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Abstract

A major thrust in type 1 diabetes research is stopping the destruction of β cells that leads to type 1

diabetes. Research over the past thirty years has defined genetic factors and evidence of

autoimmunity that have led to the development of robust prediction models in those at high risk of

type 1 diabetes. The ability to identify those at risk and the development of new agents and of

collaborative research networks has led to multiple trials aimed at preventing β cell loss. Trials at

all stages of beta cell loss have been conducted: primary prevention - prior to the development of

autoimmunity, secondary prevention – after autoantibodies are found, and tertiary prevention –

intervening after diagnosis to maintain remaining β cells. Studies have shown mixed results with

evidence of maintained insulin secretion after the time of diagnosis described in a number of

studies and primary and secondary prevention proving to be elusive. Much has been learned from

the increasing number of studies in the field in terms of network creation, study design and choice

of intervention that will facilitate new avenues of investigation.

Keywords

Type 1 diabetes; autoimmunity; prevention; immunology; genetics; clinical trials

Introduction

The number of studies aimed at prevention of beta cell loss prior to or soon after the

development of type 1 diabetes has accelerated in recent years. Evidence developed over the

past 30 years shows that type 1 diabetes is the result of a chronic autoimmune process that

leads to beta cell destruction and insulin dependence. Eisenbarth initially described the main

features and stages in the pathogenesis of type 1 diabetes in 1986 and he and colleagues

updated this model in 2014 (Figure 1) (1, 2).
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1. Genetic susceptibility is a critical factor in initiation of autoimmunity with the

majority of risk being found in the HLA class II region, with smaller effects of

many other genes (see below).

2. Precipitating events such as exposure to environmental factors are then thought to

initiate β cell destruction. Despite intensive searches for environmental triggers,

strongly conclusive evidence for any particular factor remains to be identified.

3. Autoimmunity directed at β cells is then found. The autoimmune attack is likely

facilitated by immune dysregulation which may be due to genetic susceptibility

factors. The immune response is thought to be mediated by T lymphocytes, but the

most easily detected finding is the presence of islet autoantibodies.

4. With progressive loss of beta cells, the first metabolic abnormality, reduced insulin

secretion in response to a glucose challenge is found (3). Early glucose

abnormalities such as impaired glucose tolerance during an oral glucose tolerance

test then occur.

5. Ongoing loss of insulin secretion eventually leads to overt symptoms of diabetes

and the diagnosis is made. In most patients, a honeymoon phase with improved

insulin secretion follows. Beta cell loss continues so that many individuals lose all

insulin secretion but recent evidence suggests that small amounts of insulin

secretion may remain many years after diagnosis (4).

Interventions targeting the loss of beta cells at all stages of the process have been carried

out. These studies depend on the understanding of the epidemiology, genetics and prediction

of type 1 diabetes.

Epidemiology

The incidence of type 1 diabetes varies widely on a global level. The highest reported

incidence is in Finland at 57.6 new cases per 100,000 population per year in those 0 to 14

years of age. Other European countries with high incidence are Sweden, Norway and United

Kingdom, all at > 25 new cases per 100,000 per year. Outside Europe, the countries with

large populations of those of European background with the highest incidence are Canada

(25.9/100,000/yr) and Australia (22.5/100, 000 per year). Of the non-European ancestry

countries, Saudi Arabia and Kuwait have the highest incidence at 31.4 and 22.3 respectively.

Most African, Asian and South American countries have lower incidence at less than 8.5

cases/100,00 per year (5). The overall incidence of diabetes is rising at approximately 3%

per year, particularly in those with a lower genetic susceptibility, indicating that the role of

susceptibility genes is complex and changing (6, 7).

Genetics of Type 1 Diabetes

T1D is approximately 15 times more common in family members of those with T1D, with

the general population prevalence of approximately 0.3% and the family prevalence of

approximately 6%, making family members the logical target population for studies of

interventions to prevent diabetes (8, 9). More than 40 genetic loci have been associated with

T1D with the HLA region accounting for approximately 50% of genetic risk (10).
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Haplotypes most strongly associated with T1D include: DRB1*03:01-DQA1*05:01-

DQB1*02:01 (DR3) and DRB1*04:01/02/04/05/08-DQA1*03:01-DQB1*03:02/04 (DR4)

(11). The DRB1*15:01-DQA1*01:02-DQB1*06:02 (DR2) haplotype is dominantly and

almost completely protective for T1D, (11). Of the other associated regions, a region in the

regulatory region of the insulin gene, the PTPN22 (protein tyrosine phosphatase non-

receptor type 22) gene, and the interleukin 2 receptor α (IL2RA) have the greatest

contribution (10). The majority of the genetic loci identified have a function in the immune

system, providing new understanding of disease pathogenesis and potential targets for

intervention.

Environmental Factors

Identification of highly specific environmental factors critical to the development of T1D

remains a challenge. The lack of complete concordance in monozygotic twins has provided

evidence that environmental factors play a significant role. Multiple factors such as viral and

bacterial infections (or lack thereof), food exposures, increasing obesity rates, psychosocial

stress and the gut microbiome have been implicated. The effort to better identify

environmental factors is currently being led by the Environmental Determinants of Diabetes

in the Young (TEDDY) Study. This study screened 421,000 infants and enrolled 8,600

infants with high risk HLA genotypes for serial assessment of islet autoimmunity and

environmental exposures such as diet, infectious diseases and immunizations (12). A recent

TEDDY publication reported that there was no difference in the rate of the detection of

viruses prior to the development of islet antibodies in those who progressed to the

development of diabetes within 6 months (13).

Targets for prevention or early intervention

Prevention of T1D requires interventions aimed at avoiding or altering exposure to

environmental trigger(s) prior to the development of autoimmunity – primary prevention;

interfering with the autoimmune process that causes β cell destruction – secondary

prevention; or halting or reversing β cell loss after clinical presentation of T1D – tertiary

prevention.

PRIMARY PREVENTION

Primary prevention studies are targeted at those who do not show any evidence of

autoimmunity, in that no islet autoantibodies are present. Thus far, all studies have been

done in newborns at high risk of diabetes, those with a first degree relative with diabetes and

high risk HLA haplotypes, and have involved a dietary intervention or supplement.

TRIGR (Trial to Reduce IDDM in the Genetically at Risk) is testing the hypothesis that a

hydrolyzed diet that avoids early cow’s milk protein exposure will protect high risk

newborns from initiation of the β cell autoimmunity, as evidenced by the development of

islet autoantibodies and prevent T1D (14). It is based on studies showing that the early

introduction of cow’s milk may be a risk factor for T1D (15). Infants were randomly

assigned to feeding up to 6–8 months of age with a regular cow’s milk-based formula or a

casein hydrolysate formula. Breast feeding was encouraged and accounted for in the study
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design. The major outcomes are the frequency of T1D-associated autoantibodies and/or

development of diabetes by age 6 years and the development of diabetes by age 10 years.

Screening for TRIGR began in 2002, with final enrollment completed in 2006. Thus, the 6

year outcome will be available shortly and the final outcomes in 2017. The Finnish TRIGR

pilot study reported a reduction in the development of islet autoantibodies in the infants

randomized to the hydrolyzed formula (16). Another similar trial that assessed the impact of

complete avoidance of bovine insulin in infants was conducted in the Finland, FINDIA. It

randomized high risk infants to cow’s milk formula, whey-based hydrolyzed formula, or

whey-based formula free of bovine insulin during the first 6 months of life whenever breast

milk was not available. A reduced rate of development of one islet autoantibody was seen in

the bovine insulin free group (17).

A double-blind placebo-controlled pilot study of omega 3 fatty acid supplementation with

Docosahexaenoic acid (DHA) to prevent islet autoimmunity was carried out by the Type 1

Diabetes TrialNet study group (18). Diets higher in omega-3 fatty acids have been

associated with lower risk of islet autoimmunity and diabetes (19). DHA has an anti-

inflammatory effect. Entry to the study was during the third trimester in pregnant mothers or

during the first 5 months of life in infants, both with a first-degree relative with T1D. At

birth, HLA typing was done on cord blood and those with high risk alleles continued DHA

supplementation or newly identified infants were randomized. The pilot study was designed

to assess feasibility and effects on inflammatory cytokines Thus far, no effect on

autoimmunity has been seen.

A feasibility study, BABYDIET, of delay of introduction of gluten to prevent islet

autoimmunity in infants with a first degree relative with T1D and high risk HLA genotypes

was conducted in Germany. The timing of introduction of cereals to infants has been

associated with diabetes (20). Infants were randomized to introduction of gluten at 6 or 12

months with follow-up every 3 months to 36 months of age. Results showed no difference in

islet autoantibodies or the development of diabetes (21).

SECONDARY PREVENTION

The goal of secondary prevention studies is to prevent the progression from islet

autoimmunity to overt T1D. Robust prediction models are required to conduct these studies

to allow identification of those with clear evidence of islet autoimmunity and to design

studies with a clear understanding of the underlying risk of diabetes in the selected

population. These models use islet autoantibodies and measures of glucose tolerance to

stratify risk. Autoantibodies typically develop years before onset of diabetes. These

antibodies include islet cell antibodies (ICA), insulin autoantibodies (IAA), and antibodies

to glutamic acid decarboxylase (GAD), tyrosine phosphatase (IA-2/ICA512) and zinc

transporter 8 (ZnT8) (22). The presence of two or more antibodies indicates a significantly

increased risk of developing diabetes. A recent publication pooling data from 3 longitudinal

studies following those at high risk from birth, DAISY, DIPP and BABYDIAB/

BABYDIET, showed that the 10 year risk of diabetes was 70% in those with multiple

autoantibodies, 14.5% in those with one autoantibody and 0.4% in those with no

autoantibodies (23). Other factors such as age, BMI, and glucose and insulin responses to
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oral glucose tolerance tests have been utilized to develop a risk score that can further define

those at increased risk (24). Type 1 Diabetes TrialNet, an international study group carrying

out studies of the prevention and early treatment of type 1 diabetes, is conducting a large

longitudinal observational study of relatives of those with type 1 diabetes to further refine

prediction models and identify those at increased risk (25).

Three large multi-centre trials of diabetes prevention in autoantibody positive relatives have

been completed. The European Nicotinamide Diabetes Intervention Trial (ENDIT), studied

nicotinamide in ICA-positive relatives. The study was based on findings from animal

models showing that treatment could prevent diabetes, in vitro studies that showed

protection from beta cell death and a pilot study showing positve results (26). ENDIT found

no difference in the development of T1D in those treated with nicotinamide compared to

placebo (27). In the Diabetes Prevention Trial-Type 1 (DPT-1), insulin was given either

orally or parenterally to alter the immune response toward insulin and reduce islet

destruction (28, 29). Oral insulin had been found to be effective in prevention of diabetes in

young NOD mice (30). Parenteral insulin similarly was found to reduce diabetes in the NOD

model and a pilot study in high risk individuals had shown promising results (31, 32).

Subjects at high risk (greater than 50% risk of developing diabetes over 5 years due to the

presence of ICA and low first phase insulin response) received parenteral insulin. Those

with a lower risk (25 to 50% over 5 years with ICA and IAA but normal first phase insulin

secretion) received daily oral insulin. Parenteral insulin did not show an effect on the

development of T1D (29). The analysis of the primary endpoint of oral insulin treatment did

not show any benefit but post hoc analysis suggested a beneficial effect in the subgroup with

high titers of insulin autoantibodies (28). In the Type 1 Diabetes Prediction and Prevention

Study (DIPP), newborns from the general population and siblings of those with diabetes had

HLA genotyping done on cord blood and those high risk HLA alleles were followed

prospectively (33). Those who developed two or more islet antibodies were treated with

nasal insulin or placebo. The study was stopped as the treatment had no effect. The lack of

benefit seen in these studies is disappointing, but the feasibility of large scale prevention

studies has been proven and significant knowledge and experience to guide future studies

has been gained.

There are currently a number of secondary diabetes prevention trials underway. The Type 1

Diabetes TrialNet study, “Oral Insulin for Prevention of Diabetes in Relatives at Risk for

Type 1 Diabetes Mellitus” is further investigating the post hoc finding of benefit of oral

insulin in the DPT-1 subjects with high IAA titers. Relatives with normal glucose tolerance,

insulin autoantibodies and one of ICA, GAD, ICA512 or ZnT8 antibodies are randomized to

oral insulin or placebo, with an endpoint of the development of diabetes. Recruitment began

in 2007 and is ongoing. TrialNet is also studying Abatacept, (CTLA-4 Ig) in relatives with

two or more islet autoantibodies and normal glucose tolerance. This study’s primary

endpoint is the development of impaired glucose tolerance. This design will allow earlier

assessment of the impact of the therapy on the loss of insulin production. It is based on the

finding that abatacept delays the loss of insulin secretion in recent onset diabetes and the

drug’s effectiveness in treating another autoimmune disease, rheumatoid arthritis (34).

TrialNet’s third prevention study is assessing the impact of teplizumab, (modified anti-CD3)

on progression to diabetes in relatives with 2 or more islet antibodies and abnormal glucose
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tolerance. Teplizumab has been studied in recent onset diabetes in a number of studies and

has been shown to preserve insulin secretion as described below (35).

The Pre-POINT trial is an international multicentre study that is examining intervention with

oral insulin in children age 18 months to 7 years who have a sibling or two or more relatives

with T1D and high risk HLA alleles to examine the impact on the prevention of the

development of islet antibodies (36). Recruitment was completed in 2013 with results

anticipated shortly. The Intranasal Insulin Trial (INIT) is based in Australia and New

Zealand and is assessing the effect of intranasal insulin in first and second degree relatives

ages 4 to 30 years who are at increased risk of diabetes based on data from an earlier pilot

study and on positive findings in the NOD mouse (37). Randomization was completed

recently and results are anticipated in 2 years. The Swedish DiAPREV-IT trial has

randomized 50 children with GAD Ab and one additional islet antibody to 2 injections of

GAD formulated in alum or placebo (38). Treatment with the diabetes antigen, GAD, in the

NOD model has been shown to prevent diabetes (39). Follow up will continue for 5 years

with results expected in 2015.

TERTIARY PREVENTION

After the diagnosis of diabetes and initiation of insulin treatment, many patients have some

recovery of insulin secretion and relatively easily controlled blood glucose levels.

Prolongation of the honeymoon period has the potential to have significant beneficial

effects. In the Diabetes Control and Complications Trial, those subjects with sustained C-

peptide production were found to have rates of nephropathy, retinopathy and hypoglycemia

that were half that found in those without any residual insulin (40). Measurement of C-

peptide production in response to a stimulus such as a mixed meal allows an assessment of

residual insulin secretion and can be used as a marker of the efficacy of interventions (41).

Studies in recent onset diabetes are typically initiated within 6 to 12 weeks of diagnosis and

follow subjects to assess the decline in C-peptide production over 1 to 2 years.

Several drugs, including, cyclosporine, azathioprine and prednisone, were studied in the

1980’s for their ability to induce a remission after the diagnosis of diabetes (42, 43). Despite

some positive findings, side effects limited further use of these agents. Many new

humanized immunomodulatory antibodies have been developed in recent years, both in the

diabetes arena and in other autoimmune conditions.

Anti-CD3 Therapies—The humanized monoclonal antibody hOKT3γ1 (Ala-Ala), known

as teplizumab, interferes with T cell activation by binding the T cell receptor, CD3 (44). It

has been extensively studied in NOD mice and has been one of the only agents shown to

reverse diabetes in this model (44). Herold et al showed that this modified anti-CD3

antibody slowed the loss of C-peptide production over two years after one course of

administration in newly diagnosed patients within 6 weeks of diagnosis with a reduction in

HbA1c and lower insulin doses (45, 46). A European multicenter trial showed that a single

course of a very similar modified anti-CD3 antibody, ChAglyCD3, otelixizumab, in newly

diagnosed patients resulted in higher C-peptide production and reduced insulin doses for 18

months following treatment when compared to placebo (47). These results were most
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pronounced among patients with C-peptide production at or above 50th percentile. Another

study of teplizumab in new onset subjects between 3 and 30 years of age within 8 weeks of

diagnosis gave 2 doses, one at the initiation of the study and a second dose one year later.

Results showed that C-peptide production was 75% higher in the treated group at 2 years

(48). In addition, the manufacturers of both of these modified CD3 molecules carried out

large international trials of these agents, the DEFEND and Protégé studies, in recent onset

patients. The DEFEND study of otelixizumab did not show any benefit, likely due to the

significantly lower dose used than in the earlier studies (49). The Protégé study did not meet

its primary endpoint of HbA1c <6.5% and insulin dose <0.5units/kg, but showed improved

C-peptide production in those treated with the largest dose (50).

Immunoactive Antibodies—The TrialNet study group assessed the role of

mycophenolate mofetil (MMF) and daclizumab (DZB) in maintaining C-peptide production.

Both MMF and DZB have been shown to be effective in transplantation regimens.

Daclizumab targets CD25, the alpha subunit of the interleukin -2 receptor, resulting in

reduced activation of T lymphocytes. This study was stopped early when analysis of C-

peptide production at one year revealed no difference between the groups (51). TrialNet also

investigated the use of the anti-B lymphocyte monoclonal antibody, rituximab, in preserving

C-peptide production. Rituximab depletes mature B cells thereby reducing antigen

presentation to T cells. Study results showed a slower loss of C-peptide with lower insulin

doses and lower HbA1c in the treated group (52). CTLA-4, a costimulatory molecule

expressed on T cells is an important negative regulator of T cell activation. A 2 year

TrialNet study of CTLA-4 Ig (Abatacept) in recent onset diabetes showed improved C-

peptide at 2 years (34). Interleukin 1β is a pro-inflammatory cytokine and has been

implicated in the pathogenesis of T1D. Two studies in new onset diabetes, one using the

anti-IL1β antibody, canakinumab, and the other using the IL1 receptor antagonist, anakinra,

did not alter the course of C-peptide decline (53). A small study of alefacept, a drug that

blocks the interaction between CD2 and CD58 that is required for T lymphocyte

costimulation, given in two 12 week courses, did not show a difference in C-peptide loss at

12 months (54). Surprisingly, treatment with anti-thymocyte globulin (ATG), a potent T

lymphocyte depleting antibody, over 4 days did not show any effect on C-peptide loss at 1

year post treatment (55).

Antigen-Based Treatment—The concept of altering autoimmunity by treatment with a

target antigen has existed for many years. Glutamic acid decarboxylase (GAD) is an

important autoantigen in type 1 diabetes. An early small study in recent onset children

showed a slowed the fall of C-peptide production over the first 30 months after initiation of

therapy (56). Two larger studies, one by TrialNet and one international study did not find

any difference in C-peptide loss at 12 to 15 months (57, 58).

It is clear that highly effective prevention of β cell loss remains an elusive target. Given that

safety is primary in all interventions in this area, the intensity of immunotherapy used in

other autoimmune conditions is not appropriate. Therapies aimed at the specific immune

response to the β cells represent an ideal option but translation of the fundamental science in

this area to clinical trials is challenging. Lessons learned from studies conducted thus far
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point to the ongoing need for appropriately powered studies, the maintenance of clinical trial

networks that can rapidly carry out these studies and facilitate collaboration between

fundamental and clinical scientists, and the need for more robust understanding and

assessment of the ongoing immune response and the effect of therapies on it. Much has been

learned over the past 10 years with the significant increase in clinical trials in this area but

much more remains to be done.
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Figure 1.
The Natural History of Type 1 Diabetes

Reprinted from The Lancet, 383, Mark A. Atkinson, George S Eisenbarth, Aaron W

Michels, Type 1 Diabetes, 69–82., Copyright 2014, with permission from Elsevier.
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Table 1

Studies with Active Enrollment

Study Study Population Primary Endpoint Study Sites

Natural History Study of the
Development of Type 1 Diabetes
Sponsor: TrialNet
Study Group -

- do not have diabetes

- 1 to 45 years of age and first
degree relative of a person with
T1D

- 1 to 20 years of age and second or
third degree relative of a person
with T1D

Development of diabetes TrialNet sites in
Canada, US,
UK, Italy,
Australia and
New Zealand

Oral Insulin For Prevention of
Diabetes In Relatives at Risk for
Type 1 Diabetes Mellitus
Sponsor: TrialNet
Study Group –

- 3 to 45 years of age with relative
with type 1 diabetes

- insulin autoantibodies and one
other diabetes autoantibody

- normal glucose tolerance

Development of diabetes TrialNet sites in
Canada, US,
UK, Italy,
Australia and
New Zealand

AntiCD3 mAb (Teplizumab) For
Prevention of Diabetes in Relatives
At-Risk for Type 1 Diabetes Mellitus
Sponsor: TrialNet
Study Group

- 8 to 45 years of age with relative
with type 1 diabetes

- two diabetes autoantibodies

- abnormal glucose tolerance

Development of diabetes TrialNet sites in
US, Canada
(pending
approval)

CTLA-4 Ig (Abatacept) for
prevention of abnormal glucose
tolerance (AGT) and diabetes in
relatives at-risk for Type 1 diabetes
mellitus

- 6 to 45 years of age with relative
with type 1 diabetes

- two diabetes autoantibodies apart
from insulin autoantibody

- normal glucose tolerance

Development of impaired
glucose tolerance

TrialNet sites in
Canada, US

Imatinib Treatment in Recent Onset
Type 1 Diabetes Mellitus
Sponsor : Juvenile Diabetes Research
Foundation

- 18 (12 after review) to 45 years

- within 3 months of developing
T1D

Preservation of C-peptide at
1 year

5 US sites

DIABGAD - Trial to Preserve Insulin
Secretion in Type 1 Diabetes Using
GAD-Alum (Diamyd) in
Combination With Vitamin D and
Ibuprofen

- 10 to 18 years

- within 4 months of developing
T1D

- GAD antibodies

Preservation of C-peptide up
to 30 months

Sweden

A Trial of High Dose
Immunosuppression and Autologous
Hematopoietic Stem Cell Support
Versus Intensive Insulin Therapy in
Adults With Early Onset Type I
Diabetes Mellitus

• 16 to 35 years old

• at least 1 antibody to islet cell
autoantigen

• enrollment within 5 months of T1D
diagnosis

Preservation of C-peptide up
to 5 years

Chicago

Can J Diabetes. Author manuscript; available in PMC 2015 August 01.


