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Abstract Type 1 diabetes is a progressive autoimmune disease with no curative treatment,
making prevention critical. At the time of diagnosis, a majority of the insulin secreting β-cells
have already been destroyed. Insulitis, lymphocytic infiltration to the pancreatic islets, is
believed to begin months to years before the clinical symptoms of insulin deficiency appear.
Insulitis should be treated as its own disease, for it is a known precursor to autoimmune
diabetes. Because it is difficult to detect insulitic cellular infiltrates noninvasively, considerable

interest has been focused on the levels of islet autoantibodies in blood as measurable diagnostic
markers for islet autoimmunity. The traditional islet autoantibody detection assays have many
limitations. New electrochemiluminescence-based autoantibody detection assays have the
potential to overcome these challenges and they offer promising, cost-effective screening tools
in identifying high-risk individuals for trials of preventive interventions. Here, we outline
diagnostic and therapeutic strategies to overcome pancreatic β-cell destroying insulitis.
© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Type 1 diabetes (T1D) is an autoimmune disease in which
impaired tolerance to β-cell autoantigens leads to T cell-
mediated destruction of insulin-secreting cells from the
pancreatic islets of Langerhans. T1D usually manifests during
childhood or adolescence. Diabetic individuals are depen-
dent on lifelong exogenous insulin administration. The
autoimmune β-cell destructive process usually begins years
before hyperglycemic symptoms mark the onset of T1D. This
destructive process, called insulitis, is characterized by
immune cell infiltrates into pancreatic islets, which include
cells of both the innate and the adaptive immune system [1].

The immunopathology of insulitis is challenging to study in
humans because it requires pancreatic samples from predia-
betic individuals. Only 100–200 cases of insulitis have been
described over the past century, most of them found from the
post-mortem pancreatic samples from patients already diag-
nosed with the clinical T1D. A majority of those cases have not
been studied with modern methods [2,3]. Immunohistochem-
istry of post-mortem pancreatic sections from newly T1D
diagnosed individuals have revealed CD8+ cytotoxic lympho-
cytes (CTLs) to be the predominant leukocyte population in
the islet infiltrates, regardless of the remaining number of
insulin positive cells in the respective islets [4]. There is
immunohistochemical evidence using in-situ tetramer
stainings that these islet infiltrating CD8+ lymphocytes are
islet-antigen reactive in some of the T1D patients [5].
Furthermore, CD8+ T cells are able to directly kill β-cells.
HLA class I molecules are hyperexpressed on β-cells at the
onset of T1D diagnosis, thus making the cells more susceptible
to CTL-mediated cytotoxicity [6,7]. The second most abun-
dant immune cell type within the insulitis lesions is the
macrophages, which are likely to produce inflammatory and
chemotactic cytokines that promulgate insulitis. CD4+ T
lymphocytes are also found in islet infiltrates, but are less
abundant when compared to CD8+ T cells. Their role in T1D
pathogenesis is not well defined, but it is postulated that CD4+

T cells may induce and drive other effectors in the
autoimmune process by cytokine secretion or directly mediate
islet cell damage through toxic cytokine effects [1,4]. B cells
are less prevalent, but the quantity of islet infiltrating B
lymphocytes was found to increase when the level of insulin
positive cells decreased [4]. In other words, B cells were more
abundant in the late stage of insulitis. Islet specific autoan-
tibodies are characteristic of T1D, but they are not believed to
play a major role in β-cell destruction [8]. Instead, B cells may
contribute to insulitis by secreting cytokines and by function-
ing as antigen presenting cells. Despite several differences in
disease pathogenesis, non-obese diabetic (NOD) mice are
considered the best experimental animal model for T1D [9]. In
the NOD mouse model, B cells take part in islet pathogenesis
by presenting autoantigens to self-reactive CD8+ T cells [10].
Remarkably, only a very low number of Foxp3+ T regulatory
cells and NK cells were found in insulitis lesions [4].

The consensus criteria for the histopathological char-
acteristics of insulitis were defined in the meeting of JDRF
Network for Pancreatic Organ Donors with Diabetes (nPOD)
in 2013. One of the defining characteristics of patients
with insulitis is lymphocytic infiltration specifically
targeting the islets of Langerhans. These infiltrating cells
may be found in the islet periphery (peri-insulitis) or may
be disperse and present in the whole islet parenchyma
(intra-insulitis). Moreover, the infiltration mainly affects
islets that contain insulin-positive cells and is always
accompanied by the presence of atrophic islets that are
devoid of β-cells. The lesion should be found from at least
3 islets and each insulitic lesion should contain at least 15
CD45+ cells [2].

Insulitis may not always be found in the pancreatic
biopsies from recent onset T1D patients. Imagawa et al. [11]
studied pancreatic biopsies from recent onset T1D patients
(disease duration of about 3 months) collected by laparo-
scopic surgery and found that of the 29 patients tested, 17
had T cell predominant immune cell infiltration and
increased MHC I expression in the islets of Langerhans either
alone or in combination. Although these abnormalities were
only observed in 59% of the cases, the true number is most
likely higher since only a minute portion of the islets is
represented in a single pancreatic biopsy [11]. The hetero-
geneity of remaining C-peptide levels in diabetic children
can be explained by the preservation of insulitis negative
islets. In an additional study with cadaveric organ donors,
Gianani et al. [12] found that 30% of T1D patients (with
disease for 1–20 years) still had insulin positive β-cells in
their islets. The islets that contained β-cells had one of two
patterns: pattern A, lobular retention of areas containing
abnormal β-cells that expressed the apoptosis inhibitor
survivin and overexpressed HLA-Class I; or pattern B, normal
appearance with significantly reduced number of β-cells
[12]. In a meta-analysis of insulitis by In't Veld [3], the
general finding from all the published histopathological data
was that insulitis is a characteristic lesion in young patients
(≤14 years) with short duration of T1D (≤1 month), where-
as insulitis is often absent after longer duration of the
disease and in older patients with recent onset T1D [3].
These findings suggest that the pathogenesis of insulitis and
T1D varies between individuals.

Although the precise molecular process that initiates
insulitis is still unknown, it is apparent that both genetic and
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environmental factors play an important role [13]. The
genetic risk for T1D among white individuals is linked to HLA
DR-DQ risk alleles DRB1*04-DQA1*03:01-B1*03:02 (DR4–DQ8)
and DRB1*03:01-DQA1*05:01-B1*02:01 (DR3–DQ2), which either
alone or in combination are present in nearly 90% of the T1D
patients diagnosed before age 18 [14,15]. Protective HLA DR-
DQ haplotypes such as DRB1*15:01-DQA1*01:02-DQB1*06:02,
DRB1*14:01-DQA1*01:01-DQB1*05:03 and DRB1*07:01-DQA1*02:
01-DQB1*03:03 have also been identified [16].

The incidence of T1D has been increasing in Western
countries over the past few decades [17,18]. This must be
attributable to environmental triggers such as viral infection,
diet, or other influences since changes in allele frequency
would not occur that rapidly [19]. It has been postulated that
viral infection may trigger islet inflammation and β-cell
destruction through pattern-recognition receptor activation.
The inflammation is further amplified by cytokine and
chemokine release from dying β-cells. Viruses may also
initiate T1D through molecular mimicry by activating lympho-
cytes that recognize viral epitopes similar to β-cell specific
autoantigens. After the viral infection has been eliminated,
these activated lymphocytes can cause chronic autoimmune
responses [20]. In a recent study in European populations, the
coxsackievirus B1 (CVB1) subgroup was associated with T1D
[21,22].

Development of new diagnostic tools that detect early
onset of autoimmunity prior to insulin deficiency coupled
with novel therapies that prevent the pathogenic autoim-
mune process in the pancreas is needed to overcome the
lifelong burden for those who are susceptible to T1D.
2. Autoantibodies in diagnosis of insulitis

One strategy to facilitate the prevention of diabetes is using
a blood test that reliably diagnoses early stage autoimmu-
nity. Typically, patients developing T1D have circulating
islet autoantibodies in the preclinical phase of the disease. A
correlation between the production and quantity of insulin
autoantibodies and the onset and progression of insulitis has
been demonstrated in the NOD mouse model [23]. Autoan-
tibodies detected in human include those specific for insulin
(IAA), glutamic acid decarboxylase 65 (GADA), islet
antigen-2 (IA-2A) and zinc transporter 8 (ZnT8A) [24,25].
Of these, the IAAs are usually the first islet specific
antibodies to be generated and are present in almost all
prediabetic individuals [26–28]. Because they provide the
earliest signs of islet autoimmunity and can be measured in
blood samples, autoantibodies have been extensively
studied as biomarkers for prediabetic individuals in several
prospective studies [29–32]. Individuals expressing two or
more circulating islet autoantibodies combined with a
genetic susceptibility allele or family history of the disease
are at very high risk for developing T1D [25,32–36]. In
addition, early seroconversion and rapid increases in
autoantibody titers during childhood are strongly linked to
T1D onset before puberty [30]. Insulitis was found from two
out of three non-diabetic adult organ donors (over 25 years
of age) who were positive for three or four different
autoantibodies and had susceptible HLA-DQ genotype [37].
The HLA-DQ genotype determines the type of correlation
to different islet autoantibodies. For example, HLA-DQ8
correlates with T1D in IAA, GADA, and ZnT8A, whereas HLA-
DQ2 is correlated with increasing risk of T1D with GADA, but
a decreased risk of T1D with IA-2 autoantibodies [14].
Although most T1D patients are positive for IAA, not all IAA
positive subjects develop T1D. This has been a challenge in
using IAA as a required harbinger of autoimmune diabetes
[38]. However, IAAs associated with T1D development
recognize (pro)insulin epitopes with higher affinity than
those found circulating in subjects who never progress to
T1D [39]. Thus, a reliable blood test that can quantitatively
measure antibody binding and specificity between different
clinical centers could permit the diagnosis of insulitis prior
to diabetes onset.

2.1. Autoantibody tests — conventional
technologies

Given the extensive testing of islet autoantibodies, it would
appear to be a simple matter of serologically diagnosing
insulitis. However, several limitations have hindered the
clinical implementation of this strategy to date. The most
widely used traditional method to measure islet autoanti-
bodies is the radioimmunoassay (RIA). The lengthy proce-
dure calls for patient serum to be incubated with
radiolabelled autoantigen (for example 125I human insulin
for IAA detection) for several days. After the incubation
period, immune complexes are precipitated by adding
sepharose gel to each sample and washing extensively. The
radioactivity of the samples is measured by using a gamma
counter. The results are then normalized to a standard curve
that is constructed for every assay set using the same batch
of radiolabelled autoantigen that was used with the clinical
samples. Despite widespread utilization of this technique
around the world, it has been hampered by several
drawbacks. These include the undesirability of using radio-
active materials, complex and time-consuming protocols,
requirement of large serum volumes, significant variation in
the results between laboratories, and relatively low speci-
ficity and sensitivity. A further problem is that these assays
detect both disease relevant and non-relevant autoanti-
bodies [40–42]. A micro-scale radio-binding assay was
developed in the late 1990s for high throughput IAA
screening and its modified versions are currently the most
commonly used method for IAA testing [43]. This platform
overcomes certain challenges, such as requirement for large
serum volumes (the assay can be done from less than 50 μl of
serum), but the assay still relies on radioactive labeling of
the antigen. After the labeled insulin is bound to the
autoantibody, an additional competition assay with unla-
beled insulin is required to minimize the background noise.
Reproducibility between different laboratories using this
assay is poor [41,42]. There are dependable ELISA assays for
GADA, IA-2A and ZnT8A, but a reliable ELISA assay for IAA has
not been achieved [40,41,44,45].

2.2. ECL assay as a next generation approach to
measure islet specific autoantibodies

Recently published novel electrochemiluminescence (ECL)-
based assays for IAA and GADA provide a promising approach to
overcome some of the limitations listed in Table 1 [23,46,47].



Table 1 Comparison of radioimmunoassay (RIA) and electrochemiluminescence (ECL)-based islet autoantibody assays.

RIA ECL

Antibody detection Unable to distinguish disease-relevant
and -irrelevant antibodies

Detects disease-relevant high-affinity autoantibodies,
detects disease-relevant autoantibodies earlier in infancy a

Detection agent Time-limited radiolabeled antigens Non-radioactive sulfo-tagged antigens b

Reproducibility Varies between laboratories Needs to be studied in different laboratories
Standard curve Requires a new standard curve for each assay No need for a new standard curve for each assay
a This has been shown with ECL assays for IAA and GADA published by Yu et al. [47] and Miao et al. [46], respectively.
b ECL assays published by Yu et al. [47] and Miao et al. [46] utilizes sulfo-tagged antigen, while ECL-IA assay by Lo et al. [23] uses

ruthenium-tagged anti-human IgG.
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ECL-based assays have shown high sensitivity, excellent
specificity, reproducibility, and flexibility for a wide range
of analytes, leading to their usefulness in clinically
deployed tests [48]. The ECL human insulin antibody assay
published by Lo et al. [23], was found to be specific,
reproducible, and highly correlated with RIA results in
samples from diabetic individuals. The assay uses biotinyl-
ated insulin to pull down antibodies from the patient sera,
which are then detected with ruthenium-labeled secondary
antibody using an ECL detection instrument. Other recently
published ECL assays for IAA and GADA use a different
method [46,47] in which the IgG antibody in the serum
bridges a biotinylated proinsulin or GAD65 molecule with a
sulfo-TAG-labeled proinsulin or GAD65 molecule in fluid
phase, respectively. The antigen–antibody complex is
captured to a streptavidin-coated plate, followed by the ECL
assay. The ECL-IAA assay was shown to be more sensitive and
more specific for detecting diabetes-associated autoanti-
bodies when compared to micro-RIA [27,47]. The sensitivity
of the ECL-GADA assay was equivalent to that of the standard
GADA-RIA, but the ECL assaywasmore specific [46]. Themajor
advantage of these two assays compared to the traditional RIA
is their ability to distinguish between disease-relevant high-
and disease-irrelevant low-affinity antibodies. Furthermore,
both of these assays were able to detect high-risk autoanti-
bodies earlier in infancy, before the appearance of additional
autoantibodies [27,46]. The assays can be performed in a 96-
well plate of relatively small volume of patient serum (15 μl in
IAA-ECL assay). Taken together, these results provide a
promising step forward towards an effective screeningmethod
for individuals at high risk of developing T1D.

3. Insulitis treatment

These new diagnostics suggest that there may be a non-invasive
way of detecting insulitis and thus, early detection of T1D prior
to extensive loss of insulin-secreting β-cells. If an immunosup-
pressive treatment were initiated early in the process of
insulitis, substantial insulin-producing cell capacity could be
preserved. Therefore, treating insulitis as a disease should serve
as a novel prevention strategy for T1D. Next we will discuss
some current and possible treatments aimed at preventing or
ameliorating insulitis.

3.1. Conventional immunosuppressants

As current therapies for T1D rely only on treating hypergly-
cemia, novel therapies targeting the underlying immune
response have now been under intensive investigation [14,49].
Since these therapies are commonly tested in children that
already have diabetes, their ability to suppress the early
stages of insulitis that precede extensive β-cell destruction is
untested. Furthermore, the extensive destruction of islets
associated with clinically apparent diabetes cannot be
reversed by simply suppressing the autoimmune process.
Thus, it is not surprising that these have had limited impact
on diabetes. Former and ongoing trials include several non-
antigenic and antigen specific interventions.

Non-antigenic agents include conventional immunosup-
pressants, such as cyclosporine A, which was one of the first
therapeutic agents tested to prevent β-cell destruction in
the early 1980s. Cyclosporine A treatment was efficacious in
preserving β-cell function in newly diagnosed T1D patients,
but the side effects were severe [50,51]. A subsequent study
using a lower dose of cyclosporine treatment (7.5 mg/kg/d
for the first year, followed by a lower dosage) was tested in
prediabetic children that had first-degree relatives with
T1D. The metabolic and immunologic criteria used for
categorizing prediabetes were positive islet cell antibodies
(ICA) ≥ 20 Juvenile Diabetes Foundation (JDF) units, first
phase insulin response below the 10th percentile, and
impaired glucose tolerance. IAA levels were positive in half
of the treated patients. After treatment, IAA levels
decreased during the first follow-up year but were observed
to vary over time. Cyclosporine treatment delayed, but did
not prevent TID onset in this study [52]. However, this study
demonstrates how islet cell antibodies can be used to
identify prediabetic children for prevention trials, suggest-
ing that suppressing insulitis may have a beneficial effect.

Another immunosuppressant, azathioprine, produced a
significant, but an unfortunately short-lived improvement in
fasting plasma C-peptide levels in newly diagnosed type 1
diabetics [53,54]. Both the histamine antagonist Ketotifen
and nicotinamide monotherapy were tested as T1D thera-
peutics. Neither could preserve β-cell function or were not
sufficient to prevent T1D [55–57]. Anti-thymocyte globulin
(ATG) combined with prednisone was found to reduce insulin
requirement of newly diagnosed T1D patients, but the
treatment was found to cause thrombocytopenia, which
ended the trial [58]. These studies suggest that different
therapeutic timing or more effective immunosuppressants
would be valuable to treat insulitis.

3.2. New biological approaches

To date, trials with conventional immunosuppressants have
failed to preserve long-term β-cell function. As our knowledge



113Novel diagnostic and therapeutic approaches for autoimmune diabetes
of effective immune modulators has increased, a broader
range of modern therapeutic interventions has been studied
(Fig. 1). A promising result has been reported with a
monoclonal anti-CD3 antibody engineered to reduce Fc
receptor binding affinity [59]. Fc modifications reduce side
effects caused by non-specific triggering of mitogenic
signals and cytokine release through Fc receptors, but do
not affect the immunosuppressant potency of the antibody
[49]. Two humanized monoclonal anti-CD3 antibodies,
teplizumab and otelixizumab, have been investigated in
clinical studies with newly diagnosed T1D patients, there-
fore not targeting early autoimmune process.

In a phase II randomized placebo-controlled clinical trial,
otelixizumab treatment was found to reduce exogenous
insulin required for treating hyperglycemia in recent onset
T1D patients over a four-year period. However, efficacy was
dependent on age and β-cell mass at the time of treatment
and therefore, was not beneficial to all patients [60]. Another
humanized CD3 antibody, teplizumab, was found to slow the
reduction of C-peptide levels for 2 years after T1D diagnosis in
a subgroup of T1D patients with lower level HbA1c and insulin
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not an optimal therapeutic agent for a patient group that
contains mainly children.

Other non-antigenic immune modulators studied in clinical
trials include a cytotoxic T lymphocyte antigen-4 (CTLA-4)
immunoglobulin fusion protein, abatacept, and interleukin-1
(IL-1) blocking drugs — anakinra and canakinumab. As a
blocking agent for T cell activation responses (which does not
eliminate T cells), abatacept is considered to be safer than
other immunosuppressive agents. Modulation of T cell
costimulation by antigen presenting cells with abatacept in a
group of newly onset T1D patients was found to preserve C-
peptide levels for only 9.6 months over a two year treatment
span, indicating that there was still partial T cell activation at
the time of T1D diagnosis [65]. Administration of abatacept in
a differently structured time period may produce more
effective results. Currently, abatacept is being investigated
as a secondary means of prevention in prediabetic individuals
[49]. Anakinra and canakinumab were studied in two random-
ized placebo controlled trials with recent onset T1D patients.
Both treatments were found to be safe but unfortunately did
not ameliorate diabetes [66].
3.3. Antigen specific therapy

A majority of the immunomodulatory drugs described above
are tested in interventional trials to halt the disease.
Extensive β-cell destruction during this stage causes an
absolute insulin deficiency and the need for exogenous
insulin. Hence, failure to achieve a major effect could result
from the fact that there is nothing left to rescue or that the
therapy has been misdirected at the wrong target of the
pathogenetic process. Antigen-specific therapies provide a
powerful approach to address the latter possibility.

Autoreactive T cells causing insulitis have been shown
to play a crucial role in T1D pathogenesis [1]. Low-dose
tolerance induction or initiation of clonal deletion by
repeated high-dose T cell receptor stimulation to suppress
their function are both potential strategies for T1D
prevention. However, such strategies rely on the identifi-
cation of critical antigens that trigger insulitis by stimu-
lating autoreactive T cells. Pioneering studies strongly
suggest that insulin is an early, if not the first, autoantigen
that drives insulitis [26,36,67]. Insulin autoreactivity
appears to be an attractive target for antigen-specific
treatment, as insulin autoantibodies are usually the first
sign of insulitis.

The antigen-specific approach has already been ex-
plored in experimental animal models of diabetes. For
example, there are a myriad of ways to prevent T1D onset
by using antigen preparations, including insulin by itself or
strongly agonistic peptide mimotopes [68,69]. Insulin has
been investigated in numerous secondary prevention
studies with at-risk human populations, and has been
administered by parenteral, oral, or intranasal routes
[14]. Subcutaneous insulin was reported to delay the
onset of T1D in a pilot study [70]. Later, it was found that
some of the participants who showed delayed disease onset
had protective HLA genotypes [70,71]. Parenteral insulin
was investigated in a well-controlled Diabetes Prevention
Trial (DPT-1), which studied a population of islet autoan-
tibody positive, first- or second-degree relatives of
diabetes patients. The participants were estimated to
have over 50% risk of developing diabetes within five years.
The daily, low dose subcutaneous ultralente insulin
treatment taken together with a four-day annual intrave-
nous insulin administration did not significantly delay the
T1D onset when compared to an observation group [72]. A
significant problem with giving endocrinologically active
insulin is that only minute amounts can be given to diabetic
individuals because of hypoglycemia. If small amounts of
insulin could effectively suppress the anti-islet immune
response, then presumably diabetes would have been
prevented early in the immune process. The insulin
secreted during normal metabolism at the earliest insulitis
phase would have inhibited diabetes. On the contrary,
most immunological tolerance is based on the fact that
large doses of antigen are required to shut off the immune
response.

Mouse studies have shown that both oral and nasal insulin
administration can delay or prevent the onset of T1D [73,74].
These studies allowed the usage of higher amounts of insulin,
since only a small portion of insulin reaches the blood stream
from mucosal membranes. The findings prompted studies of
mucosal membrane administration of insulin to prediabetic
human cohorts. Oral insulin was studied in a randomized,
double-blinded, placebo-controlled trial in a population of
islet antibody positive, first- and second-degree relatives of
T1D patients with a five-year risk of 26–50% to develop
diabetes. Although there was no difference in T1D incidence
between the placebo and insulin group, the disease onset was
slightly delayed in the case of patients with high IAA titers that
received treatment [75]. The level of persistence of orally
administered protein (or its substituent peptide antigens) and
its immunoreactivity was not documented.

Intranasal insulin has also been studied in human preven-
tion trials. In the Intranasal Insulin Trial (INIT) study, Harrison
et al. [76] showed that treatment with intranasal insulin
provided some evidence of increased immune tolerance to
insulin in T cell proliferation assays with no positive clinical
effect [76]. Intranasal insulin has also been studied in Finland
with the Diabetes Prediction and Prevention (DIPP) trial.
Children with disease susceptibility HLA genotypes and were
positive for islet cell and insulin antibodies were tested.
Unfortunately, the treatment did not prevent or delay the
onset of T1D [77]. Clinical effectiveness would depend on the
establishment of tolerance to the appropriate islet antigens.
Thus, the apparent failure of these approaches to halt insulitis
could be explained by the importance of antigens other than
insulin, or by the fact that the quantity or route of
administration was not sufficient to induce insulin-specific
immunological tolerance.

It is worth mentioning that these clinical trials with
insulin administration rely on low-dose tolerance induction
that is speculated to attenuate autoimmune reaction by
activating regulatory T cells or by driving autoreactive T
cells into anergy. Since these trials have not met expecta-
tions so far, high-dose tolerance induction might be an
effective alternative with carefully selected at-risk popula-
tions. Repeated stimulation of T cell receptor with high
antigen doses leads to clonal deletion of antigen specific T
lymphocytes through restimulation-induced cell death
(RICD) [78,79]. By using repeated intravenous injections of
the antigen, the power of RICD has been previously
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demonstrated in the animal model of experimental autoim-
mune encephalomyelitis (EAE) with striking results [80]. In
considering T1D, where insulin seems to be the earliest
autoantigen, high dose tolerance induced elimination of
insulin autoreactive T cells would hypothetically attenuate
insulitis before antigen spreading. To permit the adminis-
tration of high doses of insulin antigen, endocrine activity
would have to be inactivated, but the antigenic epitopes
necessary for T cell receptor activation should be preserved.
Hormonally dead insulin proteins have been previously
studied in NOD mice with promising results. Repeated
subcutaneous doses of the inactive insulin analog were
shown to prevent T1D onset when compared to a vehicle
treated group of NOD mice [69]. Although the study did not
provide strong mechanistic data, it demonstrated the
tolerogenic potential of the molecule. However, antigen
administration could be a double-edged sword because it has
the potential to provoke the immune response similar to a
vaccine. Before high-dose tolerance induction in human
trials, the safety of the dosage or other measures to limit T
cell activation must be studied.

Of the other antigens, interesting results have been
obtained with DiaPep277 (Andromeda Biotech Ltd), which
is a peptide derived from heat-shock protein 60 (HSP60)
with immunomodulatory potential. This chaperone protein
was shown to be an important antigen for T1D induction in
NOD mice [81]. Administration of HSP60 derived peptide
(p277) protected NOD mice from diabetes [82]. DiaPep277
has been investigated in phase I through III clinical studies
in humans. C-peptide levels of newly diagnosed T1D
patients in this group were higher when compared to the
placebo group. Further studies with DiaPep277 are ongoing
[49,83].

GAD65 has been tested as a potential tolerogen in both
murine models for diabetes and in human diabetes patients.
In NOD mouse studies, both intraperitoneal and intranasal
administration of GAD65 showed promising results in
delaying or preventing the onset of diabetes [84,85]. The
aluminum hydroxide adjuvant incorporated GAD65 (GAD-
alum) has been studied in a phase II clinical study with late
onset autoimmune diabetes (LADA) adult patients. The
patients received two subcutaneous injections of GAD-
alum. After a five-year follow up, fasting C-peptide levels
were restored in groups who received subcutaneous injec-
tion of 4, 20, or 100 μg of the drug when compared to
placebo treated subjects [86]. In a subsequent trial on
pediatric patients with recent onset diabetes treated with
20 μg subcutaneous dose of GAD-alum or placebo, the
patients receiving GAD-alum showed less reduction in
C-peptide values when compared to the placebo group in a
four year follow-up, but the difference was not statistically
significant [87]. Thus, this pharmaceutical drug does not
appear to have a significant disease-arresting activity.
Currently, GAD-alum is under investigation as a secondary
prevention study with pediatric patients who are positive to
multiple autoantibodies [49]. The results from this study will
be interesting, since the clinical studies with GAD as a
tolerogen have not met the expectations from the mouse
studies in delaying T1D disease progression. A significant
problem with this medication is that tolerance typically
results when there is lack of adjuvant or co-testamentary
activity, so the rationale for adding alum is uncertain and may
actually be detrimental to the tolerogenic potential of the
protein component.

4. Concluding remarks and future perspectives

The immunomodulatory drugs described above were mainly
tested in interventional trials to halt immune process and
presumably β-cell destruction in diabetics. Since this is at the
stagewhen exogenous insulin is already needed, it is uncertain
that islet metabolic function will be sufficiently revived even
if complete suppression of the immune response is achieved.
The Holy Grail for autoimmune T1D treatment would be a
preventive therapeutic agent that could reverse the destruc-
tive autoimmune reaction and preserve the β-cell function
prior to T1D onset. Recently described novel ECL-based islet
antibody assays appear to be capable of identifying the
disease-relevant autoantibodies with good reproducibility in
the early stage of autoimmunity. In the mouse, this correlates
with insulitis [23]. However, these assays will need to be
validated as a test for insulitis in different laboratories before
they can be reliably utilized in screening at-risk populations.
Additionally, it would be beneficial to screen various
autoantibodies simultaneously, since children with multiple
autoantibodies have the highest risk of developing diabetes
[25]. At the same time, new approaches to induce the
tolerance for islet autoantigens may provide benefits not
observed with conventional or biological methods. In partic-
ular, high-dose tolerance induction with endocrinologically
inactive insulin or other islet cell antigens is a potential
strategy to explore. The hope would be to eliminate insulitis
as early as possible and provide maximal islet β-cell
protection, thereby preventing clinical diabetes.
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