K D° ) to generate NOD mice expressing the class Il
knockout mutation. Since MHC class | is in strong linkage disequilibrium with
MHC class II the introduction of the MHC class Il knockout mutation introduces
not only I-A° -/- but also alters the MHC class | molecules of the NOD haplotype
(K D ) to K°D°. NOD female mlce then were irradiated and reconstituted with
bone marrow from these NOD.I-A’-/- mice and NOD.uMT-/- mice. This gener-
ated mlce that had T cells and non-B cell antigen-presenting cells from both
NOD I-A°/- mice and NOD. MMT-/- mice. Therefore, the resulting mice ex-
pressed the NOD | -AY (derived from the NOD.uMT-/- mice) on the non-B cell
antigen-presenting cells. However, in the B cell compartment, the mice would
only express B cells from the NOD I-A°-/- mice as NOD.uMT-/- mice do not have
mature B cells. Thus the B cells would not express MHC class Il and the MHC
class | molecules are derived from the H-2° haplotype. All the other cells in the
NOD B®"® mice express MHC molecules of both H-29 (KD°I-A%) and I-A-/-
(K°D) haplotypes.
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LPS-activated B cells have protected NOD mice
from diabetes when transferred into young, 4-week-old
NOD mice [65]. These B cells produced anti-inflam-
matory cytokines such as TGF-$ and upregulated Fas
ligand which could trigger apoptosis of activated T
cells. Spontaneous Th1 responses as well as antigen-
presenting function were reduced. The investigators
suggested that these findings may explain different in-
cidences of diabetes in “natural envitonments”, which
are not LPS-free, compared with specific pathogen-
free facilities [65]. They also indicate that B cells may
play a pivotal role in later activation or reduction of
pathogenic T cell responses.

B cells as antigen-specific APC

Thus far, it is clear that there is an important con-
tribution of B cells to the development of diabetes. A
question then arises as to whether islet antigen specific
B cells are required for B cell facilitation of disease.
Hulbert and colleagues [66] generated a B cell trans-
genic mouse that expressed IgM? transgenes encoding
VH genes related to anti-insulin mab125 into the
germline of NOD mice. Transgenic Ig light chain
genes were not used in these mice; endogenous light
chains could therefore be selected. They had previ-
ously shown that the VH125 contained two amino acid
replacements necessary for insulin binding [52]. Al-
though the heavy chain is fixed, the mice are able to
select a diversity of light chains. This contrasts with the
mice discussed above in the B cell tolerance section
that expressed both transgenic Ig heavy and light
chains [53]. The expression of this heavy chain trans-
gene favored the selection of an insulin-reactive B cell
repertoire in the NOD mouse, a phenomenon not
found in the equivalent mouse on a B6 genetic back-
ground. The mice had increased insulitis and acceler-
ated diabetes compared to the non-transgenic litter-
mate controls. A control transgenic mouse expressing
a fixed heavy chain that did not have increased insulin-
binding capability developed a lower incidence of insu-
litis and diabetes.

Silveira and colleagues [67] generated B cell-
deficient mice that expressed a fixed Ig transgene for
HEL. These mice were protected from insulitis and
diabetes in a similar manner to the non-transgenic B
cell-deficient mice. Using GAD responses, they
showed that NOD T cells were not able to generate
responses to GAD in the presence of transgenic B
lymphocytes but could do so with non-transgenic
NOD lymphocytes [67]. They postulated that this was
likely to occur because the transgenic B lymphocytes,
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with a fixed BCR specificity, were unable to non-
specifically take up and present GAD sufficiently for T
cell recognition.

Wong and colleagues also used a transgenic mouse
expressing an IgM?* heavy chain construct VH186.2,
reactive to the hapten (4-hydroxy-3-nitrophenyl) acetyl
(NP) [35]. Antibodies of limited diversity could be se-
lected by use of endogenous light chains. To test
whether secreted antibody was necessary for the B cell
role in diabetes development, two forms of this trans-
gene were constructed. In the first, the variable-
diversity-joining (VD]) region was ligated to a constant
region from which the secreted exon and polyadenyla-
tion site had been excised, resulting in production of
only membrane-bound but not secreted Ig (Mlg). A
control construct was identical except that the secreted
exon was intact (M+S8Ig). It was found that in the MIg
mice there was an increase in the amount of insulitis
and a small but statistically significant increase in the
incidence of diabetes, although the incidence was not
restored to the level seen in normal NOD mice. It was
noted, however, that the M+SIg mice, whilst they
could produce anti-islet antibodies, the level was much
lower than in normal NOD mice. This suggested that
the reduced Ig repertoire resulting from the fixed
heavy chain transgenes used here was not sufficient to
produce the full spectrum of islet-specific antigen re-
ceptors to allow appropriate diversity [35]. This con-
firmed that antigen specificity of the B cells is impor-
tant. The antigen-presenting role of B cells was sepa-
rated from the ability to secrete antibody in the devel-
opment of autoimmune diabetes. The data clearly
showed that antibody secretion is not essential for
some of the diabetes-promoting role of B cells.

B cell characteristics in NOD mice

The above observations have been made using
transgenic models. Unmanipulated NOD mice have a
higher frequency of activated B cells compared to non
diabetes-prone strains of mice [68]. This was indicated
by a higher frequency of CD697B220* B cells in mice
as young as 14 days of age. The CD69* B cells showed
an increase in the level of MHC class II, and the
costimulatory molecules B7.1 and B7.2 [68]. It was
suggested, by comparison of H-2¢-expressing mouse
strains with non-H-2¢7 strains that the activated pheno-
type was correlated with the H-2 haplotype. This could
be related to T cell activation of the B cells following
TCR-MHC/Ag interactions [68]. B cells from NOD
mice, as well as the H-2¢7 insulitis-prone but diabetes-
resistant NOR and NOD.B6Idd4B congenic mice,
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were also found to be more resistant to activation-
induced cell death and hyper-responsive [69].

Insulitis in NOD mice consists of a large number
of both CD4 and CD8 T cells as well as B cells. In
general, the B cells and the CD4 T cells are to be
found clustered in the same atreas, while CD8 T cells
are more dispersed. Islet-infiltrating B cells express an
increase in B7.1 and B7.2 suggesting a role in local
costimulation [70]. This is in keeping with the observa-
tion that if B7 costimulation is provided locally on islet
cells, the presence of B cells in the development of
diabetes is no longer required [28]. Islet-infiltrating B
cells also produce TNF-a [70] and this could conttib-
ute to inflaimmation in the islets and recruitment of
other inflaimmatory cells.

Noorchashm and colleagues examined CD4 T cell
activation using anti-CD3 stimulation in NOD mice.
Using CEFSE labeling, they found that NOD CD4 T
cells responded less well to anti-CD3 stimulation com-
pared with B6 CD4 T cells, a phenomenon related to
the non-MHC genes in the NOD genetic background
and not to the expression of the MHC haplotype [71].
Both B cell and non-B cell antigen-presenting cells
were tested for their ability to effectively activate CD4
T cells. Their experiments indicated, using anti-CD3 as
a stimulus, that B cell costimulation was required for
effective CD4 T cell activation. Costimulation by B
cells in the pancreatic lymph nodes is important [34] in
addition to the activation of T cells by B cells within
the islets [70].

Increased activation, and particularly the provision
of costimulatory signals by B cells to T cells may be
particularly important in the interaction between B
cells and T cells in promoting autoimmunity.

The B cell repertoire contributes to the deve-
lopment of autoimmune diabetes

The repertoire of B cells in NOD mice is likely to
contribute to the propensity to develop autoimmunity.
Leijon and colleagues had found that the germline
IgVH locus was identical to B6 mice. However, the
pattern of VH gene utilization differed considerably
between these two mouse strains. In NOD mice, the
neonatal type of VH genes was expressed in adult mice
contrasting with a different repertoire in B6 mice [72,
73].

Natural autoantibodies of the IgM, IgG and IgA
classes are found in all normal individuals and react
with a variety of serum proteins, cell surface structures
and intracellular structures. They ate encoded by germ-
line genes and are characteristically reactive to multiple
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antigens and do not undergo affinity maturation in
normal individuals [74]. Natural autoantibodies are in-
volved in a vatiety of functions that include immune
regulation, homeostasis and repertoire selection, resis-
tance to infections, transport and functional modula-
tion of biologically active molecules [74]. Thomas and
colleagues have found that insulin-binding autoanti-
bodies in NOD mice have the characteristics of a
natural autoantibody repertoire [75]. They had charac-
terized the structure and function of insulin autoanti-
bodies of B cell hybridomas generated from the spleen
in the absence of mitogen or antigen stimulation. They
found that insulin-binding mAb in NOD mice are of
low avidity and they are able to interact with many
other antigens including DNA and immunoglobulin.
The V region genes were also mainly germline (unmu-
tated) and identical to B genes expressed by antibodies
in other systemic autoimmune disease such as in SLE
[75].

Natural antibodies are mainly produced by the B-1
subset of B cells that express the surface marker CD5
and they are enriched in the peritoneal and pleural
cavities. The characteristics of islet-infiltrating B cells
in NOD mice have been compared with B cells from
other lymphoid tissues. Divergent observations of the
nature of these B cells have been made. When B cells
from islet infiltrates, spleen, pancreatic lymph nodes
and peritoneal cells were examined for the presence of
CD5, Hussain and Delovitch did not find any increase
in the percentage of CD5 B-1 cells in the islet infiltrate
compared to the spleen and pancreatic lymph nodes
[70]. However, Kendall and colleagues did observe an
increase in CD5* B cells in the islet infiltrate [70].
These CD5* B cells can be specifically eliminated by
the use of intraperitoneal hypotonic lysis. When NOD
mice were treated weekly with hypotonic lysis for 4
weeks, there was a delay in the onset of diabetes in the
treated mice [76]. This treatment had the effect of re-
ducing B cells in the pancreatic infiltrate without af-
fecting the T cells. Furthermore, the investigators
found that the infiltrating B cells were redistributed,
remaining around the periphery of the islets and ap-
peated to be less invasive [76]. They suggested that the
delay in onset of diabetes following hypotonic lysis
treatment occurred because of a reduction of antigen-
presenting function by the B cells at the actual site of
the autoimmune attack.

Active selection of autoantibody repertoire in single
chain Ig transgenic mice is altered in NOD mice.
When the heavy chain transgene of the insulin-recog-
nizing 125 antibody, described above, was expressed
without the light chain in B6 mice, no insulin-binding
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B cells were detected in the transgenic mice. In con-
trast, when these mice were backcrossed onto the
NOD background, selection of appropriate light
chains to allow insulin binding occurred and the NOD
125Tg mice expressed B cells producing autoantibod-
ies that were able to bind insulin [66]. Interestingly, a
number of different K light chains were selected that
were clonally independent and not due to oligoclonal
expansion [77]. The most frequently expressed VK1
and VK9 genes selected to pair with the 125Tg were
shared with the autoimmune model, lupus-prone New
Zealand Black/BINJ mice. It was suggested that the
polymorphisms seen in these selected VK alleles may
code for alterations in structure that could skew the
antigenic repertoire recognized by B cells in NOD
mice [77].

Thus, there are differences in the B cell repertoire
in NOD mice, expressing a more fetal pattern of VH
usage, a natural antibody repertoire that can bind insu-
lin but also other autoantigens, a possible increase in
CD5 B-1 cells that infiltrate the islets and a propensity
to select for B cell receptors that may skew the BCR
repertoire towards autoantigenic specificities.

B cells produce autoantibodies

The use of autoantibodies as important markers for
the future development of diabetes has been discussed
earlier. They indicate autoreactive B cell activity. The
known diabetes-related autoantigens are T-dependent
antigens — production of the autoantibodies by B cells
is dependent on activation by CD4 T cells. Although,
the autoantibodies in diabetes are not thought to be
directly pathogenic, there is evidence that they play an
important role in the etiology of diabetes. Greeley and
colleagues performed an elegant experiment whereby
they bred NOD.UMT/- females with NOD males to
generate offspring that were NOD.uMT*/-, and there-
fore B cell-sufficient. However, the mothers, homozy-
gous for the B cell deficiency, did not produce anti-
bodies and therefore could not transmit autoantibodies
to their offspring [78]. The offspring from these par-
ents developed a lower incidence of diabetes (< 25%
at 40 weeks) compared with offspring (> 50% at 40
weeks) that were also NOD.uMT+/-, but from NOD
females mated with NOD.uMT-/- males [78]. In the
latter case, the mothers were B cell sufficient and could
produce antibodies and transmit them to the offspring.
This suggested that transplacental antibodies or anti-
bodies transferred during lactation play a role in the
disease development. Further, to demonstrate that the
antibodies specifically from the NOD female transmit-
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ted to the offspring were important, NOD female
mice were superovulated, mated with a male NOD
mouse and the embryos were transferred to surrogate
DBA/2 females or control NOD females. A lower in-
cidence of diabetes in both male and female offspring
was found in the mice born of the DBA/2 sutrrogate
mothers [78]. These experiments provide compelling
evidence that maternally transmitted antibodies from
NOD mice can influence the development of disease,
and insulin autoantibodies are clearly measurable as
transmitted from the mother to the offspring [78]. The
study does not, however, indicate how the antibodies
may be affecting the disease process. There may also
be other factors involved in this process of facilitation
of diabetes in the early phases of the process. This was
shown by Kagohashi and colleagues [79] who also per-
formed embryo transfer of NOD embryos into surro-
gate non-diabetes prone strains ICR (designated
NOD/ICR) and DBA/2] (designated NOD/DBA)
[79] and examined insulitis. Interestingly, they found
that NOD/ICR and NOD/DBA offspring developed
insulitis significantly earlier than the offspring trans-
planted into NOD mothers (designated NOD/NOD).
However, despite the early insulitis, similar to the study
by Greeley and colleagues [78], diabetes was signifi-
cantly suppressed in NOD/ICR and NOD/DBA off-
spting in compatrison with NOD/NOD offspring. In-
sulin autoantibodies (IAAs) were undetectable in ICR
and DBA /2] sutrogate mothers and in NOD/ICR and
NOD/DBA offspring at the onset of insulitis, suggest-
ing that maternal factors other than transmitted IAAs
induced the earlier onset of insulitis [79].

There are a number of mechanisms by which
autoantibodies could facilitate the development of dis-
ease. It is possible that islet-specific antibodies could
indirectly promote disease by enhancing antigen pres-
entation by DCs. Alternatively, they may cause tissue
damage that releases islet cell antigens, although, as in-
dicated eatlier, there is no direct evidence for this. Fi-
nally, they could also stimulate antibody-dependent
cell-mediated cytotoxicity, although again, there is cur-
rently no evidence for this notion in pathogenesis of
diabetes.

B cells as antigen-presenting cells and the
production of autoantibodies together in-
fluence the pathogenesis of diabetes

In addition to the ability of B cells to specifically
process and present antigens by virtue of the expres-
sion of antigen-specific Ig on the surface, secreted an-
tibody with the same specificity can also enhance the
antigen presentation function. Reijonen and colleagues
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have found that antibodies to GADG65 can modulate
presentation of GADG5 to T cells [80]. They used a T
cell hybridoma T33.1, which recognizes the GADG65
amino acids 274-286 presented by HLA-DRB1*0401.
Using sera from patients known to be GADG5 anti-
body positive, they tested antigen-presenting cells ex-
posed to recombinant human GADG5 alone or com-
plexed with GADG5ADb for the ability to stimulate the
GAD-peptide specific T cell hybridoma. Sera from
GADG5 Ab-negative patients were used as controls.
Stimulation of the T cell hybridoma was considerably
enhanced with sera from patients with high GADG5
autoantibody levels [80]. Sera from GADG5 Ab-
negative subjects had no effect. Furthermore, the ex-
periments indicated that uptake of antibody-
complexed GADG5 was mediated through the Fc re-
ceptor (FcR) because blocking FcR inhibited the en-
hanced stimulation [80].

The specificity of the B cell receptor may also in-
fluence the presentation of soluble autoantigens. It has
been proposed that both enhancement and inhibition
of the presentation of T cell epitopes that are spatially
related to antibody epitopes could occur [81]. Jaume
and colleagues have studied a panel of B cell lines pro-
ducing antibodies that ate related to immunodominant
GADG5 T cell epitopes recognized by T cell hybrido-
mas restricted to HLA DRB1*0401 [82]. Each of the B
cell lines bound to a GADG5 conformational epitope
distinct from each other and they all expressed HLA
DRB1*0401. The HLA DRB1*0401-expressing Priess
cell line was used as a control line that can take up
GADG5 and present it non-specifically. Using this sys-
tem, they showed that presentation of T cell epitopes
that were closely related to the conformational anti-
body epitope was blocked or inhibited. The individual
hybridomas were able to present T cell epitopes that
were distant from their antibody epitopes with en-
hanced efficiency, compared to the Priess cell line, in-
dicating the increased efficiency of presentation of a
protein recognized by the BCR [82]. The investigators
suggested that binding of a GADG65 autoantibody to its
epitope stabilizes and sequesters the epitope, thus
masking any T cell epitopes in the antibody-binding
region. This would have the effect of suppressing pres-
entation of T cell epitopes in the region of GAD
bound by antibody and favor presentation of epitopes
distant from the antibody-binding area. Banga and col-
leagues have made similar observations [83].

Other aspects of B cell function contributing
to their role in the development of diabetes

It should be noted that, in the quest to determine
the role of this important group of cells, it is likely that
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multiple functions of B cells are important. Although
removal of specific types of B cell function will give us
indication of the crucial roles, other factors may be in-
volved.

B cells could play roles other than as APC, for ex-
ample, by promoting normal lymphoid architecture
and follicular dendritic cell (FDC) formation [84]. B
and T cells that proliferate in the eatly phases of the
immune response migrate to a primary lymphoid folli-
cle in the spleen and form a germinal center (GC).
GCs are composed mainly of highly proliferating B
cells and antigen-specific T cells that help the B cells.
In the primary follicle, resting B cells cluster around
the FDC which acts to attract both naive and activated
B cells into the follicle. In examining antigen specific B
cells in diabetes, Silveira and colleagues [67] investi-
gated the formation of GCs in mice where the B cells
expressed a transgene that recognizes HEL. B cells
from these mice could not recognize diabetes autoan-
tigens but were able to form normal GCs. However,
the mice did not develop diabetes. This implies that
GC formation, while important, is not a major func-
tion of B cells in the pathogenesis of diabetes in this
model system. However, it does not rule out the pos-
sible role of islet autoantibody-specific germinal cen-
ters in the pathogenesis of the disease.

B cells as a possible therapeutic target?

As discussed in this review, there is much evidence
for the importance of B cells in autoimmune diabetes
in the NOD mouse model. However, there is very lit-
tle information about human B cells in the develop-
ment of TIDM although the autoantibodies have been
much studied. If B cells are important in the patho-
genesis of human T1DM, then perhaps, in a directed
fashion, they could be a possible therapeutic target.

CD20 is a transmembrane protein expressed on the
surface of almost all B cells. Rituximab (anti-human
CD20) is a human-mouse chimeric monoclonal anti-
body that targets human CD20 and causes rapid and
specific B cell depletion [85]. It was the first mono-
clonal antibody treatment approved for clinical use by
the Food and Drug Administration for the treatment
of cancer. In the last decade, Rituximab has been given
to many B cell lymphoma patients [86]. Rituximab has
also been explored for treating autoimmune diseases,
such as rheumatoid arthritis, SLE, autoimmune hemo-
Iytic anemia and immune thrombocytopenic purpura,
and showed clear efficacy [87-92]. Unlike T1DM, all
these autoimmune disorders are primarily B cell-medi-
ated diseases, although T cells also play an important
role in the pathogenesis. Interestingly, though antibod-
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ies may play a role in these diseases, clinical responses
to the treatment were often unlinked to changes in an-
tibody titers. Thus, the mechanism of Rituximab in
autoimmune disease remains unclear. At the recent
65" ADA Scientific Meeting (2005), it was announced
that a clinical trial will be launched soon to use Rituxi-
mab to treat patients with T1DM. T1DM is considered
primarily a T cell-mediated autoimmune disease and
the role of B cells in diabetes development has not
been elucidated. Whether Rituximab would be useful
in treating T1DM 2 vivo is basically not known, even in
animal studies. Rituximab targets human CD20 and
does not cross react with mouse CD20. There have
been no equivalent anti-mouse CD20 antibodies until
very recently [93]. Therefore, there are no data from
efficacy testing of anti-CD20 treatment in animal
models of autoimmune diabetes, for example to find
out the timing of B cell targeting. In addition, there is
also no indication of when B cells might be appropri-
ately targeted for the best clinical outcome. For exam-
ple, it may be necessary to deplete B cells at an early
stage, and treatment at clinical onset may be too late to
alter the course of the disease. Clearly, given the im-
portant roles that B cells have in immune responses in
general, any therapeutic targeting would need to be
very specific.

Summary and concluding remarks

It is clear from data derived from the NOD mouse
model of autoimmune diabetes that B cells play an im-
portant role in the pathogenesis of the disease. It is
likely that multiple facets of B cell action and their in-
teractions with T cells are important and no single fac-
tor seems to be dominant. There are defects in toler-

ance that are likely to relate to background genes in-
cluding failure to delete autoreactive B cells particularly
those which respond to soluble antigens. Other fail-
ures of tolerance may include defective B cell prolifera-
tion separated from signals that promote B cell matu-
ration and costimulatory function. B cells function as
antigen-presenting cells, and their ability to present an-
tigens relating to the specificity of the B cell receptor is
likely to be an important promoter of disease. They
accumulate in the islets as part of the inflammatory in-
filtrate and their ability to present antigens 7z situ, as
well as providing costimulatory function, may be im-
portant. The BCR repertoire may also predispose to-
wards the development of diabetes.

As yet, it is not clear whether B cells play a similar
role in human type 1 diabetes. Although there is a case
report of autoimmune diabetes developing in a patient
who was genetically deficient in B cells, the fact that
diabetes could develop in the absence of B cells in this
rare case does not necessarily imply that they do not
normally play a role. With increasing experience using
several models to study B cells in diabetes, it has be-
come clear that B cells have diverse roles in the im-
munopathogenesis of autoimmune diabetes.

More studies will be required to define the role of B
cells in the human disease. If they are found to be as
important in humans as they clearly are in the mouse
models, then antigen-specific B cells may well be a po-
tential therapeutic target for therapy and prevention of
type 1 diabetes.
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