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Introduction

Diabetes mellitus describes the outcome of several metabolic 
disorders characterized by hyperglycemia, including type 1 diabe-
tes (T1D). In the context of T1D, hyperglycemia typically results 
from an immunologically driven assault on the β-cells—the insu-
lin-producing cells of the pancreas—leading to insufficient insulin 
secretion.4 β-Cell destruction is often rapid in young subjects but 
more prolonged in adults; this rate, however, is subject to great vari-
ability between individuals. The cells that infiltrate the islets and 
mediate islet loss are mostly T cells5 and, even though the events 
leading up to diagnosis of T1D remain obscure, the importance 
of T cells in T1D pathology is widely accepted. Due to logistical 
difficulties, human target-tissue is scarce, and many discoveries in 
T1D have been achieved through studies of the non-obese diabetic 
(NOD) mouse, a mouse that spontaneously develops immune-
mediated diabetes similar to human T1D.6,7

The realization that an islet-specific autoimmune response 
underlies T1D provides a clear rationale for immunotherapy. 
The aim of immunotherapy in T1D patients is to specifically 
silence ongoing autoimmune effector mechanisms, halt β-cell 
destruction, and thereby preserve endogenous insulin secretion. 
According to the Diabetes Control and Complications Trial 
(DCCT),8 even modest levels of endogenous C-peptide confer 
long-term health benefits to a patient. Ultimately, immunothera-
peutic drugs could delay or even prevent disease in susceptible 
individuals. Safety considerations are of paramount importance 
here, as T1D can be effectively managed by exogenous insulin 
therapy, and the side-effect profile associated with an effective 
immunotherapy must be favorable enough to justify its use.

Beginning in the early 1980s, attempts to limit or prevent 
the T1D-associated autoimmune reaction began to emerge. 
Early immune interventions included subjecting newly diag-
nosed patients to plasmapheresis or treatment with cyclosporine 
A. Plasmapheresis often resulted in a reduction in serum auto-
antibody (AAb) levels, but had limited impact on β-cell pres-
ervation.9 Cyclosporine A treatment, on the other hand, had a 
dramatic, albeit short-lived, impact on β-cell preservation but 
was associated with severe side-effects.1,10 Other, more recent, tri-
als used non-myeloablative bone marrow transfers11,12 that had 
significant—but temporary—high-risk benefit. It is now widely 
accepted that the risk-reward balance of generalized immune sup-
pression for the treatment of T1D is unacceptable. Thus, in order 
to design successful treatments, it is clear that the field needs 
to evolve toward development of therapies that more specifically 
target the diabetogenic immune response.

Non-Antigenic Immune-Modulators

Monoclonal anti-CD3 antibody
T cells play a critical role in the pathogenesis of T1D in 

rodents and in humans. Monoclonal antibodies specifically tar-
geted against CD3 prevent or reverse T1D in animal models of 
both spontaneous and virus-induced T1D.13,14 CD3 is expressed 
on the surface of T cells as part of the T-cell receptor complex. 
The mammalian CD3 comprises four chains: CD3γ-, CD3δ-, 
and two CD3ε chains. Anti-CD3 antibody therapy (OKT3) has 
been successfully used for preventing transplant rejection; how-
ever, this therapy was associated with increased risk of lymphoma 
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Type 1 diabetes (T1D) results from autoimmune destruction 
of the pancreatic β-cells. Current T1D therapies are exclusively 
focused on regulating glycemia rather than the underlying 
immune response. A handful of trials have sought to alter the 
clinical course of T1D using various broad immune-suppres-
sors, e.g., cyclosporine A and azathioprine.1–3 The effect on 
β-cell preservation was significant, however, these therapies 
were associated with unacceptable side-effects. In contrast, 
more recent immunomodulators, such as anti-CD3 and anti-
genic therapies such as DiaPep277, provide a more targeted 
immunomodulation and have been generally well-tolerated 
and safe; however, as a monotherapy there appear to be limi-
tations in terms of therapeutic benefit. Therefore, we argue 
that this new generation of immune-modifying agents will 
likely work best as part of a combination therapy. This review 
will summarize current immune-modulating therapies under 
investigation and discuss how to move the field of immuno-
therapy in T1D forward.
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and toxic side-effects resulting from a treatment-induced cytokine 
storm.15 More recent work has been aimed at modifying anti-CD3 
antibodies to reduce Fc receptor (FcR) binding affinity, thereby 
limiting cellular activation and cytokine release, while maintain-
ing immunosuppression. Two humanized anti-CD3 monoclonal 
antibodies (mAb) with reduced FcR binding have been evaluated 
in human T1D, teplizumab and otelixizumab. Teplizumab is a 
humanized OKT3 Ab with a mutated C

H
2 region; otelixizumab 

is a humanized chimeric antibody engineered to lack the glyco-
sylation site in the Fc domain.16,17

While initial trial results with either teplizumab or otelixi-
zumab were promising, both failed to clearly demonstrate efficacy 
in phase III trials. In the initial trials, C-peptide levels stabilized 
or declined more slowly and insulin usage decreased in patients 
treated with either anti-CD3 mAb for up to 4 y post-treat-
ment.18-21 Unfortunately, two large subsequent phase III studies 
did not meet their primary endpoints; however, in the most recent 
phase III teplizumab trial, data suggested that younger subjects 
with good metabolic control and higher C-peptide levels, treated 
soon after diagnosis, appeared to have the greatest therapeutic 
benefit.22 The adverse events (AE) profile in the phase III stud-
ies was notably mild, enabling the recent initiation of secondary 
prevention trials (ClinicalTrials.gov NCT01030861). This class 
of therapeutics holds great potential when employed at the appro-
priate dose and in the appropriate patient subset.

Cytotoxic T-lymphocyte antigen 4 (CTLA-4) immunoglob-
ulin fusion protein (Abatacept)

CTLA-4 is a homolog of CD28, a T-cell-expressed molecule 
that binds the B7 complex (CD80/CD86) on antigen present-
ing cells (APCs) to provide co-stimulation of T cells. CTLA-4 
binds the B7 complex with greater affinity, especially CD80, 
than CD28, blocking CD28-B7 interaction and suppressing 
T-cell stimulation.23 CTLA-4 engagement on effector T cells 
(T

eff
) induces tryptophan catabolism, thereby downregulating 

their activity and reducing T-cell proliferation.24,25 In contrast, 
blocking CTLA-4 on suppressive T cells, CD4+CD25+ regu-
latory T-cells (T

regs
), promotes organ-specific autoimmunity in 

mice.26

Abatacept is a fusion protein comprising the Fc region of 
IgG1 and the extracellular domain of CTLA-4. Consequently, 
abatacept binds the B7 complex on APCs, preventing T-cell co-
stimulation. Administration of abatacept (27 infusions over 2 
years) resulted in a 9.6-mo delay in C-peptide decrease in newly 
diagnosed T1D patients compared with placebo-treated sub-
jects.27 The results suggested that diabetogenic T-cell activation 
is partly ongoing at the time of clinical diagnosis and that block-
ing this costimulation pathway could offer temporary benefit. 
Unfortunately, the effect was short-lived despite prolonged dos-
ing, indicating that the major wave of T-cell activation may occur 
prior to diagnosis and cannot be fully ameliorated by abatacept 
treatment post-diagnosis. The drug is now being investigated in 
secondary prevention (ClinicalTrials.gov NCT01773707) and 
may hold potential there.

Monoclonal anti-CD20 antibody (rituximab)
While T cells constitute the most prominent players in T1D 

pathogenesis, B cells can contribute as antigen-presenting cells 

(APCs) and secrete autoantibodies prior to T-cell-mediated 
β-cell destruction.28 Depletion of B cells by administration of 
the anti-CD20 mAb, rituximab, temporarily and partially pre-
served β-cell function over a one-year period in T1D patients.29 
In a follow-up study, rituximab administration lead to a decrease 
in the incidence of asymptomatic EBV reactivation in T1D 
patients, but an increase in the frequency of asymptomatic vire-
mia caused by polyomaviruses.30 It is doubtful, in our opinion, 
that the limited efficacy profile of rituximab in T1D will ever 
justify the risks associated with a prolonged period of almost 
complete B-cell depletion.

Anti-IL-1 antibody (anakinra and canakinumab)
Interleukin (IL)-1β receptors are highly expressed on pancre-

atic β-cells.31 Additionally, IL-1β can enhance T-cell expansion 
and differentiation to a pathological phenotype.32 Hyperglycemia 
promotes secretion of IL-1β and binding of this proinflammatory 
cytokine to its receptor can induce β-cell apoptosis;33,34 however, 
disruption of this cytokine pathway, using either the human IL-1 
receptor antagonist anakinra or the anti-IL-1 mAb canakinumab, 
has failed to prevent or ameliorate T1D in patients.35 Except for 
a small pilot trial with etanercept (anti-TNF), IL-1 remains the 
only cytokine being investigated in human T1D trials. The hope 
with anti-cytokine therapy in T1D is to identify a cytokine that 
controls major downstream effector pathways, as is the case with 
TNF in rheumatoid arthritis, where this cytokine is at the top of 
a ‘pro-inflammatory cascade’. An excellent case can be made for 
some other cytokine targets such as IL-6 or IL-21.36

Antigenic Therapies

Antigen-specific immunotherapy has the potential to provide 
a more targeted impact on the underlying pathology that leads 
to clinical manifestations of T1D without promoting broad sup-
pression and associated side-effects. A number of antigenic tar-
gets are currently being evaluated for efficacy in prevention or 
reversal of T1D in at-risk human populations.

Target antigens in type 1 diabetes
The first indication of β-cell-specific autoimmunity is the 

detection of autoantibodies (AAb); and, the presence of AAbs 
in non-diabetic subjects is predictive of T1D development. Anti-
insulin AAbs (IAA) appear early during the pre-diabetic phase 
and are generally among the first AAbs to be detected.37 This loss 
of tolerance to insulin may result from reduced insulin expression 
in the thymus mediated by a variable number of tandem repeats 
(VNTR) polymorphism in the INS promoter.38-40 Though IAAs 
are often the first AAb detected, they are not the only AAbs 
present in most T1D patients. AAbs specific for proinsulin, the 
65 kD form of glutamic acid decarboxylase (GAD65), tyrosine 
phosphatases islet antigen (IA)-2 and IA-2β, or zinc transporter 
8 (ZnT8) may also be detected.41-45 These proteins, plus insu-
lin, represent the major humoral autoantigens in T1D. They all 
belong to a regulated secretory pathway and, except for GAD65, 
are localized in the insulin secretory granule or its membrane.46 
Upon exocytosis and dissociation of insulin, the vesicular mem-
brane proteins and the insulin segment B9–B23 are exposed to 
the extracellular space.46 Notably, pathogenic T cells recognizing 
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the B9–B23 segment of the insulin B-chain have been detected 
in both NOD and T1D patients.47,48

GAD is responsible for the biosynthesis of the inhibitory neu-
rotransmitter γ-aminobutyric acid (GABA) and, in humans, 
exists as a 67 kDa (GAD67) and a 65 kDa (GAD65) isoform, 
encoded by GAD1 and GAD2, respectively.49 While expression 
of both GAD1 and GAD2 is seen in the brain, only GAD2 is 
expressed in human pancreatic β cells;50 however, its role in the 
pancreas remains unclear. The increased expression of GAD65 
and, consequently, GABA, has been suggested to regulate, or 
impair, the first phase of glucose-dependent insulin secretion.51

IA-2 and IA-2β are transmembrane protein tyrosine phospha-
tase-like proteins, expressed in the insulin secretory granules of 
human β-cells, as well as other peptide-secreting endocrine cells 
and neurons.52,53 Both are major autoantigens in T1D;54,55 den-
dritic cells that are able to process and present soluble IA-2/IA-2β 
to CD4+ T cells have been identified at the onset of T1D.56 IA-2 
and IA-2β are encoded on different chromosomes; IA-2 is a 979-
amino acid protein located on human chromosome 2q35,54,57 
while IA-2β is 986-amino acids long and expressed on human 
chromosome 7q36.58

Zinc transporter 8 (ZnT8) is a transmembrane protein princi-
pally transcribed in the pancreatic islets, with highest expression 
in β cells. It aids in the accumulation of zinc from the cytoplasm 
into intracellular vesicles and, hence, might be important in 
providing zinc for the maturation and/or storage of insulin in β 
cells.59 Wenzlau et al.44 found that 60–80% of new-onset T1D 
patients had anti-ZnT8 AAbs and 26% of individuals with T1D, 
previously considered AAb-negative, were positive for anti-ZnT8 
AAbs. In contrast, <2% of controls and <3% of patients with 
T2D were positive for anti-ZnT8 AAbs.44 Additionally, T cells 
have been identified that are reactive to ZnT8 in human T1D.60

Additionally, islet-specific glucose-6-phosphatase catalytic 
subunit-related protein (IGPR), a member of the glucose-6-phos-
phatase family that is specifically expressed in the endoplasmic 
reticulum of the pancreatic β cells, is also a T1D-associated anti-
gen.61 IGRP is a target of islet-associated, autoreactive CD8+ T 
cells in both NOD and human T1D.62

Animal studies have shown that delivery of antigens via tolero-
genic routes63,64 or using selective tolerizing adjuvants65 can rees-
tablish immune ignorance of islet proteins. The hypothesis is that 
self-reactive T-cell species that have escaped thymic selection can 
be eliminated or functionally silenced after seeing their cognate 
antigen in the appropriate context. This approach has seen clini-
cal success in conditions such as food allergy,66 but translation 
to an autoimmune disease therapy has been difficult. Below we 
will summarize some of the clinical data with selected antigens in 
T1D and try to identify options for improvement.

Insulin
Insulin is a major T1D autoantigen. It has been hypothesized 

that increased insulin production leads to β-cell stress and the 
presentation of more insulin antigen on MHC class I expressed 
on β cells, increasing their susceptibility to T-cell killing.67 
Additionally, IAAs are present in the majority of patients at diag-
nosis and both CD4+68 and CD8+69 insulin-specific T cells are 
detectable in peripheral blood samples from patients. As the only 

β-cell-restricted islet autoantigen, insulin is an attractive target 
for antigen-specific treatment.

Subcutaneous (s.c.) insulin
Subcutaneously delivered insulin was evaluated in an early 

clinical trial that included individuals with islet-specific AAb+ 
first-degree relatives.70 This initial study indicated that s.c. injec-
tion of insulin delayed progression to T1D in at-risk individuals; 
however, it was later reported that many of the subjects who dis-
played delayed disease onset also expressed protective HLA geno-
types.71 In the Diabetes Prevention Trial (DPT-1), first-degree 
relatives with islet cell AAbs and a high (>50%) risk of diabetes 
development over 5 y were treated with s.c. insulin 2´/day and 
intravenous insulin annually.72 Though this treatment regimen 
was safe and well tolerated, it failed to prevent or delay of T1D 
onset compared with the control group.72

Oral insulin
Oral administration of insulin prevents diabetes in animal 

models of spontaneous73 and virus-induced T1D;74 however, the 
success seen in human trials has been modest, at best. In the 
above mentioned DPT-1, one treatment arm comprised relatives 
with an intermediate (26–50%) risk, who were given daily doses 
of 7.5 mg human insulin crystals in non-enterocoated capsules—
in successful animal studies, insulin was orally administered in 
doses ranging from 1- to 9-mg. Though the study failed to affect 
diabetes incidence in the study population,75 post-hoc subgroup 
analysis demonstrated that diabetes onset was delayed in subjects 
with high titers of circulating IAA at inclusion.75 A 13-y follow 
up of the same group further suggested that β-cell protection 
was maintained as long as oral insulin-administration was con-
tinued;76 these findings indicated that IAA titers might be an 
important inclusion criteria for such studies. High IAA titers at 
treatment initiation may also predict the efficacy of combination 
treatment with oral insulin and anti-CD3 in NOD.77 A phase III 
clinical trial including presence of IAA as an inclusion criterion 
is currently recruiting (ClinicalTrials.gov NCT00419562). The 
capacity of oral insulin delivery to reverse disease in newly diag-
nosed subjects has also been investigated, including the IMDIAB 
study,78 the study by the Diabète Insuline Orale group;79 and the 
study by McLaren et al.,80 however, none were efficacious.

Nasal insulin
In 1993, Metzler et al. first demonstrated that inhalation, but 

not oral administration, of an auto-antigenic peptide could limit 
autoimmune pathology in a mouse model of multiple sclerosis.81 
Later, in 1996, nasal administration of insulin was evaluated 
in NOD mice after onset of subclinical diabetes; this therapy 
reduced islet pathology and diabetes incidence.82 In contrast, 
no protection was observed in a double-blind trial, the Diabetes 
Prediction and Prevention (DIPP) trial in Finland, involving 
children with a genetic risk for developing T1D who were positive 
for IAA and daily nasal insulin-administration (1 U insulin/kg 
bodyweight daily).83 Another double-blind trial, the Intranasal 
Insulin Trial I (INIT I) in Australia, in which first-degree rela-
tives of T1D patients, positive for IAA, were treated with nasally 
administered insulin, demonstrated the safety and tolerability 
of intranasal insulin.84 INIT I results indicated that there was 
some improvement in immune tolerance; these findings are now 
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being confirmed in a follow-up study, INIT II. This trial is a 
double-blind, placebo-controlled trial evaluating the impact of 
nasal administration of 440 IU insulin on T1D development in 
first-degree relatives of T1D patients, with AAbs against two or 
more islet antigens. Nasal insulin is administered once daily for 
seven days and then, once per week for a year. The primary end-
point of INIT II is diagnosis of diabetes within 5 y of treatment 
initiation.85 This trial is currently enrolling (ClinicalTrials.gov, 
NCT00336674).

Plasmid-encoded proinsulin
A recent study evaluated the effectiveness of a proinsulin-

encoding plasmid at reducing anti-insulin autoimmunity and 
delaying β-cell decline in T1D patients. Diabetic subjects over 18 
y of age, diagnosed with T1D within 5 y of enrollment, received 
weekly intramuscular (i.m.) injections of either an engineered 
DNA plasmid encoding proinsulin (BHT-3021) at 0.3, 1.0, 3.0, 
or 6.0 mg, or placebo, for 12 weeks.86 C-peptide was better pre-
served in the treated group compared with the placebo-treated 
cohort during dosing, but the effect vanished after drug with-
drawal. This was associated with a measurable reduction in the 
frequency of proinsulin-specific CD8+ T cells but not of T cells 
reactive to unrelated molecules. The treatment was well-tolerated 
and safe.86 These results offer hope that modern antigen-based 
agents can still provide meaningful benefit in the later stages 
post-diagnosis.

However, the lack of long-term C-peptide stabilization and 
the observation that the plasmid may temporarily reduce CD8+ 
T-cell numbers indicate that the length of dosing may need to be 
prolonged or the strategy for plasmid-based therapies may need 
to be further optimized. As discussed by Gottlieb et al.,87 there 
are some possible alterations that hold potential for the optimi-
zation of plasmid-based therapies. Plasmids encoding multiple 
islet-specific autoantigens, or multiple plasmids encoding differ-
ent autoantigens, could offer better tolerance-induction, consid-
ering the epitope spreading seen in most cases of T1D. Moreover, 
steering the immune response to a more T-helper 2 (T

H
2)-like 

phenotype through the addition of genes encoding suppressive 
cytokines, such as IL-4 or IL-10, inhibiting a T

H
1 response, 

introducing more non-coding GpG hexanucleotide motifs, or 
beginning therapy after a short period of immune-suppression, 
e.g., administration of anti-CD3 or anti-CD20, could potentially 
increase the efficacy of tolerance induction by plasmid-encoded 
autoantigens.87

GAD65
As one of the major autoantigens in T1D, GAD65 has been 

extensively evaluated as a possible treatment target. Indeed, 
animal studies have indicated that nasal and intraperitoneal 
administration of GAD65 and i.m. administration of a GAD65-
encoding plasmid DNA delayed or reduced diabetes incidence 
in NOD mice.88-90 Inhibition of diabetes progression in vivo fol-
lowing GAD65 administration may be due to the induction of 
GAD65-specific T

regs
.91 The induction of T

regs
 can be enhanced 

by the incorporation of an adjuvant such as aluminum hydroxide. 
This adjuvant preferentially induces T

H
2 immune responses and 

can promote expansion of T
reg

 populations. A human recombi-
nant GAD65 has been produced and formulated with aluminum 

hydroxide (GAD-alum) by Diamyd Medical.92 A double-blind, 
dose-finding phase II study using GAD-alum was conducted 
in 47 patients diagnosed with latent autoimmune diabetes in 
adults (LADA) in Sweden.93 Patients were given 2 doses of 4, 
20, 100, or 500 µg GAD-alum, or placebo, at weeks 1 and 4. 
This treatment was well-tolerated. Increased fasting C-peptide 
levels were seen at 24 weeks post-treatment initiation in only the 
20 µg GAD-alum-treated group; this cohort also expressed a 
higher CD4+CD25+/CD4+CD25- ratio.93 Additionally, 5 y after 
dosing, no severe treatment-related AEs have been reported and 
fasting C-peptide levels have been preserved in the 4-, 20-, and 
100-µg dosing groups.94 Another phase II trial was conducted 
with 70 children and adolescents in Sweden (NCT00435981) 
who received either 20 µL GAD-alum or placebo at the day of 
enrollment and, again, 4 weeks later. Enrolled subjects had to 
have a fasting C-peptide above 0.1 nmol/L and detectable anti-
GAD65 AAbs (GADA). Patients treated within 6 mo of diag-
nosis had a significantly lower loss of C-peptide compared with 
placebo-treated subjects;95 and, 4 y after administration, fasting 
C-peptide declined more slowly in these patients.96 Though this 
study failed to show a statistically significant difference between 
treatment groups, treatment was associated with induction of a 
more favorable immune response, with decreased GAD-specific 
CD4+ and CD8+ effector T cells and increased GAD65-specific 
T

regs
.97,98 Notably, 4 y after administration, no difference in T

reg
 

function was detected between treatment and placebo cohorts.99

In 2008, a larger, multi-center phase III study (NCT00723411) 
was initiated to examine the effect of 2 or 4 doses of 20-µg GAD-
alum. Based on the earlier phase II study, fasting C-peptide above 
0.1 nmol/L, detectable GADA, and enrollment within 3 mo of 
T1D diagnosis was set as the inclusion criteria. GAD-alum treat-
ment did not improve β-cell preservation in this study.100 Similarly, 
another multi-center phase II study (NCT00529399) initiated by 
TrialNet, administering 3 injections of GAD-alum to patients 
diagnosed within 100 d of enrollment, failed to show any differ-
ence in the decline of β-cell function between treatment and pla-
cebo.101 GAD-alum treatment in clinical T1D has thus far been 
disappointing in late-stage development; based on current data, 
GAD-alum alone is not sufficient for preventing or reversing β-cell 
decline. In 2009, a secondary prevention study (DiAPREV-IT; 
NCT01122446) was initiated to investigate the safety and efficacy 
of GAD-alum treatment as a preventative therapy in at-risk chil-
dren with multiple islet-specific AAbs. The primary completion 
date for this study is estimated to be January 2015.

Clinical trial data has failed to confirm earlier findings in the 
NOD model that indicated that GAD-alum treatment could 
delay or reduce diabetes incidence. Another, more recent study 
evaluated the efficacy of GAD-alum in preventing diabetes onset 
in the NOD and the virally induced RIP-GP model of T1D.102 
In this study, at least three different doses of GAD-alum were 
investigated, including the 20-µg dose used in human trials. In 
agreement with previous clinical trials, GAD-alum failed to pre-
vent diabetes in both mouse models.102

Heat-shock protein 60 (HSP60, p277)
The stress protein HSP60, thought to be responsible for pre-

venting stress-induced damage to proteins and functioning as a 
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chaperone protein, has been investigated as a potential autoan-
tigen in T1D. In 1990, HSP60 was shown to be important for 
the induction of diabetes in the NOD mouse and that transfer 
of HSP60-reactive T cells could induce diabetes in young NOD 
mice.103 Moreover, administration of a peptide (amino acids 437–
460) derived from HSP60 (p277) protected NOD mice from 
both induced and spontaneous diabetes.104

DiaPep277 is a stable version of p277 that promotes anti-
inflammatory effects and cell adhesion, inhibiting migration 
and skewing cytokine secretion away from an inflammatory 
response, through its interaction with Toll-like receptor (TLR) 
2. HSP60 acts through TLR4 to promote pro-inflammatory 
effects; however, DiaPep277 does not impact TLR4 signaling.105 
In a randomized, double-blind, phase II trial, 1 mg DiaPep277 
and 40 mg mannitol in vegetable oil, were administered to recent-
onset T1D patients at study enrollment and 1- and 6 mo later.106 
Glucagon-stimulated C-peptide production was the primary 
endpoint of this study, while secondary endpoints were metabolic 
control and T-cell autoimmunity against HSP60 and p277. At 10 
mo, β-cell preservation was seen in the treated group, as shown 
by better maintained C-peptide concentrations and lower exog-
enous insulin usage, in comparison to placebo-treated subjects. 

The DiaPep277-treated individuals also displayed an enhanced 
T

H
2 cytokine profile to HSP60 and p277.106 Despite these prom-

ising results and being safe and well-tolerated in children and 
adults, several subsequent DiaPep277 clinical trials resulted in 
modest, if any, effects on β-cell preservation.65,107,108

Recently, Andromeda Biotech (TEVA Pharmaceuticals) 
announced the results from an initial phase III clinical trial, 
including 457 newly diagnosed T1D patients, aged 16–45 y 
(NCT00615264). Patients were randomized to either receive 
s.c. administration of 1 mg DiaPep277 or placebo, once every 3 
mo for 2 y. Results from this phase III study are promising, and 
demonstrated better preservation of C-peptide levels in patients 
treated with DiaPep277 compared with the placebo arm (http://
www.andromeda.com). A confirmatory phase III trial, DIA-
AID-2, is currently ongoing and expected to be completed by 
the end of 2014.

Conclusions

There are a number of therapeutic options for modifying 
the underlying immune response that mediates β-cell loss and 
clinical disease (Fig. 1). Many of the treatments that held such 

Figure  1. Immune-intervention in T1D. Various therapies of immune-intervention have been investigated in T1D. The fusion protein of cytotoxic 
T-lymphocyte associated antigen 4 (CTLA-4Ig) inhibits co-stimulation of T cells by competing with CD28 for the binding of B7 on antigen presenting 
cells (APC), while anti-CD3 (teplizumab and otelixizumab) binding of CD3, as part of the T-cell receptor complex (TCR), leads to the inhibition of T-cell 
activation. Neutralization of IL-1 by administration of receptor agonist (anakinra) or anti-IL-1 (canakinumab) has the potential to inhibit proinflammatory 
responses and β-cell apoptosis. Also B cells have a potential role in T1D and anti-CD20 (rituximab) induces downregulation of the B-cell receptor (BCR) 
as well as B-cell apoptosis. Antigenic therapies are thought to contribute to β-cell preservation by inducing antigen-specific regulatory T cells (Treg) and 
reducing the frequency of antigen-specific CD8+ T cells.



www.landesbioscience.com Human Vaccines & Immunotherapeutics 843

promise in mouse models of T1D failed to yield similar results in 
human populations when administered as monotherapies. Severe 
side-effects that plagued a number of early immune-interven-
tions are becoming less common as more directed therapeutics 
are being developed and evaluated. Studies examining the use of 
insulin as an antigenic therapy in both humans and mice have 
identified key obstacles that must be overcome before this type 
of treatment, as well as immune-modifying small molecules, can 
have therapeutic value in a clinical setting. First, the doses used 
in human trials have likely been too low to demonstrate sufficient 
efficacy (~7.5 mg insulin/dose orally in humans vs. 1–9 mg/dose 
in mice). The optimal dose might greatly depend on the type 
of insulin administered and route of administration. Notably, 
orally administered insulin may require enteroprotection as the 
gastric environment will promote protein degradation, prevent-
ing sufficient autoantigen delivery to mucosal tissue and opti-
mal induction of tolerance. Additionally, identifying appropriate 
inclusion criteria, such as IAA-positivity, could influence treat-
ment outcome.

Second, results from both animal models and human trials 
have demonstrated that it is most likely easier to prevent diabetes 
than to stop or reverse its effects after clinical onset. However, 

T1D prevention studies in humans are complicated. The window 
of opportunity for treatment is harder to pinpoint in humans 
and therapies must be demonstrated to be safe in healthy indi-
viduals prior to administration to at-risk individuals, who are 
often children. Even though solid—albeit temporary—effects on 
β-cell preservation have been shown following immunosuppres-
sive interventions in new-onset and established T1D, the risks 
associated with long-term immune suppression outweigh these 
benefits. Antigenic treatment regimens have been safe and well-
tolerated, but have had only mild/moderate beneficial effects.

We argue that antigenic therapies may work best in combi-
nation with other immune modulators, e.g., one antigenic com-
pound administered with a non-antigenic immunotherapy. Of 
note, the use of combination therapies is well-supported by an 
abundance of preclinical data.16,17,109 Proper dose-finding studies 
and identification and validation of biomarkers that can identify 
responders and indicate treatment success early are critical for 
pushing this therapeutic area forward.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

References
1. Stiller CR, Dupré J, Gent M, Jenner MR, Keown PA, 

Laupacis A, Martell R, Rodger NW, von Graffenried 
B, Wolfe BM. Effects of cyclosporine immunosuppres-
sion in insulin-dependent diabetes mellitus of recent 
onset. Science 1984; 223:1362-7; PMID:6367043; 
http://dx.doi.org/10.1126/science.6367043

2. Assan R, Feutren G, Debray-Sachs M, Quiniou-
Debrie MC, Laborie C, Thomas G, Chatenoud L, 
Bach JF. Metabolic and immunological effects of 
cyclosporin in recently diagnosed type 1 diabetes 
mellitus. Lancet 1985; 1:67-71; PMID:2857024; 
http://dx.doi.org/10.1016/S0140-6736(85)91964-6

3. Harrison LC, Colman PG, Dean B, Baxter R, Martin 
FI. Increase in remission rate in newly diagnosed type 
I diabetic subjects treated with azathioprine. Diabetes 
1985; 34:1306-8; PMID:3905463; http://dx.doi.
org/10.2337/diab.34.12.1306

4. van Belle TL, Coppieters KT, von Herrath MG. 
Type 1 diabetes: etiology, immunology, and thera-
peutic strategies. Physiol Rev 2011; 91:79-118; 
PMID:21248163; http://dx.doi.org/10.1152/
physrev.00003.2010

5. Coppieters KT, Dotta F, Amirian N, Campbell PD, 
Kay TW, Atkinson MA, Roep BO, von Herrath MG. 
Demonstration of islet-autoreactive CD8 T cells 
in insulitic lesions from recent onset and long-term 
type 1 diabetes patients. J Exp Med 2012; 209:51-
60; PMID:22213807; http://dx.doi.org/10.1084/
jem.20111187

6. Makino S, Kunimoto K, Muraoka Y, Mizushima Y, 
Katagiri K, Tochino Y. Breeding of a non-obese, dia-
betic strain of mice. Jikken Dobutsu 1980; 29:1-13; 
PMID:6995140

7. Delovitch TL, Singh B. The nonobese diabetic mouse 
as a model of autoimmune diabetes: immune dys-
regulation gets the NOD. Immunity 1997; 7:727-
38; PMID:9430219; http://dx.doi.org/10.1016/
S1074-7613(00)80392-1

8. The Diabetes Control and Complications Trial 
Research Group. Effect of intensive therapy on 
residual beta-cell function in patients with type 1 
diabetes in the diabetes control and complications 
trial. A randomized, controlled trial. Ann Intern Med 
1998; 128:517-23; PMID:9518395; http://dx.doi.
org/10.7326/0003-4819-128-7-199804010-00001

9. Ludvigsson J, Heding L, Liedén G, Marner B, 
Lernmark A. Plasmapheresis in the initial treat-
ment of insulin-dependent diabetes mellitus in 
children. Br Med J (Clin Res Ed) 1983; 286:176-
8; PMID:6401518; http://dx.doi.org/10.1136/
bmj.286.6360.176

10. Parving HH, Tarnow L, Nielsen FS, Rossing 
P, Mandrup-Poulsen T, Osterby R, Nerup J. 
Cyclosporine nephrotoxicity in type 1 diabetic 
patients. A 7-year follow-up study. Diabetes Care 
1999; 22:478-83; PMID:10097932; http://dx.doi.
org/10.2337/diacare.22.3.478

11. Voltarelli JC, Couri CE, Stracieri AB, Oliveira MC, 
Moraes DA, Pieroni F, Coutinho M, Malmegrim 
KC, Foss-Freitas MC, Simões BP, et al. Autologous 
nonmyeloablative hematopoietic stem cell transplan-
tation in newly diagnosed type 1 diabetes mellitus. 
JAMA 2007; 297:1568-76; PMID:17426276; http://
dx.doi.org/10.1001/jama.297.14.1568

12. Couri CE, Oliveira MC, Stracieri AB, Moraes DA, 
Pieroni F, Barros GM, Madeira MI, Malmegrim KC, 
Foss-Freitas MC, Simões BP, et al. C-peptide levels 
and insulin independence following autologous non-
myeloablative hematopoietic stem cell transplanta-
tion in newly diagnosed type 1 diabetes mellitus. 
JAMA 2009; 301:1573-9; PMID:19366777; http://
dx.doi.org/10.1001/jama.2009.470

13. Chatenoud L, Thervet E, Primo J, Bach JF. Anti-CD3 
antibody induces long-term remission of overt auto-
immunity in nonobese diabetic mice. Proc Natl Acad 
Sci U S A 1994; 91:123-7; PMID:8278351; http://
dx.doi.org/10.1073/pnas.91.1.123

14. von Herrath MG, Coon B, Wolfe T, Chatenoud L. 
Nonmitogenic CD3 antibody reverses virally induced 
(rat insulin promoter-lymphocytic choriomenin-
gitis virus) autoimmune diabetes without imped-
ing viral clearance. J Immunol 2002; 168:933-41; 
PMID:11777992

15. Chatenoud L, Legendre C, Ferran C, Bach JF, 
Kreis H. Corticosteroid inhibition of the OKT3-
induced cytokine-related syndrome--dosage 
and kinetics prerequisites. Transplantation 
1991; 51:334-8; PMID:1899732; http://dx.doi.
org/10.1097/00007890-199102000-00012

16. Hu C, Ding H, Zhang X, Wong FS, Wen L. 
Combination treatment with anti-CD20 and oral 
anti-CD3 prevents and reverses autoimmune diabe-
tes. Diabetes 2013; 62:2849-58; PMID:23447122; 
http://dx.doi.org/10.2337/db12-1175

17. Skelley JW, Elmore LK, Kyle JA. Teplizumab for treat-
ment of type 1 diabetes mellitus. Ann Pharmacother 
2012; 46:1405-12; PMID:22968521; http://dx.doi.
org/10.1345/aph.1R065

18. Herold KC, Hagopian W, Auger JA, Poumian-Ruiz 
E, Taylor L, Donaldson D, Gitelman SE, Harlan 
DM, Xu D, Zivin RA, et al. Anti-CD3 monoclonal 
antibody in new-onset type 1 diabetes mellitus. N 
Engl J Med 2002; 346:1692-8; PMID:12037148; 
http://dx.doi.org/10.1056/NEJMoa012864

19. Herold KC, Gitelman SE, Masharani U, Hagopian 
W, Bisikirska B, Donaldson D, Rother K, Diamond 
B, Harlan DM, Bluestone JA. A single course of anti-
CD3 monoclonal antibody hOKT3gamma1(Ala-
Ala) results in improvement in C-peptide responses 
and clinical parameters for at least 2 years after 
onset of type 1 diabetes. Diabetes 2005; 54:1763-
9; PMID:15919798; http://dx.doi.org/10.2337/
diabetes.54.6.1763

20. Keymeulen B, Vandemeulebroucke E, Ziegler 
AG, Mathieu C, Kaufman L, Hale G, Gorus F, 
Goldman M, Walter M, Candon S, et al. Insulin 
needs after CD3-antibody therapy in new-onset 
type 1 diabetes. N Engl J Med 2005; 352:2598-
608; PMID:15972866; http://dx.doi.org/10.1056/
NEJMoa043980

21. Keymeulen B, Walter M, Mathieu C, Kaufman 
L, Gorus F, Hilbrands R, Vandemeulebroucke 
E, Van de Velde U, Crenier L, De Block C, et al. 
Four-year metabolic outcome of a randomised con-
trolled CD3-antibody trial in recent-onset type 1 
diabetic patients depends on their age and baseline 
residual beta cell mass. Diabetologia 2010; 53:614-
23; PMID:20225393; http://dx.doi.org/10.1007/
s00125-009-1644-9



844 Human Vaccines & Immunotherapeutics Volume 10 Issue 4

22. Hagopian W, Ferry RJ Jr., Sherry N, Carlin D, 
Bonvini E, Johnson S, Stein KE, Koenig S, Daifotis 
AG, Herold KC, et al.; Protégé Trial Investigators. 
Teplizumab preserves C-Peptide in recent-onset 
type 1 diabetes: two-year results from the random-
ized, placebo-controlled protege trial. Diabetes 
2013; 62:3901-8; PMID:23801579; http://dx.doi.
org/10.2337/db13-0236

23. Linsley PS, Brady W, Urnes M, Grosmaire LS, 
Damle NK, Ledbetter JA. CTLA-4 is a second recep-
tor for the B cell activation antigen B7. J Exp Med 
1991; 174:561-9; PMID:1714933; http://dx.doi.
org/10.1084/jem.174.3.561

24. Fallarino F, Grohmann U, Hwang KW, Orabona 
C, Vacca C, Bianchi R, Belladonna ML, Fioretti 
MC, Alegre ML, Puccetti P. Modulation of trypto-
phan catabolism by regulatory T cells. Nat Immunol 
2003; 4:1206-12; PMID:14578884; http://dx.doi.
org/10.1038/ni1003

25. Oderup C, Cederbom L, Makowska A, Cilio 
CM, Ivars F. Cytotoxic T lymphocyte antigen-
4-dependent down-modulation of costimulatory 
molecules on dendritic cells in CD4+ CD25+ regu-
latory T-cell-mediated suppression. Immunology 
2006; 118:240-9; PMID:16771859; http://dx.doi.
org/10.1111/j.1365-2567.2006.02362.x

26. Takahashi T, Tagami T, Yamazaki S, Uede T, 
Shimizu J, Sakaguchi N, Mak TW, Sakaguchi S. 
Immunologic self-tolerance maintained by CD25(+)
CD4(+) regulatory T cells constitutively expressing 
cytotoxic T lymphocyte-associated antigen 4. J Exp 
Med 2000; 192:303-10; PMID:10899917; http://
dx.doi.org/10.1084/jem.192.2.303

27. Orban T, Bundy B, Becker DJ, DiMeglio LA, 
Gitelman SE, Goland R, Gottlieb PA, Greenbaum 
CJ, Marks JB, Monzavi R, et al.; Type 1 Diabetes 
TrialNet Abatacept Study Group. Co-stimulation 
modulation with abatacept in patients with recent-
onset type 1 diabetes: a randomised, double-blind, 
placebo-controlled trial. Lancet 2011; 378:412-
9; PMID:21719096; http://dx.doi.org/10.1016/
S0140-6736(11)60886-6

28. Mariño E, Silveira PA, Stolp J, Grey ST. B cell-
directed therapies in type 1 diabetes. Trends 
Immunol 2011; 32:287-94; PMID:21531625; http://
dx.doi.org/10.1016/j.it.2011.03.006

29. Pescovitz MD, Greenbaum CJ, Krause-Steinrauf 
H, Becker DJ, Gitelman SE, Goland R, Gottlieb 
PA, Marks JB, McGee PF, Moran AM, et al.; Type 
1 Diabetes TrialNet Anti-CD20 Study Group. 
Rituximab, B-lymphocyte depletion, and preser-
vation of beta-cell function. N Engl J Med 2009; 
361:2143-52; PMID:19940299; http://dx.doi.
org/10.1056/NEJMoa0904452

30. Kroll JL, Beam C, Li S, Viscidi R, Dighero B, Cho 
A, Boulware D, Pescovitz M, Weinberg A; Type 
1 Diabetes TrialNet Anti CD-20 Study Group. 
Reactivation of latent viruses in individuals receiving 
rituximab for new onset type 1 diabetes. J Clin Virol 
2013; 57:115-9; PMID:23422292; http://dx.doi.
org/10.1016/j.jcv.2013.01.016

31. Böni-Schnetzler M, Boller S, Debray S, Bouzakri K, 
Meier DT, Prazak R, Kerr-Conte J, Pattou F, Ehses 
JA, Schuit FC, et al. Free fatty acids induce a pro-
inflammatory response in islets via the abundantly 
expressed interleukin-1 receptor I. Endocrinology 
2009; 150:5218-29; PMID:19819943; http://dx.doi.
org/10.1210/en.2009-0543

32. Dinarello CA, Simon A, van der Meer JW. Treating 
inflammation by blocking interleukin-1 in a 
broad spectrum of diseases. Nat Rev Drug Discov 
2012; 11:633-52; PMID:22850787; http://dx.doi.
org/10.1038/nrd3800

33. Maedler K, Sergeev P, Ris F, Oberholzer J, Joller-
Jemelka HI, Spinas GA, Kaiser N, Halban PA, 
Donath MY. Glucose-induced beta cell production 
of IL-1beta contributes to glucotoxicity in human 
pancreatic islets. J Clin Invest 2002; 110:851-60; 
PMID:12235117

34. Mandrup-Poulsen T, Pickersgill L, Donath MY. 
Blockade of interleukin 1 in type 1 diabetes mel-
litus. Nat Rev Endocrinol 2010; 6:158-66; 
PMID:20173777; http://dx.doi.org/10.1038/
nrendo.2009.271

35. Moran A, Bundy B, Becker DJ, DiMeglio LA, 
Gitelman SE, Goland R, Greenbaum CJ, Herold KC, 
Marks JB, Raskin P, et al.; Type 1 Diabetes TrialNet 
Canakinumab Study Group; AIDA Study Group. 
Interleukin-1 antagonism in type 1 diabetes of recent 
onset: two multicentre, randomised, double-blind, 
placebo-controlled trials. Lancet 2013; 381:1905-
15; PMID:23562090; http://dx.doi.org/10.1016/
S0140-6736(13)60023-9

36. Sutherland AP, Van Belle T, Wurster AL, Suto A, 
Michaud M, Zhang D, Grusby MJ, von Herrath M. 
Interleukin-21 is required for the development of type 
1 diabetes in NOD mice. Diabetes 2009; 58:1144-
55; PMID:19208913; http://dx.doi.org/10.2337/
db08-0882

37. Kimpimäki T, Kupila A, Hämäläinen AM, Kukko 
M, Kulmala P, Savola K, Simell T, Keskinen P, 
Ilonen J, Simell O, et al. The first signs of beta-cell 
autoimmunity appear in infancy in genetically sus-
ceptible children from the general population: the 
Finnish Type 1 Diabetes Prediction and Prevention 
Study. J Clin Endocrinol Metab 2001; 86:4782-
8; PMID:11600541; http://dx.doi.org/10.1210/
jc.86.10.4782

38. Vafiadis P, Ounissi-Benkalha H, Palumbo M, 
Grabs R, Rousseau M, Goodyer CG, Polychronakos 
C. Class III alleles of the variable number of tan-
dem repeat insulin polymorphism associated with 
silencing of thymic insulin predispose to type 1 
diabetes. J Clin Endocrinol Metab 2001; 86:3705-
10; PMID:11502799; http://dx.doi.org/10.1210/
jc.86.8.3705

39. Durinovic-Belló I, Jelinek E, Schlosser M, 
Eiermann T, Boehm BO, Karges W, Marchand L, 
Polychronakos C. Class III alleles at the insulin 
VNTR polymorphism are associated with regulatory 
T-cell responses to proinsulin epitopes in HLA-DR4, 
DQ8 individuals. Diabetes 2005; 54(Suppl 2):S18-
24; PMID:16306335; http://dx.doi.org/10.2337/
diabetes.54.suppl_2.S18

40. Durinovic-Belló I, Wu RP, Gersuk VH, Sanda S, 
Shilling HG, Nepom GT. Insulin gene VNTR geno-
type associates with frequency and phenotype of the 
autoimmune response to proinsulin. Genes Immun 
2010; 11:188-93; PMID:20054344; http://dx.doi.
org/10.1038/gene.2009.108

41. Ziegler AG, Hummel M, Schenker M, Bonifacio 
E. Autoantibody appearance and risk for develop-
ment of childhood diabetes in offspring of parents 
with type 1 diabetes: the 2-year analysis of the 
German BABYDIAB Study. Diabetes 1999; 48:460-
8; PMID:10078544; http://dx.doi.org/10.2337/
diabetes.48.3.460

42. Yu L, Robles DT, Abiru N, Kaur P, Rewers M, 
Kelemen K, Eisenbarth GS. Early expression of 
antiinsulin autoantibodies of humans and the 
NOD mouse: evidence for early determination 
of subsequent diabetes. Proc Natl Acad Sci U S A 
2000; 97:1701-6; PMID:10677521; http://dx.doi.
org/10.1073/pnas.040556697

43. LaGasse JM, Brantley MS, Leech NJ, Rowe RE, 
Monks S, Palmer JP, Nepom GT, McCulloch 
DK, Hagopian WA; Washingtno State Diabetes 
Prediction Study. Successful prospective prediction 
of type 1 diabetes in schoolchildren through mul-
tiple defined autoantibodies: an 8-year follow-up 
of the Washington State Diabetes Prediction Study. 
Diabetes Care 2002; 25:505-11; PMID:11874938; 
http://dx.doi.org/10.2337/diacare.25.3.505

44. Wenzlau JM, Juhl K, Yu L, Moua O, Sarkar SA, 
Gottlieb P, Rewers M, Eisenbarth GS, Jensen J, 
Davidson HW, et al. The cation eff lux transporter 
ZnT8 (Slc30A8) is a major autoantigen in human 
type 1 diabetes. Proc Natl Acad Sci U S A 2007; 
104:17040-5; PMID:17942684; http://dx.doi.
org/10.1073/pnas.0705894104

45. Knip M, Korhonen S, Kulmala P, Veijola R, Reunanen 
A, Raitakari OT, Viikari J, Akerblom HK. Prediction 
of type 1 diabetes in the general population. Diabetes 
Care 2010; 33:1206-12; PMID:20508230; http://
dx.doi.org/10.2337/dc09-1040

46. Arvan P, Pietropaolo M, Ostrov D, Rhodes CJ. 
Islet autoantigens: structure, function, localization, 
and regulation. Cold Spring Harb Perspect Med 
2012; 2:a007658; PMID:22908193; http://dx.doi.
org/10.1101/cshperspect.a007658

47. Alleva DG, Crowe PD, Jin L, Kwok WW, Ling N, 
Gottschalk M, Conlon PJ, Gottlieb PA, Putnam 
AL, Gaur A. A disease-associated cellular immune 
response in type 1 diabetics to an immunodomi-
nant epitope of insulin. J Clin Invest 2001; 107:173-
80; PMID:11160133; http://dx.doi.org/10.1172/
JCI8525

48. Stadinski BD, Zhang L, Crawford F, Marrack P, 
Eisenbarth GS, Kappler JW. Diabetogenic T cells 
recognize insulin bound to IAg7 in an unexpected, 
weakly binding register. Proc Natl Acad Sci U S A 
2010; 107:10978-83; PMID:20534455; http://
dx.doi.org/10.1073/pnas.1006545107

49. Erlander MG, Tillakaratne NJ, Feldblum S, Patel N, 
Tobin AJ. Two genes encode distinct glutamate decar-
boxylases. Neuron 1991; 7:91-100; PMID:2069816; 
http://dx.doi.org/10.1016/0896-6273(91)90077-D

50. Hagopian WA, Michelsen B, Karlsen AE, Larsen F, 
Moody A, Grubin CE, Rowe R, Petersen J, McEvoy 
R, Lernmark A. Autoantibodies in IDDM pri-
marily recognize the 65,000-M(r) rather than the 
67,000-M(r) isoform of glutamic acid decarboxylase. 
Diabetes 1993; 42:631-6; PMID:8454115; http://
dx.doi.org/10.2337/diab.42.4.631

51. Shi Y, Kanaani J, Menard-Rose V, Ma YH, Chang 
PY, Hanahan D, Tobin A, Grodsky G, Baekkeskov S. 
Increased expression of GAD65 and GABA in pan-
creatic beta-cells impairs first-phase insulin secretion. 
Am J Physiol Endocrinol Metab 2000; 279:E684-94; 
PMID:10950838

52. Solimena M, Dirkx R Jr., Hermel JM, Pleasic-
Williams S, Shapiro JA, Caron L, Rabin DU. ICA 
512, an autoantigen of type I diabetes, is an intrin-
sic membrane protein of neurosecretory granules. 
EMBO J 1996; 15:2102-14; PMID:8641276

53. Lu J, Li Q, Xie H, Chen ZJ, Borovitskaya AE, 
Maclaren NK, Notkins AL, Lan MS. Identification 
of a second transmembrane protein tyrosine phospha-
tase, IA-2beta, as an autoantigen in insulin-dependent 
diabetes mellitus: precursor of the 37-kDa tryptic 
fragment. Proc Natl Acad Sci U S A 1996; 93:2307-
11; PMID:8637868; http://dx.doi.org/10.1073/
pnas.93.6.2307

54. Lan MS, Wasserfall C, Maclaren NK, Notkins AL. 
IA-2, a transmembrane protein of the protein tyrosine 
phosphatase family, is a major autoantigen in insulin-
dependent diabetes mellitus. Proc Natl Acad Sci U S 
A 1996; 93:6367-70; PMID:8692821; http://dx.doi.
org/10.1073/pnas.93.13.6367



www.landesbioscience.com Human Vaccines & Immunotherapeutics 845

55. Notkins AL, Lu J, Li Q, VanderVegt FP, Wasserfall C, 
Maclaren NK, Lan MS. IA-2 and IA-2 beta are major 
autoantigens in IDDM and the precursors of the 40 
kDa and 37 kDa tryptic fragments. J Autoimmun 
1996; 9:677-82; PMID:8933284; http://dx.doi.
org/10.1006/jaut.1996.0088

56. Allen JS, Pang K, Skowera A, Ellis R, Rackham C, 
Lozanoska-Ochser B, Tree T, Leslie RD, Tremble 
JM, Dayan CM, et al. Plasmacytoid dendritic cells are 
proportionally expanded at diagnosis of type 1 dia-
betes and enhance islet autoantigen presentation to 
T-cells through immune complex capture. Diabetes 
2009; 58:138-45; PMID:18835928; http://dx.doi.
org/10.2337/db08-0964

57. van den Maagdenberg AM, Olde Weghuis D, 
Rijss J, van de Wetering RA, Wieringa B, Geurts 
van Kessel A, Hendriks WJ. Assignment of the 
human gene for receptor-type protein tyrosine 
phosphatase IA-2 (PTPRN) to chromosome 
region 2q35 --> q36.1 and identification of an 
intragenic genetic marker. Cytogenet Cell Genet 
1996; 73:145-8; PMID:8646884; http://dx.doi.
org/10.1159/000134327

58. Smith PD, Barker KT, Wang J, Lu YJ, Shipley J, 
Crompton MR. ICAAR, a novel member of a new 
family of transmembrane, tyrosine phosphatase-
like proteins. Biochem Biophys Res Commun 
1996; 229:402-11; PMID:8954911; http://dx.doi.
org/10.1006/bbrc.1996.1817

59. Chimienti F, Devergnas S, Favier A, Seve M. 
Identification and cloning of a beta-cell-specific 
zinc transporter, ZnT-8, localized into insulin 
secretory granules. Diabetes 2004; 53:2330-7; 
PMID:15331542; http://dx.doi.org/10.2337/
diabetes.53.9.2330

60. Dang M, Rockell J, Wagner R, Wenzlau JM, Yu L, 
Hutton JC, Gottlieb PA, Davidson HW. Human type 
1 diabetes is associated with T cell autoimmunity 
to zinc transporter 8. J Immunol 2011; 186:6056-
63; PMID:21471440; http://dx.doi.org/10.4049/
jimmunol.1003815

61. Arden SD, Zahn T, Steegers S, Webb S, Bergman 
B, O’Brien RM, Hutton JC. Molecular cloning of a 
pancreatic islet-specific glucose-6-phosphatase cata-
lytic subunit-related protein. Diabetes 1999; 48:531-
42; PMID:10078553; http://dx.doi.org/10.2337/
diabetes.48.3.531

62. Mallone R, Martinuzzi E, Blancou P, Novelli G, 
Afonso G, Dolz M, Bruno G, Chaillous L, Chatenoud 
L, Bach JM, et al. CD8+ T-cell responses identify 
beta-cell autoimmunity in human type 1 diabetes. 
Diabetes 2007; 56:613-21; PMID:17327428; http://
dx.doi.org/10.2337/db06-1419

63. Friedman A, Weiner HL. Induction of anergy or 
active suppression following oral tolerance is deter-
mined by antigen dosage. Proc Natl Acad Sci U S A 
1994; 91:6688-92; PMID:8022835; http://dx.doi.
org/10.1073/pnas.91.14.6688

64. Martinez NR, Augstein P, Moustakas AK, 
Papadopoulos GK, Gregori S, Adorini L, Jackson 
DC, Harrison LC. Disabling an integral CTL epi-
tope allows suppression of autoimmune diabetes by 
intranasal proinsulin peptide. J Clin Invest 2003; 
111:1365-71; PMID:12727928

65. Lazar L, Ofan R, Weintrob N, Avron A, Tamir M, 
Elias D, Phillip M, Josefsberg Z. Heat-shock pro-
tein peptide DiaPep277 treatment in children with 
newly diagnosed type 1 diabetes: a randomised, 
double-blind phase II study. Diabetes Metab Res Rev 
2007; 23:286-91; PMID:17124721; http://dx.doi.
org/10.1002/dmrr.711

66. Burks AW, Jones SM, Wood RA, Fleischer DM, 
Sicherer SH, Lindblad RW, Stablein D, Henning 
AK, Vickery BP, Liu AH, et al.; Consortium of Food 
Allergy Research (CoFAR). Oral immunotherapy for 
treatment of egg allergy in children. N Engl J Med 
2012; 367:233-43; PMID:22808958; http://dx.doi.
org/10.1056/NEJMoa1200435

67. Skowera A, Ellis RJ, Varela-Calviño R, Arif S, Huang 
GC, Van-Krinks C, Zaremba A, Rackham C, Allen 
JS, Tree TI, et al. CTLs are targeted to kill beta cells 
in patients with type 1 diabetes through recognition 
of a glucose-regulated preproinsulin epitope. J Clin 
Invest 2008; 118:3390-402; PMID:18802479

68. Oling V, Marttila J, Ilonen J, Kwok WW, Nepom 
G, Knip M, Simell O, Reijonen H. GAD65- and 
proinsulin-specific CD4+ T-cells detected by MHC 
class II tetramers in peripheral blood of type 1 dia-
betes patients and at-risk subjects. J Autoimmun 
2005; 25:235-43; PMID:16263242; http://dx.doi.
org/10.1016/j.jaut.2005.09.018

69. Pinkse GG, Tysma OH, Bergen CA, Kester MG, 
Ossendorp F, van Veelen PA, Keymeulen B, Pipeleers 
D, Drijfhout JW, Roep BO. Autoreactive CD8 T 
cells associated with beta cell destruction in type 1 
diabetes. Proc Natl Acad Sci U S A 2005; 102:18425-
30; PMID:16339897; http://dx.doi.org/10.1073/
pnas.0508621102

70. Keller RJ, Eisenbarth GS, Jackson RA. Insulin pro-
phylaxis in individuals at high risk of type I diabetes. 
Lancet 1993; 341:927-8; PMID:8096268; http://
dx.doi.org/10.1016/0140-6736(93)91215-8

71. Pugliese A, Gianani R, Moromisato R, Awdeh ZL, 
Alper CA, Erlich HA, Jackson RA, Eisenbarth GS. 
HLA-DQB1*0602 is associated with dominant pro-
tection from diabetes even among islet cell antibody-
positive first-degree relatives of patients with IDDM. 
Diabetes 1995; 44:608-13; PMID:7789622; http://
dx.doi.org/10.2337/diab.44.6.608

72. Diabetes Prevention Trial--Type 1 Diabetes Study 
Group. Effects of insulin in relatives of patients 
with type 1 diabetes mellitus. N Engl J Med 2002; 
346:1685-91; PMID:12037147; http://dx.doi.
org/10.1056/NEJMoa012350

73. Zhang ZJ, Davidson L, Eisenbarth G, Weiner HL. 
Suppression of diabetes in nonobese diabetic mice 
by oral administration of porcine insulin. Proc Natl 
Acad Sci U S A 1991; 88:10252-6; PMID:1946445; 
http://dx.doi.org/10.1073/pnas.88.22.10252

74. von Herrath MG, Dyrberg T, Oldstone MB. Oral 
insulin treatment suppresses virus-induced antigen-
specific destruction of beta cells and prevents auto-
immune diabetes in transgenic mice. J Clin Invest 
1996; 98:1324-31; PMID:8823297; http://dx.doi.
org/10.1172/JCI118919

75. Skyler JS, Krischer JP, Wolfsdorf J, Cowie C, Palmer 
JP, Greenbaum C, Cuthbertson D, Rafkin-Mervis 
LE, Chase HP, Leschek E. Effects of oral insulin 
in relatives of patients with type 1 diabetes: The 
Diabetes Prevention Trial--Type 1. Diabetes Care 
2005; 28:1068-76; PMID:15855569; http://dx.doi.
org/10.2337/diacare.28.5.1068

76. Vehik K, Cuthbertson D, Ruhlig H, Schatz DA, 
Peakman M, Krischer JP; DPT-1 and TrialNet 
Study Groups. Long-term outcome of individuals 
treated with oral insulin: diabetes prevention trial-
type 1 (DPT-1) oral insulin trial. Diabetes Care 
2011; 34:1585-90; PMID:21610124; http://dx.doi.
org/10.2337/dc11-0523

77. Mamchak AA, Manenkova Y, Leconet W, Zheng 
Y, Chan JR, Stokes CL, Shoda LK, von Herrath 
M, Bresson D. Preexisting autoantibodies predict 
efficacy of oral insulin to cure autoimmune dia-
betes in combination with anti-CD3. Diabetes 
2012; 61:1490-9; PMID:22362174; http://dx.doi.
org/10.2337/db11-1304

78. Pozzilli P, Pitocco D, Visalli N, Cavallo MG, Buzzetti 
R, Crinò A, Spera S, Suraci C, Multari G, Cervoni 
M, et al.; IMDIAB Group. No effect of oral insu-
lin on residual beta-cell function in recent-onset 
type I diabetes (the IMDIAB VII). Diabetologia 
2000; 43:1000-4; PMID:10990077; http://dx.doi.
org/10.1007/s001250051482

79. Chaillous L, Lefèvre H, Thivolet C, Boitard C, 
Lahlou N, Atlan-Gepner C, Bouhanick B, Mogenet 
A, Nicolino M, Carel JC, et al. Oral insulin admin-
istration and residual beta-cell function in recent-
onset type 1 diabetes: a multicentre randomised 
controlled trial. Diabète Insuline Orale group. Lancet 
2000; 356:545-9; PMID:10950231; http://dx.doi.
org/10.1016/S0140-6736(00)02579-4

80. Ergun-Longmire B, Marker J, Zeidler A, Rapaport 
R, Raskin P, Bode B, Schatz D, Vargas A, Rogers D, 
Schwartz S, et al. Oral insulin therapy to prevent pro-
gression of immune-mediated (type 1) diabetes. Ann 
N Y Acad Sci 2004; 1029:260-77; PMID:15681764; 
http://dx.doi.org/10.1196/annals.1309.057

81. Metzler B, Wraith DC. Inhibition of experimental 
autoimmune encephalomyelitis by inhalation but not 
oral administration of the encephalitogenic peptide: 
influence of MHC binding affinity. Int Immunol 
1993; 5:1159-65; PMID:7694644; http://dx.doi.
org/10.1093/intimm/5.9.1159

82. Harrison LC, Dempsey-Collier M, Kramer DR, 
Takahashi K. Aerosol insulin induces regulatory 
CD8 gamma delta T cells that prevent murine insu-
lin-dependent diabetes. J Exp Med 1996; 184:2167-
74; PMID:8976172; http://dx.doi.org/10.1084/
jem.184.6.2167

83. Näntö-Salonen K, Kupila A, Simell S, Siljander H, 
Salonsaari T, Hekkala A, Korhonen S, Erkkola R, 
Sipilä JI, Haavisto L, et al. Nasal insulin to prevent 
type 1 diabetes in children with HLA genotypes and 
autoantibodies conferring increased risk of disease: 
a double-blind, randomised controlled trial. Lancet 
2008; 372:1746-55; PMID:18814906; http://dx.doi.
org/10.1016/S0140-6736(08)61309-4

84. Harrison LC, Honeyman MC, Steele CE, Stone NL, 
Sarugeri E, Bonifacio E, Couper JJ, Colman PG. 
Pancreatic beta-cell function and immune responses 
to insulin after administration of intranasal insulin 
to humans at risk for type 1 diabetes. Diabetes Care 
2004; 27:2348-55; PMID:15451899; http://dx.doi.
org/10.2337/diacare.27.10.2348

85. Harrison LC. Vaccination against self to prevent auto-
immune disease: the type 1 diabetes model. Immunol 
Cell Biol 2008; 86:139-45; PMID:18180798; http://
dx.doi.org/10.1038/sj.icb.7100151

86. Roep BO, Solvason N, Gottlieb PA, Abreu JR, 
Harrison LC, Eisenbarth GS, Yu L, Leviten 
M, Hagopian WA, Buse JB, et al.; BHT-3021 
Investigators. Plasmid-encoded proinsulin preserves 
C-peptide while specifically reducing proinsulin-spe-
cific CD8+ T cells in type 1 diabetes. Sci Transl Med 
2013; 5:91ra82; PMID:23803704; http://dx.doi.
org/10.1126/scitranslmed.3006103

87. Gottlieb P, Utz PJ, Robinson W, Steinman L. Clinical 
optimization of antigen specific modulation of type 
1 diabetes with the plasmid DNA platform. Clin 
Immunol 2013; (Forthcoming); PMID:24094739; 
http://dx.doi.org/10.1016/j.clim.2013.08.010

88. Petersen JS, Karlsen AE, Markholst H, Worsaae A, 
Dyrberg T, Michelsen B. Neonatal tolerization with 
glutamic acid decarboxylase but not with bovine 
serum albumin delays the onset of diabetes in NOD 
mice. Diabetes 1994; 43:1478-84; PMID:7958502; 
http://dx.doi.org/10.2337/diab.43.12.1478

89. Tian J, Atkinson MA, Clare-Salzler M, Herschenfeld 
A, Forsthuber T, Lehmann PV, Kaufman DL. 
Nasal administration of glutamate decarboxylase 
(GAD65) peptides induces Th2 responses and pre-
vents murine insulin-dependent diabetes. J Exp Med 
1996; 183:1561-7; PMID:8666914; http://dx.doi.
org/10.1084/jem.183.4.1561

90. Tisch R, Wang B, Weaver DJ, Liu B, Bui T, Arthos J, 
Serreze DV. Antigen-specific mediated suppression of 
beta cell autoimmunity by plasmid DNA vaccination. 
J Immunol 2001; 166:2122-32; PMID:11160264



846 Human Vaccines & Immunotherapeutics Volume 10 Issue 4

91. Tisch R, Liblau RS, Yang XD, Liblau P, McDevitt 
HO. Induction of GAD65-specific regulatory 
T-cells inhibits ongoing autoimmune diabetes in 
nonobese diabetic mice. Diabetes 1998; 47:894-
9; PMID:9604865; http://dx.doi.org/10.2337/
diabetes.47.6.894

92. Ludvigsson J. Therapy with GAD in diabe-
tes. Diabetes Metab Res Rev 2009; 25:307-15; 
PMID:19267332; http://dx.doi.org/10.1002/
dmrr.941

93. Agardh CD, Cilio CM, Lethagen A, Lynch K, Leslie 
RD, Palmér M, Harris RA, Robertson JA, Lernmark 
A. Clinical evidence for the safety of GAD65 
immunomodulation in adult-onset autoimmune 
diabetes. J Diabetes Complications 2005; 19:238-
46; PMID:15993359; http://dx.doi.org/10.1016/j.
jdiacomp.2004.12.003

94. Agardh CD, Lynch KF, Palmér M, Link K, Lernmark 
A. GAD65 vaccination: 5 years of follow-up in a 
randomised dose-escalating study in adult-onset 
autoimmune diabetes. Diabetologia 2009; 52:1363-
8; PMID:19404608; http://dx.doi.org/10.1007/
s00125-009-1371-2

95. Ludvigsson J, Faresjö M, Hjorth M, Axelsson S, 
Chéramy M, Pihl M, Vaarala O, Forsander G, 
Ivarsson S, Johansson C, et al. GAD treatment and 
insulin secretion in recent-onset type 1 diabetes. N 
Engl J Med 2008; 359:1909-20; PMID:18843118; 
http://dx.doi.org/10.1056/NEJMoa0804328

96. Ludvigsson J, Hjorth M, Chéramy M, Axelsson S, 
Pihl M, Forsander G, Nilsson NÖ, Samuelsson BO, 
Wood T, Aman J, et al. Extended evaluation of the 
safety and efficacy of GAD treatment of children and 
adolescents with recent-onset type 1 diabetes: a ran-
domised controlled trial. Diabetologia 2011; 54:634-
40; PMID:21116604; http://dx.doi.org/10.1007/
s00125-010-1988-1

97. Axelsson S, Hjorth M, Ludvigsson J, Casas R. 
Decreased GAD(65)-specific Th1/Tc1 phenotype in 
children with Type 1 diabetes treated with GAD-alum. 
Diabet Med 2012; 29:1272-8; PMID:22587593; 
http://dx.doi.org/10.1111/j.1464-5491.2012.03710.x

98. Hjorth M, Axelsson S, Rydén A, Faresjö M, 
Ludvigsson J, Casas R. GAD-alum treatment 
induces GAD65-specific CD4+CD25highFOXP3+ 
cells in type 1 diabetic patients. Clin Immunol 
2011; 138:117-26; PMID:21044870; http://dx.doi.
org/10.1016/j.clim.2010.10.004

99. Pihl M, Akerman L, Axelsson S, Chéramy M, Hjorth 
M, Mallone R, Ludvigsson J, Casas R. Regulatory T 
cell phenotype and function 4 years after GAD-alum 
treatment in children with type 1 diabetes. Clin Exp 
Immunol 2013; 172:394-402; PMID:23600827; 
http://dx.doi.org/10.1111/cei.12078

100. Ludvigsson J, Krisky D, Casas R, Battelino T, 
Castaño L, Greening J, Kordonouri O, Otonkoski T, 
Pozzilli P, Robert JJ, et al. GAD65 antigen therapy in 
recently diagnosed type 1 diabetes mellitus. N Engl 
J Med 2012; 366:433-42; PMID:22296077; http://
dx.doi.org/10.1056/NEJMoa1107096

101. Wherrett DK, Bundy B, Becker DJ, DiMeglio LA, 
Gitelman SE, Goland R, Gottlieb PA, Greenbaum 
CJ, Herold KC, Marks JB, et al.; Type 1 Diabetes 
TrialNet GAD Study Group. Antigen-based therapy 
with glutamic acid decarboxylase (GAD) vaccine 
in patients with recent-onset type 1 diabetes: a ran-
domised double-blind trial. Lancet 2011; 378:319-
27; PMID:21714999; http://dx.doi.org/10.1016/
S0140-6736(11)60895-7

102. Boettler T, Pagni PP, Jaffe R, Cheng Y, Zerhouni 
P, von Herrath M. The clinical and immunologi-
cal significance of GAD-specific autoantibody and 
T-cell responses in type 1 diabetes. J Autoimmun 
2013; 44:40-8; PMID:23770292; http://dx.doi.
org/10.1016/j.jaut.2013.05.002

103. Elias D, Markovits D, Reshef T, van der Zee R, 
Cohen IR. Induction and therapy of autoimmune 
diabetes in the non-obese diabetic (NOD/Lt) mouse 
by a 65-kDa heat shock protein. Proc Natl Acad Sci 
U S A 1990; 87:1576-80; PMID:2406723; http://
dx.doi.org/10.1073/pnas.87.4.1576

104. Elias D, Reshef T, Birk OS, van der Zee R, Walker 
MD, Cohen IR. Vaccination against autoimmune 
mouse diabetes with a T-cell epitope of the human 
65-kDa heat shock protein. Proc Natl Acad Sci U S 
A 1991; 88:3088-91; PMID:1707531; http://dx.doi.
org/10.1073/pnas.88.8.3088

105. Eldor R, Kassem S, Raz I. Immune modulation in type 
1 diabetes mellitus using DiaPep277: a short review 
and update of recent clinical trial results. Diabetes 
Metab Res Rev 2009; 25:316-20; PMID:19267355; 
http://dx.doi.org/10.1002/dmrr.942

106. Raz I, Elias D, Avron A, Tamir M, Metzger M, 
Cohen IR. Beta-cell function in new-onset type 
1 diabetes and immunomodulation with a heat-
shock protein peptide (DiaPep277): a randomised, 
double-blind, phase II trial. Lancet 2001; 358:1749-
53; PMID:11734230; http://dx.doi.org/10.1016/
S0140-6736(01)06801-5

107. Huurman VA, Decochez K, Mathieu C, Cohen 
IR, Roep BO. Therapy with the hsp60 peptide 
DiaPep277 in C-peptide positive type 1 diabetes 
patients. Diabetes Metab Res Rev 2007; 23:269-
75; PMID:17024692; http://dx.doi.org/10.1002/
dmrr.691

108. Schloot NC, Meierhoff G, Lengyel C, Vándorfi G, 
Takács J, Pánczél P, Barkai L, Madácsy L, Oroszlán 
T, Kovács P, et al. Effect of heat shock protein peptide 
DiaPep277 on beta-cell function in paediatric and 
adult patients with recent-onset diabetes mellitus type 
1: two prospective, randomized, double-blind phase 
II trials. Diabetes Metab Res Rev 2007; 23:276-
85; PMID:17103487; http://dx.doi.org/10.1002/
dmrr.707

109. Bresson D, Togher L, Rodrigo E, Chen Y, Bluestone 
JA, Herold KC, von Herrath M. Anti-CD3 and 
nasal proinsulin combination therapy enhances 
remission from recent-onset autoimmune diabetes 
by inducing Tregs. J Clin Invest 2006; 116:1371-
81; PMID:16628253; http://dx.doi.org/10.1172/
JCI27191


