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Summary

Type 1 diabetes is a T-cell-mediated autoimmune disease against pancreatic beta cells. T cells
target various antigens such as insulin, chromogranin A, glutamic acid decarboxylase and islet-
specific glucose-6-phosphatase catalytic subunit-related protein. Elimination of insulin
dramatically prevents diabetes in the non-obese diabetic (NOD) mouse model and response to
insulin occurs prior to that to other antigens. These findings suggest that insulin is a target antigen
at the early stage of the disease and is likely to be essential to cause anti-islet autoimmunity in
NOD mice. In this review, we discuss whether insulin is truly essential and is only the single
essential autoantigen for NOD mice and potentially for man. Although the ultimate principle is
still being addressed, it is certain that T-cell response to insulin is a major check point to develop
type 1 diabetes in NOD mice. Given multiple similarities between diabetes of NOD mice and man,
targeting insulin and insulin-reactive T cells may provide opportunities to develop robust
immunotherapies.
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Introduction

Recent studies by Vignali and Unanue separately showed that only T cells recognizing islet
antigens (1As) but not bystander T cells exist in the pancreatic islets [1,2]. Given evidence
that multiple T-cell clones isolated from non-obese diabetic (NOD) islets (e.g. BDC-2.5 [3],
12-4.1 [4], NY8.3 [5]) are capable of inducing diabetes, it is clear that T cells recognizing
various antigens infiltrate pancreatic islets and contribute to the beta-cell destruction in
animal models such as NOD mice. Among those multiple islet-derived antigens, a
fundamental question is whether there are essential antigens that are required to trigger and
exaggerate islet inflammation, and if there are essential antigens, is only a single antigen or
multiple antigens required? Two proposed models illustrate how T cells might initiate
targeting beta cells (Figure 1). Here, we discuss the two models with the focus on insulin as
an essential autoantigen.
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Insulin as an essential autoantigen for the NOD mouse model

Using NOD mice, both knockout and transgenic mouse models that eliminate several
autoantigens and T cells that react to those antigens have been generated to elucidate if the
antigens are essential to cause type 1 diabetes. Among those antigens, including glutamic
acid decarboxylase [6,7], islet-specific glucose-6-phosphatase catalytic subunit-related
protein (IGRP) [8,9] and IA-2/1A-23[10,11], only the elimination of insulin and insulin-
reactive T cells prevents diabetes of NOD mice thus far [12-14]. In particular, expression of
insulin B chain amino acid 9-23 (insulin B:9-23) in pancreatic islets is required for NOD
mice to develop anti-islet autoimmunity [15]. This does not necessarily imply that the
insulin B:9-23 peptide is truly the first antigen that triggers anti-islet autoimmunity;
however, it is very likely that response to this peptide is one of the essential ‘checkpoints’ in
the initiation of diabetes. Kay and colleagues showed that insulin-reactive T cells are still
detected in the absence of IGRP-reactive T cells, whereas IGRP-reactive T cells are
undetectable in NOD mice when insulin-reactive T cells are eliminated [8]. Thus, insulin is
an upstream autoantigen of IGRP that is required to cause anti-islet autoimmunity. In NOD
mice, it is likely that T cells reacting with limited antigens such as the insulin B:9-23
peptide initiate targeting beta cells (Figure 1a) rather than the simultaneous attack by those
reacting with various antigens (Figure 1b). Of importance, blocking or modifying the
response to insulin provides us high chance of preventing subsequent destruction of beta
cells.

Is the insulin B:9-23 peptide truly essential?

The double insulin-knockout NOD mice have a transgene encoding a mutated preproinsulin
at insulin B chain position 16 (tyrosine — alanine) to supply hormonally functioning insulin
(B16:A insulin) [12]. Provision of native insulin B:9-23 peptide or replacement of the
preproinsulin transgene with the native tyrosine restores the development of anti-islet
autoimmunity in insulin-knockout NOD mice [15]. Thus, the presence of the native insulin
B:9-23 sequence is required for the development of anti-islet autoimmunity in the insulin-
knockout NOD mice.

The development of anti-islet autoimmunity in B:16A insulin-knockout mice is extremely
suppressed, but long-term observation found that the prevention is not perfect. In greater
than 800 B16:A insulin-knockout mice produced in the Eisenbarth laboratory between 2003
and 2008, two mice developed diabetes with typical insulitis (1 out of 375 B16:A
preproinsulin transgenic founder strain B and 1 out of 444 strain F). The ‘leak’ from the
complete suppression might be because the alanine substitution is not sufficient to
completely conceal the insulin B:9-23 from T cells [16]. Indeed, insulin B:9-23 with the
B16:A mutation is presented by 1-A97 and stimulates a fraction of B:9-23-reactive T-cell
receptors (unpublished data by Nakayama). T cells expressing such T cell receptors may
cause anti-islet autoimmunity in response to the mutated B16:A insulin B:9-23 peptide.
However, we cannot completely rule out the possibility that there exists a side-pathway that
does not require insulin B:9-23-reactive T cells (arrow ‘X’ in Figure 1a) and that the insulin
B:9-23 is not absolutely essential. Likewise, diabetes of the transgenic mouse model in
which insulin 2-reactive T cells are eliminated by the overexpression of preproinsulin 2 is
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dramatically but not perfectly suppressed [14]. The incomplete suppression might be due to
undetectable levels of T cells reacting with the insulin 1-derived insulin B:9-23 peptide, but
it is possible that insulin is not completely essential. Further studies to identify a mutation
that completely abrogates binding of B:9-23 to 1-A9 in the right register (see below) and to
generate insulin-knockout mice with the preproinsulin transgene with the mutation will
clarify if the insulin B:9-23 is truly essential for anti-islet autoimmunity in NOD mice.

Is insulin the only single antigen that is essential to cause type 1 diabetes

in the NOD mouse model?

Avre there any other essential antigens that determine the initiation of anti-islet autoimmunity
other than the insulin B:9-23 peptide (arrow ‘X’ in Figure 1a)? Insulin is exclusively
expressed in pancreatic beta cells, whereas other autoantigens such as zinc transporter 8
[17], 1A-2 and even chromogranin A [18] are expressed in multiple endocrine cells including
pancreatic alpha cells. If T-cell response to these antigens were an essential determinant of
the subsequent autoimmune destruction, other endocrine cells should also be targeted.
Glucagon-secreting pancreatic alpha cells are preserved even after the diabetes onset when
most of beta cells are destroyed, suggesting that T cells recognizing these antigens can
clearly distinguish beta cells from alpha cells despite the fact that both cells express their
target molecules. Nevertheless, it is still possible that antigens expressed in multiple
endocrine cells are essential to initiate the autoimmunity to beta cells. The amount of
expression and/or the processing of antigens differ by cell types and may influence their
antigenicity. For example, it is still unknown if a novel antigen chromogranin A, which the
highly diabetogenic BDC-2.5 and BDC-10.1 CD4 T cell clones recognize [18,19], is
required to develop NOD diabetes. It will be interesting to see whether elimination of
chromogranin A will prevent NOD diabetes. | believe that it is important to confirm
necessity of individual autoantigens and that accumulation of those findings will address our
question if there are any other essential antigens.

What makes the insulin B:9-23 peptide autoantigenic?

Although it is not conclusive yet if the insulin B:9-23 is truly the single essential
autoantigen, there is no doubt that response to this peptide is a major key point for the
development of type 1 diabetes in the NOD mouse model. Why is the insulin B:9-23 peptide
recognized and targeted by T cells and how distinct is it from conventional peptides?
Unanue and colleagues recently discovered that insulin B:9-23-reactive T cell receptors that
were directly isolated from pancreatic islets react with only the peptide presented by islet-
derived antigen presenting cells but not by those in the thymus and spleen [20]. Another
study performed by Kappler and colleagues demonstrated that the peptide register
recognized by insulin B:9-23-reactive T cells, called ‘register 3’, shows extremely low
affinity to the I-A97 major histocompatibility complex (MHC) class Il molecule [21].
Furthermore, Wong and colleagues showed that an insulin B:15-23 motif recognized by an
islet-derived CD8 T-cell clone binds to the K4 MHC class | molecule with low avidity [22].
These novel findings support a hypothesis that B:9-23-reactive T cells escape thymic
selection due to poor epitope recognition but when they encounter the large volume of
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antigens processed in the islets in the proper fashion, it results in the dramatic reaction to
beta cells seen in type 1 diabetes.

Is insulin critical for human type 1 diabetes?

In human type 1 diabetes, T-cell responses to multiple antigens including insulin are
detected in peripheral blood [23] and T cell clones derived from peripheral blood and
pancreatic lymph nodes of patients have been shown to react with preproinsulin, insulin, and
glutamic acid decarboxylase peptides [24,25]. In addition, Peakman and colleagues
demonstrated that CD8 T cell clones reacting with preproinsulin can destroy islet cells [26].
Thus, it is clear that insulin/preproinsulin peptides contribute to the development of human
type 1 diabetes.

Compared to mouse models, humans have far more genetic variability and environmental
exposures which complicate the identification of essential antigens. Nevertheless, evidence
that insulin autoantibodies are often detected prior to the development of antibodies to
glutamic acid decarboxylase, IA-2/1A-25 and zinc transporter 8 may suggest that human
type 1 diabetes occur by limited antigens and is exaggerated in response to multiple antigens
(Figure 1a) [27,28]. A genetic risk associated with thymic insulin gene expression also
suggests the involvement of insulin-reactive T cells in controlling the development of anti-
islet autoimmunity [29,30]. In addition, similarity between human type 1 diabetes and the
NOD mouse model has been reported. Approximately 50% of type 1 diabetic patients have
the DQ8 MHC class Il molecule and the structure of DQ8 is similar to that of NOD 1-A97
[31]. Especially, both class Il molecules lack a common amino acid residue, aspartic acid, at
position 57 of the DQ B chain, which shapes one of the peptide-binding grooves (pocket 9)
[32]. It has been shown that I-A87 and DQ8 present a certain number of identical peptides
[33]. Finally, insulin peptide (insulin A:1-15)-reactive CD4 T cell clones derived from
pancreatic lymph nodes of patients with type 1 diabetes require an extremely large amount
of peptides for stimulation, suggesting that these T-cell receptors may bind to the peptide—
MHC complex weakly [24]. Taken together, these cumulative findings suggest that type 1
diabetes of a subset of patients may develop in a similar fashion to that of animal models and
that insulin peptides may play a central role to induce anti-islet autoimmunity in humans.
Studies using human islet-reactive T cells will provide further insight.

Antigen-specific therapies utilizing insulin

Given successful treatment targeting insulin in NOD mice, multiple trials using insulin and
insulin peptides to prevent human type 1 diabetes are underway. The initial oral insulin
treatment tested by the Diabetes Prevention Trial of Type 1 (DPT-1) did not result in a
remarkable preventive effect overall [34]. However, it was capable of reducing and delaying
diabetes development in a group with the highest levels of insulin autoantibodies [35]. It will
be important to identify the population for whom insulin immunotherapies is effective and
the appropriate route, site, dose and timing to deliver insulin and insulin peptides. Animal
and virtual computer models would be helpful to solve these issues [36,37]. Bresson and
colleagues have shown that a combination therapy with anti-CD3 antibody and nasal
proinsulin prevents diabetes more efficiently than the anti-CD3 antibody treatment alone in
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mouse models [38]. DNA vaccine encoding insulin may be another way to alter autoreactive
T-cell response [39].

Conclusions

It is still inconclusive if insulin is the only single essential antigen to initiate anti-islet
autoimmunity in mouse or man. Nevertheless, it should be emphasized that subsequent
events can be dramatically averted if response to insulin is abrogated. Targeting insulin
either by deletion or immunoregulating therapies may provide robust opportunities to
prevent type 1 diabetes.
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Models for the initiation of beta-cell destruction by individual antigen-specific autoreactive
T cells. (a) T cells reacting with the limited number of antigens including insulin initiate
beta-cell destruction. Once the destruction is initiated, T cells reacting with other antigens
are involved in the further destruction. The subsequent destruction does not occur without

the initial event. It is unknown whether another initial antigen (*X’) exists. (b) T cells

reacting with multiple antigens simultaneously initiate and expand beta-cell destruction.

Contribution of response to a fraction of antigens such as insulin is essential to develop

diabetes
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