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Abstract

Though multiple islet autoantigens are recognized by T lymphocytes and autoantibodies prior to the
development of type 1A (immune mediated diabetes) there is increasing evidence that autoimmunity
to insulin may be central to disease pathogenesis. Evidence is strongest for the NOD mouse model
where blocking immune responses to insulin prevents diabetes and insulin peptides can be utilized
to induce diabetes. In man insulin gene polymorphisms are associated with disease risk, and
autoantibodies and T cells reacting with multiple insulin/proinsulin epitopes are present. It is not
currently clear why insulin autoimmunity is so prominent and frequent and though insulin can be
used to immunologically prevent diabetes of NOD mice, insulin based preventive immunoregulation
of diabetes in man is not yet possible.
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Introduction

Multiple autoantigens have been implicated in typel diabetes autoimmunity. For man, as
identified with specific predictive autoantibodies there are four major target autoantigens
(insulin, glutamic acid decarboxylase [GAD], 1A-2 [and related 1A-2beta], and the zinc
transporter ZNT8). For the NOD mouse only autoantibodies to insulin have been confirmed
in workshops with high specificity fluid phase radioassays and a major T cell response targets
the molecule islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP). A
fundamental question is whether abnormalities in immune function result in the targeting of
multiple different islet autoantigens with no fixed hierarchy or a specific autoantigen is almost
always the primary target followed by intermolecular epitope spreading. If there is a primary
autoantigen, such as insulin, is there a primary epitope initially recognized and essential for
disease with intramolecular epitope spreading. In this short review we will highlight the
immune response to insulin and in particular insulin peptide B:9-23, that we believe is a
primary autoantigen of the NOD mouse, and discuss human type 1 diabetes, where though
insulin is a major target autoantigen, data is lacking to assess primacy of any given
autoantigenic epitope.
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NOD Mouse

History of murine responses to insulin and insulin/proinsulin induced Experimental
Autoimmune Diabetes

Among mouse strains, the non-obese diabetes (NOD) strain spontaneously develop
autoimmune diabetes along with the development of insulin autoantibodies[1]. In the early
80’s, it was reported that even diabetes-resistant mouse strains generate insulin-reactive T cells
restricted with 1-A9 MHC class 11 molecule after immunization with porcine insulin. More
recently, we reported that immunizing H-24 but not H-2P mice with insulin B chain amino acids
9 to 23 peptide (insulin B:9-23) resulted in the development of insulin autoantibodies[2].
Insulin autoantibodies were induced only when mice were immunized with insulin B:9-23
peptides, and other peptides such as insulin A chain 1 to 15 peptide failed to induce antibody
production. Of note, antibodies to insulin competed with insulin but not with insulin B:9-23
peptide, and thus the antibodies are truly recognizing insulin molecules not simply the
immunizing peptide. In addition, immunization with the insulin B:9-23 peptide along with
Polyinosinic-polycytidylic acid (poly-I1C) could induce diabetes in Balb/c mice with H-24 when
transgenically expressing the costimulatory B7-1 molecule in pancreatic beta cells[3]. Thus,
insulin and insulin peptides are capable of inducing immune-mediated diabetes with the
appropriate MHC molecules and with engineered enhanced diabetes susceptibility.

Introduction to the NOD mouse

The NOD mouse strain was established from inbreeding of the Cataract Shionogi (CTS) strain
in 1974. Lymphocytic infiltration consisting of both T and B cells into pancreatic islets called
“insulitis” starts around 5 weeks age, and the majority of female NOD mice develop overt
diabetes by the age of 40 weeks. Similar to man, more than 20 diabetes-susceptible and —
resistant genes (idd) are found in mouse such as regions containing MHC class | and Il
molecules (idd1), [4] interleukin 2 (IL2) and IL21 (idd3)[5], and the costimulatory molecules
(e.g. CTLA-4and ICOS) (idd5.1)[6], which suggests that the NOD mice have multiple immune
“abnormalities.” Indeed, NOD mice often develop other autoimmune disorders, for instance
sialitis (lymphocytic infiltration into salivary glands) and thyroiditis.

Although B cells clearly contribute to the development of autoimmune diabetes[7], T cell
transfer experiments indicate that T cells mainly mediate the disease. Multiple T cell clones
reacting with islet antigens have been established from pancreatic islets, lymph nodes, and the
spleen of the NOD mouse, and mice transgenic for T cell receptors (TCRs) from these clones
were also generated. The islet-reactive CD4 (e.g. Wegmann’s 12-4.1[8], Haskins’s BDC2.5
[9], Santamaria’s 4.1[10]) and CD8 T cell clones (e.g. Santamaria’s 8.3[11;12], Wong’s G9C8
[13], DiLorenzo’s Al4[14]) can induce diabetes in immuno-compromised NOD.SCID mice
without any help of B cells and other T cell populations, and mice transgenic for these islet-
reactive TCRs with SCID mutation or RAG-knockout develop diabetes. Thus, anti-islet
autoimmunity of the NOD mouse is promoted by T cells, and these T cell clones and TCR-
transgenic mice are important tools to study antigen-specific diabetes development of the NOD
mouse model.

Insulin Autoantibodies

Preceding overt hyperglycemia when most of insulin-secreting pancreatic beta cells are
destroyed, NOD mice spontaneously develop insulin autoantibodies (IAA)[1]. The IAA is
usually detected after 6 weeks of age and reaches a peak between 8 and 16 weeks, and mice
do not necessarily express positive value of IAA when diagnosed with overt diabetes. NOD
mice expressing |AA at 8 weeks of age develop diabetes earlier. Interestingly, NOD mice with
transgenic TCRs targeting non-insulin antigens (CD4 BDC 2.5 and 4.1, and CD8 8.3) also
have higher and earlier IAA expressions, suggesting that these mice even with limitations of

Curr Opin Immunol. Author manuscript; available in PMC 2009 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 3

T cell receptor diversity imposed by transgenes are still able to mount an impressive immune
response to insulin (unpublished data, collaboration with Haskins and Santamaria). Thus, the
development of insulin autoantibodies has a strong association with diabetes onset and
monitoring 1AA is a robust predictor of diabetes development of the NOD mice.

Insulin autoantibodies themselves do not cause the disease. However, the maternal
transplacental transmission of antibodies appears to influence diabetes development.
Implanting NOD embryos in pseudopregnant mothers of diabetes-resistant mouse strains
suppressed the diabetes development of implanted NOD progenies[15;16].

Anti-Insulin T Cell Autoimmunity

As well as humoral autoimmune responses to insulin, NOD mice also show cellular
autoimmunity to insulin. Wegmann and coworkers isolated T cells directly from pancreatic
islets of NOD mice and found that the significant population of CD4 T cell clones established
after stimulated with islets as antigen reacted with insulin and of the T cell clones reacting with
insulin, more than 90% reacted with insulin peptide B:9-23[8]. These clones were capable of
transferring diabetes into immunocompromised NOD.SCID mice and mice transgenic for T
cell receptors of one of these clones (12-4.1) develop diabetes when H-2g7” homozygous[17].
Notably, these clones utilize a conserved TRAV5D-4 and TRAJ53 segment of the alpha chain
with variation in the N region and no apparent conservation of the TCR beta chain[18]. Despite
utilization of this dominant TCR alpha chain motif, one of the clones studied recognized insulin
peptide B:9-16 and another four clones insulin B:13-23[19]. Unanue and coworkers recently
found that the insulin B:9-23 peptide contains at least two binding registers, and it would be
possible that T cells sharing the same conserved alpha chain recognize different epitopes
contained in the insulin B:9-23 peptide[20]. On the other hand, the 2H6 T cell clone generated
from pancreatic lymph nodes of the NOD mouse by Wen and coworkers also reacts with insulin
B:9-23 and insulin B:12-25 peptides but suppresses diabetes via TGF-beta production[21]. It
is interesting that the 2H6 cells utilize an alpha chain with the conserved TRAJ53 segment but
with another Valpha segment, TRAV21.

CD8 T cells also target insulin. Wong and coworkers generated CD8 T cell lines and clones
isolated from young NOD pancreatic islets and demonstrated that the clone called G9C8
reacted with insulin B chain amino acids 15 to 23 by screening a pancreatic islet cDNA library
[22]. Tetramer analysis showed that CD8 T cells recognizing insulin B:15-23 peptide are
increased in younger NOD mice[23].

Not only insulin but also proinsulin, the pre-form of insulin, is recognized by T cells of NOD
mice. Proinsulin amino acids B chain 24 to C peptide 36 is identified as an epitope for CD4 T
cells restricted by 1-Ag’[24]. Of note, only proinsulin but not insulin is expressed in thymus.

Insulin as a Primary Autoantigen

A question is whether there are essential antigens necessary for immune-mediated diabetes.
Detection of insulin reactive T cells in younger NOD mice and the development of insulin
autoantibodies often preceding other autoantibodies in man contributes to the hypothesis that
insulin might be essential for the development of type 1 diabetes. Mice have two preproinsulin
genes (insl and ins2), and knockout of the ins2 gene accelerate diabetes of the NOD mouse
[25;26], whereas NOD mice lacking ins1 gene are protected from diabetes development but
not insulitis and insulin autoantibodies[26]. These completely opposite results might be
associated with the location and levels of insulin/proinsulin expression with different
sequences. Namely, proinsulin 2 is expressed in the thymus regulated by autoimmune regulator
gene (Aire)[27;28] and also in pancreas, whereas proinsulin 1 is exclusively expressed in the
pancreas[29].
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To explore whether the insulin B:9-23 peptide is essential for diabetes development of the
NOD mouse, we generated NOD mice lacking both insl and ins2 genes. To rescue mice from
hyperglycemia due to lack of insulin, we introduced a mutated insulin transgene where tyrosine
at the insulin B chain 16th amino acid residue was replaced with alanine (B16:A), which does
not stimulate insulin B:9-23-reactive T cell clones to proliferate[30]. NOD mice with both ins1
and ins2 knockouts and transgenic for the B16: A mutated proinsulin gene were protected from
the development of anti-islet autoimmunity including insulin autoantibodies, insulitis and
diabetes (Figure 1) [31]. This protection was abrogated when normal insulin B:9-23 sequence
with B16:Y was provided by islet transplant or peptide immunization[32]. In addition, insulin-
knockout NOD mice with the normal insulin transgene instead of the B16:A mutated insulin
transgene developed insulin autoantibodies and insulitis, and thus areplacement of only asingle
amino acid residue restored anti-islet autoimmunity to the insulin-knockout NOD mouse.

In another approach, French and Jaeckel’s groups separately investigated whether eliminating
T cells reacting with proinsulin/insulin abrogates the development of islet autoimmunity of the
NOD mice. They generated NOD mice transgenic for proinsulin 2 gene with MHC class |1
antigen promoter and found that mice are also strongly protected from diabetes development
with almost no insulin-reactive T cells in periphery due to the overexpression of insulin in cells
expressing MHC class 11[33;34]. Moreover, Kay and coworkers reported that IGRP-reacting
T cells, which usually expand in NOD mice with age, are not detected in these transgenic mice
and that the immune response to IGRP is downstream of the immune response to insulin[35].
Taken together, insulin/proinsulin, especially insulin B:9-23 peptide, is mostly likely a primary
autoantigen to initiate immune-mediated diabetes of the NOD mouse. It is also likely that other
autoantigens contribute to diabetes development of the NOD mice and there might be other
essential autoantigens.

Disease Prevention with Insulin

Various antigen-specific immunotherapies using insulin and insulin peptide have been
evaluated using the NOD mouse model. Intranasal or subcutaneous administration of insulin
B:9-23 peptides or an altered insulin B:9-23 delays diabetes development[36;37]. Intranasal
vaccination with proinsulin DNA in combination with anti-CD40L antibody and intrathymic
administration of insulin B chain prevented diabetes[38;39]. Syngeneic transplantation of
hematopoietic stem cells encoding proinsulin[40] and transfer of bone marrow derived Gr-1+
myeloid cells expressing proinsulin which differentiate to dendritic cells[41] also prevented
diabetes development. In terms of treating diabetes after the onset, combination therapy with
anti-CD3 antibody and proinsulin 2 B24-C36 peptide reduced the recurrence of diabetes[42].

Type 1 diabetes of man

Insulin Autoantibodies

Type 1 diabetes is a chronic disease characterized by the autoimmune destruction (Type 1A)
of pancreatic B-cells and severe insulin deficiency. Autoantibodies reacting with insulin,
glutamic acid decarboxylase (GAD), ICA512/1A-2, 1-A2 b (phogrin) and other molecules are
associated with in Type 1A diabetes. The best current markers to distinguish type 1A diabetes
from other forms of diabetes are the presence of anti-islet autoantibodies. Typically,
autoantibodies reacting with insulin, GADG5, and 1-A2 are measured. The observation that
more than 90% induviduals expressing at least two of the three islet autoantibodies progress
to diabetes make it possible now to predict the development of type 1A diabetes in man[43].

Anti-insulin antibodies are present for years before the development of Type 1A diabetes.
Palmer and coworkers[44] found the presence of anti-insulin antibodies in patients with new-
onset type 1A diabetes prior to the administration of exogenous insulin. The BABYDIAB
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project reported autoantibodies can be detected as early as nine months of age in offspring of
diabetes parents[45;46]. Children who had high affinity IAA almost always progress to
expression of multiple islet autoantibodies and insulin autoantibodies are usually the first
autoantibody to appear in young children developing type 1 diabetes[1;46]. This is particularly
true for infants less than 1 year of age[1]. Achenbach and coworkers have analyzed the affinity
of anti-insulin autoantibodies for children followed prospectively in the BabyDiab study. A
high percentage of the children who went on to develop multiple anti-islet autoantibodies or
to progress to diabetes express high affinity autoantibodies (>10° I/mol). In addition the high
risk, high affinity autoantibodies differed from the autoantibodies of children who failed to
develop additional autoantibodies (remained IAA positive only) or had transient insulin
autoantibodies in that the majority reacted well with proinsulin[46]. All high-affinity I1AAs
required conservation of human insulin A chain residues 8-13 and were reactive with
proinsulin[46]. Isotypes of insulin autoantibodies have been evaluated in the BabyDiab study
and in studies from Finland [47;48] with the observation that a broader response to insulin
(including 1gG3 autoantibodies) and strong 1gG1 responses is associated with a somewhat
greater risk of progression to diabetes.

Levels of insulin autoantibodies appear to be regulated over long periods of time in prediabetic
first-degree relatives. The levels of antibodies correlate inversely with the age at which type 1
diabetes develops. Thus levels greater than 2000 nU/ml are almost exclusively found in patients
who progress to type 1A diabetes prior to age 5, and less than half of individuals developing
type 1A diabetes after age 15 have levels of anti-insulin autoantibodies distinguished from
controls.

High levels of such antibodies are to some extent associated with DR4 and DQ8[49]. Relatives,
who only express anti-insulin autoantibodies infrequently progress to overt diabetes [46], but
a high proportion of anti-insulin autoantibody-positive, ICA-negative relatives under the age
of 10 convert to ICA positivity.

Insulin/Proinsulin Reactive T cells

The phenotype of autoreactive T-cells of patients has been studied. These cells can be
distinguished from those of control subjects by their coexpression of CD25 and CD134 and
whether they are naive or memory T cells[50]. Autoantigen-specific T-cells that recognize
multiple GAD65- and preproinsulin-derived peptides and coexpressed CD25 (+) CD134 (+)
were confined to patients and pre-diabetic probands. The coexpression of CD25 and the
costimulatory molecule CD134 on memory T-cells provides a novel marker for type 1 diabetes-
associated T-cell immunity.

Insulin epitope recognized by autoreactive T cells

In an effort to obtain access to pancreatic lymph node and intra-islet T cells we have initiated
a program where cadaveric organ donors are screened in real time for the expression of anti-
islet autoantibodies. Approximately 1/300 of such donors expressed multiple anti-islet
autoantibodies. In a recent screening of organ donors for risk markers of type 1 diabetes, 6
cases were single insulin autoantibody positive and one were quadruple positive in 1, 507
donors in the age-group of 25-60 years[51]. It is predicted that pancreas from such individuals
expressing multiple islet autoantibodies will harbor relevant T cell clones. Oligoclonal
expanded T cells from prancreatic lymph node of diabetic subjects with DR4 recognized the
insulin A: 1-15 epitope restricted by DR4 but not from normal control subjects. These results
identify insulin-reactive, clonally expanded T cells from the site of autoinflammatory drainage
in type 1 diabetics[52].
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Many putative epitopes of proinsulin/insulin have been identified (table 1). Since insulin
peptide B: 9—23 may be a primary autoantigen of the NOD mouse and its amino acid sequence
is identical in mice and in humans, B: 9-23 may play important role in man. Alleva and
coworkers have generated insulin B: 9-23 reactive cell lines from PBMCs by short time
stimulation with peptide and IL-2 from recent-onset type 1 diabetic patients but didn’t find
peptide reactivity in controls[53]. T cell epitope mapping of insulin was studied by using serial
overlapping peptides in Japanese patients with type 1A diabetes[54]. All epitopes recognized
by T cells were identified in the B-chain of insulin. B9-23, B4-18, and B12-26 were identified
in some patients while most frequent epitope were B10-24 region, B1-15 and B11-25 regions.

Multiple independent studies identify the insulin B: 10-18 epitope as a target of autoreactive
CD8 T cells with extremely high binding affinity for HLA-A2[60;61;63;64]. Panels of 8- to
11-mer peptide within proinsulin region 28-64 were recognized by PBMCs[63]. Four
proinsulin peptides (41-50, 42-51, 44-51 and 49-57) were recognized by a high percentage
of HLA-A1 and -A3; HLA-AL, -A2, -B8, and -B18; HLA-AL and -B8; and HLA-B8 diabetic
patients, respectively. Proinsulin 49-57 and 51-61peptides located within a region overlapping
the B chain and C peptide. None of those peptides were recognized by PBMCs from insulin-
treated type 2 diabetes patients or control individuals. Of note, T cells recognize insulin B10-
18 differently in type 1A diabetes both at disease onset and after longer disease duration, but
not in nondiabetic controls and type 2 diabetes[61]. Insulin B9-18, B10-18 and A12-20 were
also recognized by cells from a HLA-A2 transgenic humanized mouse model[63].

Using enzyme-linked immunosorbent spot assays (ELISPOT), Peakman and coworkers
identified proinsulin specific peptides (C13-C32, C19-A3 and C22-A5) to which PBMCs from
diabetics and controls differentially respond. Diabetic patients respond with a pro-
inflammatory phenotype with an IFN-y response; whereas controls react to islet autoantigens
with the production of IL-10 alone which suggests these cells may have a regulatory role[65].

Trials of Prevention Utilizing Insulin

It is now possible to predict type 1A diabetes in man as mentioned above and prevent it in
animal models[66]. Thus there is a strong impetus to develop therapies for prevention in man
with the creation of TrialNet and the Immune Tolerance Network by the National Institutes of
Health. TrialNet is an expansion of the DPT-1 (Diabetes Prevention Trial) network, but with
an emphasis not only on trials for diabetes prevention but also on trials to prevent further
destruction of islet beta cells in patients with type 1A diabetes.

DPT-1 tested if insulin administered either both intravenously and subcutaneously or orally
could prevent the development of diabetes in healthy, islet antibody-positive relatives of
patients with type 1 diabetes assessed to have a high risk of developing type 1 diabetes.
Subcutaneous injection of insulin did not slow progression, nor overall did oral insulin. For a
subgroup of relatives in the oral trial with high levels of insulin autoantibodies there was a
significant delay in progression (approximately 4.5 years)[67]. Further studies to explore the
potential role of oral insulin in delaying diabetes in relatives similar to those in the subgroup
with higher IAA levels is on going[68].

A trial of intranasal insulin with 38 individuals at risk for type 1 diabetes from Melbourne Pre-
Diabetes Family Study suggest that intranasal insulin induces immune changes consistent with
mucosal tolerance to insulin and it does not accelerate loss of B-cell function[69].

It is hypothesized that the amount of insulin that could be administered subcutaneously in man
was below the relative amount needed for protection in NOD mice. With the use of insulin B
chain or insulin peptides such as an altered peptide ligand of insulin B chain, B9-23, larger

amounts can be administered without risk of inducing hypoglycemia. The company Neurocrine
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has produced an altered peptide ligand of insulin B: 9-23, with alanine replacing amino acids
16 and 19(NBI-6024) [53]. A randomized placebo controlled trail of NBI-6024 failed to
preserve beta cell secretion in patients with new onset diabetes.

Insulin Autoimmune Syndrome

The insulin autoimmune syndrome (IAS) also named Hirata syndrome is characterized by
severe spontaneous hypoglycemia without evidence of exogenous insulin administration, high
levels of total serum immunoreactive insulin, and the presence of a high titer of anti insulin
antibody. IAS has been reported mainly in Japan and so far only 27 IAS cases have been
described from outside of Asia. Polyclonal IAS is essentially confined to DR4-positive
individuals with DRB1*0406[70;71]. The extremely low prevalence of IAS among Caucasians
may be explained by the low prevalence of DRB1*0406 in this population. Even less
commonly, monoclonal insulin autoantibodies are responsible for the insulin autoimmune
syndrome, without the DRB1*0406 association. Case reports identified monoclonal insulin
autoantibodies in IAS patients with HLA-DRB1*0401, DRB1*0403, and DRB1*0404.

Insulin Allergy

Since the introduction of human insulin, insulin allergy occurs in less than 1% of diabetic
patients treated with insulin. In these patients, different methods have been used for the
treatment of insulin allergy such as oral antihistaminics, desensitization[72] and use of different
insulin or insulin formulations. Allergic reactions range in severity from erythema and pruritus
to life-threatening anaphylaxis. Allergic reactions to insulin usually occur within a few hours
after an injection and are usually due to a local or systemic type | IgE-mediated hypersensitivity
reaction[73]. 1gG(4)-mediated allergic reaction to glargine insulin is also reported[74]. For
delayed hypersensitivity reactions, administration of insulin with small amount of
glucocorticoid in the same injection is a consideration[75].

Conclusion

There is no doubt that autoimmunity directed at insulin is a major component of the
pathogenesis of type 1 diabetes of man and the NOD mouse model. In the NOD model we
hypothesize that recognition of the insulin B:9-23 peptide by a non-stringent conserved Valpha
and Jalpha T cell receptor combination (TRAV 5D-4*04, TRAJ53) enhances the probability
of anti-insulin autoimmunity given the NOD’s penchant for autoimmunity[76]. At present, we
are directly testing the potential crucial contribution of the Jalpha 53 sequence by creating
NOD mice lacking the Jalpha 53(TRAJ53) segment. With the marked MHC restriction of type
1 diabetes of man, we believe that a dominant peptide will also be important for human diabetes.
Human diabetes may of course be more heterogeneous than our mouse models. If however
there is similar to the NOD crucial peptide determinants of disease (e.g. proinsulin/insulin),
preventing such an immune response will hopefully lead to the safe prevention of type 1
diabetes.
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Figure 1.
Lack of progression to diabetes of NOD mice lacking native insulin genes. Modified from
Nakayama M. et al., Copyright © Nature Publishing Group from Nature 435, 2005: 220-3.
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