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Summary

Type 1 diabetes (T1D) is often considered the prototype organ-specific
autoimmune disease in clinical immunology circles. The key disease
features - precise destruction of a single endocrine cell type occurring on a
distinct genetic and autoimmune background - have been unravelled in
recent years to such an extent that there is a growing expectation that the
disease should be curable. T1D is something of an orphan disease, currently
managed by endocrinologists yet dependent upon the wit of immunologists,
both basic and clinical, to find the best approaches to prevention and cure.
Type 1 diabetes thus represents one of the most active arenas for translational
research, as novel immune-based interventions find their way to the clinic.
The first serious attempt at immune-based treatment for T1D was in 1984, the
first at prevention in 1993; current and planned trials will take us into the next
decade before reporting their results. This paper represents the first attempt at
a comprehensive review of this quarter century of endeavour, documenting all
the strategies that have emerged into clinical studies. Importantly, the intense
clinical activity has established robust infrastructures for future T1D trials
and frameworks for their design. The evident success of the monoclonal
anti-CD3 antibody trials in established T1D demonstrate that modulation of
islet autoimmunity in humans after the onset of overt disease can be achieved,
and give some reason to be cautiously optimistic for the ability of these and
other agents, alone and in combination, to provide an effective immuno-
therapy for the disease.
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The clinical problem

Type 1 diabetes (T1D) is a chronic autoimmune disorder
precipitated in genetically susceptible individuals by envi-
ronmental factors [1]. The preclinical period is marked by
the presence of autoantibodies to beta cell antigens, includ-
ing insulin, glutamic acid decarboxylase-65 (GAD65) and
the insulinoma-associated tyrosine phosphatase, IA-2. The
detection of these in the serum is highly predictive of the
development of T1D [2,3]. In addition to autoantibodies;
the preclinical disease stage is also characterized by the gen-
eration of activated, self-reactive lymphocytes that infiltrate
the pancreas and selectively destroy the insulin-producing
beta cells present in the islets [4]. This persistent, targeted

destruction occurs ‘silently’ and may go undetected for many
years. By the time the first clinical symptoms (most notably
those associated with hyperglycaemia) become apparent,
nearly 80% of the patient’s beta cells have been destroyed,
rendering the individual dependent on insulin injections for
their survival. The administration of insulin, however, is not
a cure - even when used to maintain tight glycaemic control,
it does not halt the persistent autoimmune response. Nor
does it prevent, in all patients, the devastating long-term
complications, such as kidney failure, blindness, nerve and
cardiovascular damage. These severe degrees of morbidity,
coupled with the increasing incidence of the disease and a
current lack of tried and tested alternative therapeutic
approaches to treatment, bring a new sense of urgency to the
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search for tolerance-inducing therapies that could halt T1D
progression following diagnosis, or prevent the disease
altogether.

Immune-based intervention in autoimmune diabetes has
been attempted at two main stages of the disease
process - prior to clinical onset but after the appearance of
islet autoantibodies (secondary prevention) and immedi-
ately after diagnosis (intervention). Although prevention is
preferable to intervention the challenges of identifying suf-
ficient at-risk patients among the general population,
coupled with safety concerns with many of the currently
available agents, have placed a greater practical emphasis on
new-onset therapies as the major ‘test bed’. Immunotherapy
at this stage, when there is still some residual beta cell mass
(about 15–20%), aims to provide evidence of safety and
proof-of-principle of efficacy in prolonging or enhancing
endogenous beta cell function, leading to improved blood
glucose homeostasis. The Diabetes Control and Complica-
tions Trial (DCCT) [5] and the Epidemiology of Diabetes
Interventions and Complications (EDIC) follow-up study
[6] have shown that maintaining tight blood glucose control
after onset can prevent or delay the long-term complications
of diabetes. Thus, maintaining and enhancing endogenous
beta cell function as a result of immune intervention after
diagnosis could have a significant impact on the long-term
disease outcome, as well as potentially identifying agents that
would be effective for secondary prevention.

Decades of intense investigations of animal models of
T1D, especially the non-obese diabetic (NOD) mouse, have
led to the evaluation of a large number of potential interven-
tions [7], many of which have shown promising results.
However, translating these findings successfully to humans is
proving to be significantly more challenging - both at the
prevention and intervention stages. A number of therapeutic
candidates have shown promise in animal models but mainly
at the early stages of disease progression, i.e. during the
preclinical phase. Unfortunately, this is also the stage at which
the accuracy of disease prediction is the lowest (Fig. 1),
making it difficult to justify ethically the application of many
early treatments to individuals who may never develop T1D

and thus face unwarranted potential side effects [8]. At the
stage at which the disease can be predicted accurately or is
already clinically manifest, the loss of beta cell mass is sub-
stantial, making potential therapies less effective in reversing
or halting the autoimmune assault. Thus, as ever, the optimal
therapeutic approach will be one that strikes the best risk–
benefit balance between side effects and efficacy.

Several additional factors underlie the chance of success of
T1D clinical trials aimed at preventing or halting the disease.
These include: the accurate translation of the dosing and
scheduling regimen from animal models to human
prevention/intervention trials; the notion that animal
models are sufficiently good indicators of therapeutic
success in a patient; and that the course of the autoimmune
process is still amenable to modulation, especially after overt
disease has been established. These factors add significant
complexity to the quest for developing a successful
prevention/intervention therapy for T1D.

Immunotherapeutic approaches for preventing or halting
autoimmune diabetes have involved both antigen-specific
and antigen non-specific approaches. Because T1D results
from a failure to maintain immune tolerance to islet autoan-
tigens, targeting these autoantigens should provide not only
an effective means of controlling the autoimmune response
but should also avoid the harmful effects associated with
non-specific immunosuppression. Thus, antigen-specific
approaches have been favoured over globally immunosup-
pressive therapies. Tables 1–4 summarize past and current
T1D prevention and intervention trials based on antigen-
specific versus non-specific agents.

Prevention trials in T1D

Early recognition of disease development

For prevention of T1D and also other autoimmune disor-
ders, the paradigm has emerged that intervening early
during the development of disease bears greater promise for
success. This is presumably the case because organ damage
has not progressed as far as a critical point of ‘no return’ and
perhaps the self-regenerative capacity of beta cells is still well
preserved. It is also possible that there are early ‘premalig-
nant’ phases at which the autoimmune response is present
but lacks destructive intensity, as has been described in the
NOD mouse [9]. In T1D, we now have the ability to identify
individuals at risk of developing disease by screening for islet
autoantibodies, with genetic markers in the HLA region an
additional risk factor [3]. Metabolic assessments can also be
included to identify late stages of disease development, at
which there is already some loss of glycaemic control. Thus,
it is now feasible to ‘stage’ individuals according to various
modelled rates of progression to T1D. In assessing the risk–
benefit analysis of a particular therapy, this staging process
may be of great benefit: the greater the projected risk and
rate of progression, the more appropriate it may be to use
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Fig. 1. Model of prediction and intervention/prevention strategies in

type 1 diabetes, as they relate to the timing of loss of beta cell mass

(adapted from [8]).
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therapies with greater potential side effects but a greater
chance of efficacy.

Antigen-specific approaches or not? The advantage of T
regulatory cells (Treg) induction

In general, one has the choice between antigen-specific and
antigen non-specific interventions (Tables 1 and 2). The

former have the advantage that systemic, generalized immu-
nosuppression can be circumvented and have therefore been
of great interest for the prevention and treatment of T1D, as
the major short- and long-term consequences of systemic
immunosuppression should be avoided. The concept of
antigen-specific tolerance has been apparent for some years.
Tolerance can occur as a result of anergy or deletion of
antigen-specific, autoreactive T cells, although it seems

Table 1. Completed, ongoing and planned prevention trials in type 1 diabetes (T1D) using antigen-specific approaches.

Agent Route Stage of development Details References and links

Insulin Parenteral Pilot, completed 1993 Small, pilot study, suggestive of efficacy [88]

Insulin Parenteral Pilot, completed 1998 Small, pilot study, suggestive of efficacy [89]

Insulin (DPT-1) Parenteral Large efficacy study,

completed 2002

No effect seen on disease progression [23] and http://www.diabetestrialnet.org

Insulin (DPT-1) Oral Large efficacy study,

completed 2005

No effect seen on disease progression;

however, strong evidence from

subanalysis of significant treatment

effect on subjects with strong evidence

of insulin autoimmunity. Repeat study

planned

[22] and http://www.diabetestrialnet.org

Insulin (INIT I) Intranasal Phase I, completed

2004

No acceleration of loss of beta cell

function in individuals at risk for T1D

Immune changes consistent with

mucosal tolerance to insulin detected

[26]

Insulin (DIPP) Intranasal Phase I (ongoing) [27] and http://research.utu.fi/dipp

Insulin (INIT II) Intranasal Phase II, started

December 2006

Randomized, double blind, placebo-

controlled trial of ntranasal insulin

(1·6 mg or 16 mg)

https://studies.thegeorgeinstitute.org/

init

Insulin Oral Efficacy study, planned Repeat of oral arm of DPT-1 http://www.diabetestrialnet.org

Insulin Oral and

intranasal

Pilot, planned Pre-POINT study: dose finding in

children with high genetic risk for T1D

[65]

Table 2. Completed, ongoing and planned prevention trials in type 1 diabetes (T1D) using non-antigen-specific approaches.

Agent Route Stage of development Details References and links

Ketotifen

(histamine antagonist)

Oral Pilot, completed 1994 No effect [90]

Cyclosporin Oral Pilot, completed 1996 Delay but not prevention in high-risk

group

[91]

Nicotinamide

(Deutsche Nicotinamide

Intervention Study, DENIS)

Oral Efficacy study,

completed 1998

No effect [92]

Nicotinamide

European Nicotinamide

Diabetes Intervention

Trial (ENDIT)

Oral Efficacy study,

completed 2004

No effect [35]

Various nicotinamide

combinations

(plus cyclosporin, intensive

insulin therapy, vitamin E)

Oral Pilots 1994–2005 No additive effects [93–95]

Bacille Calmette–Guerin (BCG) i.d. Various pilot studies No effect [32–34]

Dietary gluten elimination Oral Pilot, completed 2002 No effect on autoantibodies or disease [96]

Vitamin D3 Oral Phase I, ongoing NCT001419861

Hydrolysed cow’s milk (TRIGR) Oral Phase I, ongoing [36,37]

Docosahexaenoic acid (DHA) Oral Pilot, ongoing http://www.diabetestrialnet.org

1Clinical trial identifier; see http://www.ClinicalTrials.gov
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probable that these mechanisms predominate when high-
dose antigen is used [10,11]. More recently it has become
apparent that tolerance can also involve active, regulatory
mechanisms in the form of Treg induction. Treg have the
advantage of actively down-modulating immunity to other
antigens by acting as bystander suppressors [12]. In addition
they can promote tolerogenic, regulatory responses to other
(auto)-antigens, a process termed ‘infectious tolerance’
[13,14]. The key advantage of autoantigen-specific Treg over
the use of systemic immunosuppressants is their antigen
specificity. Treg specific for self-antigens will be activated only
at sites of active inflammation, where their cognate autoan-
tigens are presented. In theory, therefore, autoantigen-
induced Treg can act as site-specific, highly selective
immunosuppressants, without compromising systemic
immunity to viruses or other pathogens, thus maintaining
full immune competence. Furthermore, they should be able
to exploit natural mechanisms for Treg maintenance and
regeneration, offering the prospect of long-lived tolerance.
Advances in epitope identification [15] should encourage
peptide immunotherapy, which continues to show therapeu-
tic promise in several clinical arenas [10].

Tracking induced Treg responses successfully to monitor
trial outcome

Treg can act as bystander suppressors through a variety of
mechanisms, which are not mutually exclusive. One major
mode of action is the induction of anti-inflammatory cytok-
ines, such as interleukin (IL)-4, IL-10 or transforming growth
factor (TGF)-b [12]. Such cytokines can dampen the func-
tion of antigen-presenting cells (APC), which is context-
dependent and can be overridden by major inflammatory

stimuli, such as Toll-like receptor (TLR) ligation or IL-6
production [16]. In addition, Treg might act directly on
responder cells or APC using cell–cell contact-dependent
mechanisms, which might not involve the action of regula-
tory cytokines [17]. Lastly, as some Treg express high levels of
CD25 (IL-2 receptor a chain), they can lower the bioavail-
ability of IL-2 via receptor binding and in this way inhibit
responder cell proliferation, which might be particularly rel-
evant in in-vitro assays. Treg are heterogeneous, may act
through a multitude of mechanisms and probably depend on
the presence of APC for their function, and for these reasons
it is proving difficult to design and implement suitable in
vitro assays that reflect accurately their activity in vivo [17].

Establishment of suitable in vitro assays to monitor Treg

function is of paramount importance for the success and
design of clinical prevention trials that involve the antigen-
specific modes of action or polyclonal activation of Treg [18].
The goal is to develop these as secondary measures that can
be evaluated early, obviating the need to conduct long and
expensive prevention trials to end-points such as maintained
or elevated C-peptide levels or overt clinical diabetes
development. There is progress in this direction in several
laboratories, with published reports awaited eagerly. Cur-
rently, assays that detect the balance of proinflammatory and
putative regulatory autoimmune responses are being evalu-
ated for sensitivity and specificity on a larger scale, an effort
promoted by consortia within the Immune Tolerance
Network (ITN) and Type 1 Diabetes TrialNet [19,20].

Prevention trials - antigen-specific

Despite there seeming to be more questions than answers,
numerous prevention trials have been conducted in recent

Table 3. Completed, ongoing and planned intervention trials in type 1 diabetes (T1D) using antigen-specific approaches.

Agent Route Stage of development Details References and links

NBI-6024

(APL of insulin)

s.c.

completed

Phase I, [47]

Insulin B chain

plus incomplete

Freund’s adjuvant

s.c. Phase I, completed http://www.immunetolerance.org/research/

autoimmune/trials/orban1.html

DiaPep277

(hsp60 peptide)

s.c Phase II, completed Phase II in adults reports

preservation of C-peptide at

12–18 months

Phase II in children reports no

treatment effect

[58]

[60]

Proinsulin

peptide

vaccine

i.d. Phase I (ongoing) [85]

GAD65 s.c Phase I, completed

in LADA

Phase II completed in children

with T1D, report awaited

[50]

http://www.diamyd.com

Proinsulin-based

DNA vaccine

(BHT-3021)

i.m. Phase I planned http://www.bayhilltherapeutics.com
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years, promoting stepwise advances in the clinical arena.
Most notably, based on encouraging findings in murine
models by Weiner and others [21], oral insulin has been
used in large randomized, controlled, blinded prevention
trials (Diabetes Prevention Trial-1; DPT-1) in which some
100 000 first- and second-degree relatives of T1D patients
were screened for risk before enrolment ([22] and Table 1).
At their conclusion, neither the parenteral [23] nor the oral
[22] insulin therapies could claim to show evidence of pro-
tection from T1D development. However, a subgroup
analysis was performed to test the possibility that oral
insulin might have greater effect as an immune modulator
when given to subjects with high-titre insulin autoantibod-
ies (IAA), as a marker of dominant insulin autoimmunity
[22]. Importantly, this demonstrated a significant treatment
effect in the oral insulin-treated, high-titre IAA group,
which has been used as the rationale for a repeat study

conducted by Type 1 Diabetes TrialNet to address this spe-
cific hypothesis [20]. As has already been alluded to, a key
issue in the design of such studies has been the selection of
dose on the basis of rodent studies. Conversion of doses in
mice to human equivalents is based usually on surface area.
The optimal dose for efficacy in the murine model was
100 mg/kg (equivalent to 300 mg/m2 in man) and a slight
effect was observed at 10 mg/kg (equivalent to 30 mg/m2 in
man) [24,25]. Moreover, mice received treatment twice per
week giving a human equivalent of 600 mg/m2/week at the
most efficacious dose. The DPT-1 dose of 7·5 mg/day is
equivalent to 10·7–17·7 mg/m2/day, which is five- to eight-
fold less than the optimal weekly dose equivalent in the
mouse. Unfortunately, the sheer numbers of subjects
required for prevention studies of this nature preclude any
possibility of a multiple-arm approach in which escalating
doses are evaluated. Instead, these issues may need to be

Table 4. Completed, ongoing and planned intervention trials in type 1 diabetes (T1D) using non-antigen-specific approaches.

Agent Stage of development Details References and links

Cyclosporine Various trials completed

1984–96

Remission induced successfully in recent onset patients, but

therapy typically suspended due to unacceptable side-effects

[31,97]

Nicotinamide Pilot No effect [98]

Anti-thymocyte

globulin plus

prednisolone

Pilot Reduced insulin requirements more than 100 days after

therapy; complicated by severe, transient thrombocytopenia

[99]

Bacille Calmette–

Guerin (BCG)

Pilot No effect [62–64]

Diazoxide No effect [100,101]

IFN-g Phase I Small pilot; possible effect [102]

PRODIAB (oral

protease)

Phase I No effect IMDIAB Study Group,

Rome

Anti-CD3 MoAb

hOKT3g1(Ala-Ala)

Phases I/II, completed

2002

Remission out to 18 months [52]

Anti-CD3 MoAb

ChAglyCD3(TRX4)

Phase II, completed

2005

Reduced insulin requirement out to 18 months [44]

hOKT3g1(Ala-Ala) Phase II Ongoing. Two courses of the Ab administered 1 year apart. [19]

hOKT3gl (Ala-Ala) Phase II Ongoing. Single course of the Ab administered in patients

with T1D of 4–12 months duration since diagnosis.

NCT003785081

hOKT3g1(Ala-Ala) Phases II/III Planned [54]

ChAglyCD3(TRX4) Phase II/III Planned [55]

anti-CD20 MoAb

(Rituximab)

Phase II Ongoing [20]

Anti-thymocyte

globulin (ATG)

Phase I Ongoing NCT001905021

Anti-thymocyte

globulin

(ATG)

Phase II Planned [19,20]

anti-CD52

(Campath-1H)

Phase I Planned NCT002142141

Autologous

umbilical cord

blood cells

Phase I Ongoing NCT003053441

Autologous

gene-engineered

DCs

Phase I Starts 2007 www.chp.edu/research/

03_diabetes_research_stud.

php#safestudy

1Clinical trial identifier; see http://www.ClinicalTrials.gov
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addressed in smaller studies which rely upon the use of sur-
rogate immunological markers to evaluate dose effects, such
as the planned ‘pre-POINT’ initiative as a dose-finding
phase of POINT (Primary Oral/Intranasal Insulin Trial)
(Table 1).

Additional trials of intranasal insulin are under way [Dia-
betes Prediction and Prevention Project (DIPP) and Intra-
nasal Insulin Trial (INIT); Table 1] [26,27]. Intranasal use of
insulin might be of advantage, because lower dosages can be
used and intranasal uptake could possibly be assessed and
controlled more easily than the oral route. It is noteworthy
that there is recent strong evidence from mouse studies that
insulin is a primary target antigen for the anti-islet effector
response in the NOD mouse [28], while several human
studies, although less clear-cut, also argue for the primacy of
this autoantigen [29,30,103]. It is therefore even more
important to define precisely the class of response that is
elicited after mucosal insulin administration in humans.
Obviously, T cells producing regulatory cytokines are desir-
able and might be favoured by mucosal antigen presentation,
whereas augmentation of pre-existing effector memory
responses has to be avoided. In this context it is important to
consider that antigen-specific induction of Treg in mouse
models is typically only effective early during diabetes patho-
genesis, and not once disease is established, unless combined
with systemic immune modulators (see discussion of com-
bination trials below). One explanation might be that later,
during pathogenesis, augmentation of aggressive effector
cells specific for insulin outweighs the induction of existing
or de novo Treg.

Prevention trials - systemic immune modulators

From the discussion in the previous section, two issues that
inhibit deployment of antigen-specific suppression of T1D
in the clinic are evident: we do not yet have reliable markers
to distinguish and quantify Treg from effector cells and we
are uncertain which antigen(s) might constitute the
primary targets in human T1D. The lesson from DPT-1
may even be that the disease is heterogeneous, and that dif-
ferent autoantigens have primacy in different subgroups. In
light of this, considerable efforts have been devoted to non-
antigen-specific prevention of T1D (Table 2). These ‘sys-
temic’ immune modulatory interventions carry the obvious
risk inherent to any immune suppressive regimen: weaken-
ing of host defence and opportunistic infections and long-
term complications such as the development of cancer.
Therefore, sufficiently low dosages of these immune modu-
lators have to be applied over relatively brief periods, which
may well compromise their efficacy. Indeed, it has been
known since the late 1980s that powerful immune suppres-
sants such as cyclosporin can have beneficial effects, yet at
too high a price [31]. Other systemic immune modulators
that are safe, such as bacille Calmette–Guerin (BCG) and
nicotinamide, are at the opposite extreme, showing no

promise of efficacy [32–35]. Finally, there is the distinct
possibility that primary prevention (i.e. interventions in
high risk groups before evidence of islet autoimmunity is
manifest) will be effective and have an acceptable risk
profile. In this regard, the results of the Trial to Reduce
IDDM in the Genetically At-Risk (TRIGR) intervention
[36,37], testing the hypothesis that early exposure to cow’s
milk protein is a risk factor, are eagerly awaited. Overall, it
will be difficult to walk the line between tolerable immune
suppression and long-term benefit, and therefore combina-
tion approaches using drugs that act at different check-
points in the disease process, or that exhibit effects on the
Treg compartment beyond their half-life in blood (such as
monoclonal anti-CD3 antibody therapy, see discussion in
next section) will have to be utilized. In addition, the
lessons learned from treating cancer with multiple cytotoxic
agents should be considered, namely that toxicity profiles
for various agents are different and therefore combination
therapy in which each drug is used at a relatively subopti-
mal dose can be very synergistic in terms of efficacy without
being additive in terms of toxicity.

Prevention trials in T1D - conclusions

The negative results of the major prevention trials using
insulin and nicotinamide (DPT-1 and the European Nicoti-
namide Diabetes Intervention Trial (ENDIT) [35]), leaving
aside the encouraging subanalysis in oral DPT-1, reveal the
complex nature of the disease and the difficulties in design-
ing a preventive strategy. However, these studies also led to
the establishment of important clinical infrastructures for
the future. As an example, the Natural History Study being
conducted by Type 1 Diabetes TrialNet [20] may provide
more clues in relation to pathogenesis and offer cues for
enhancing therapeutic approaches. Others, such as the clini-
cal trial arms of Type 1 Diabetes TrialNet and the Immune
Tolerance Network, offer a future in which ‘best practice’ for
prevention studies can be developed, as well as a robust
infrastructure to face the challenge of screening and recruit-
ment [19,20]. Additional consortia, such as The Environ-
mental Determinants of Diabetes in the Young study group
(TEDDY [38]) and the newly developed Diabetes Research
Clinical Network in the United Kingdom [39] are further
examples of the spread of such initiatives. New impetus has
been added to the study of the early phases of this condition
by the organized acquisition of pancreata from prediabetic
individuals [40], which has been conducted hitherto on an
opportunistic basis. Indeed, if one considers the major thera-
peutic successes of immunotherapy, these have all been made
in diseases such as rheumatoid arthritis (RA) and psoriasis,
in which access to, and monitoring of the affected organ are
much easier. Lastly, suitable T cell assays to identify the
correct class of autoreactive T cell response after successful
trials can be expected to emerge and will greatly aid trial
design and interpretation.
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New-onset T1D trials

Recent-onset T1D and beta cell
regeneration/replication

Immunomodulation to reverse recent-onset diabetes is a
clinical approach of considerable interest, for two major
reasons. First, it is ethically easier to justify risk, because the
disease is present and spontaneous long-lasting remission is
unheard of. Secondly, intervention studies at this stage can
be of much shorter duration (12–24 months), making them
more affordable and more rapid in providing results.

How can clinically established diabetes be reversed? It is
important to realize that loss of beta cells is a gradual process
and that onset of hyperglycaemia does not signify the loss of
all insulin reserve, but rather the presence of an insufficient
beta cell mass or insulin production. Therefore, reversal of
hyperglycaemia (which is also recognized to occur sponta-
neously for a brief period in some patients and is known as
the ‘honeymoon’ period) could arise as a result of several
putative physiological mechanisms, although their existence
awaits firm confirmation. The first is the possible endog-
enous regeneration and replication of remaining beta cells,
perhaps enabled by the initiation of insulin replacement
therapy. This process may occur naturally in islets that have
undergone immune damage, but present therapeutic efforts
are focused on attempts to promote more generalized beta
cell regeneration or replication throughout the pancreas.
The second is the reduction of ‘metabolic stress’ on the
remaining beta-cells, which has been found beneficial in
several animal models [41]. In support, it is known that early
and intensive insulin therapy in patients with recent-onset
T1D can clearly decelerate the loss of remaining beta cell
capacity (i.e. C-peptide decline [42]). A third, provocative
possibility is that there is a transient change in immune
phenotype after diagnosis and towards the honeymoon,
from proinflammatory [interferon (IFN)-g] to anti-
inflammatory (IL-10) cytokine production, as proposed by
Roep [43]. From these considerations it becomes clear that
interventions in recent-onset T1D have to be operational
within a small and clearly defined window, which might also
vary on an individual basis. So far, most trials have included
patients within 3 months of first diagnosis and with remain-
ing beta cell mass as assessed by C-peptide measurements. It
has also become evident that those patients with a greater
remaining beta cell mass (i.e. higher C-peptide levels) may
be more responsive to immune modulation [44].

Intervention trials in recent-onset
T1D - antigen-specific

None of the antigen-specific trials have shown convincing
promise in recent-onset T1D thus far (Table 3). Ongoing
endeavours include the administration of insulin B chain
with incomplete Freund’s adjuvant, which has been highly

effective in preventing diabetes in animal models [45] but has
not so far been fully evaluated in recent-onset T1D studies. In
addition, an altered peptide ligand based on putative major
autoantigenic sites in the insulin B chain, which had induced
strong T helper 2 (Th2) responses in animal models, has been
administered without any evidence of success [46,47]. Of
promise may be a DNA vaccine (BHT-3021) developed by
Bayhill Therapeutics [48], which has shown striking efficacy
in recent-onset diabetes in the NOD mouse, and early clinical
trials should begin soon [49]. Lastly, Diamyd’s GAD-65
protein has shown promising results in their first safety study
in subjects with late-onset autoimmune diabetes of adult-
hood (LADA) [50] and preliminary, unpublished efficacy
studies in children with T1D [51]. It is too early to judge
whether these studies signify a trend in which GAD65
emerges as a primary autoantigen in human T1D.

Intervention trials in recent-onset T1D - antigen
non-specific

As listed in Table 4, several antigen non-specific intervention
studies have been completed in recent-onset T1D. The most
noteworthy and encouraging outcome has been seen after
short-term courses of monoclonal antibodies directed
against CD3 [44,52,53] and designed to lack Fc-binding
capacity, thus removing any propensity of the therapy to lead
to major T cell depletion. These antibodies lead to a short-
term cytokine release syndrome and a transient loss or redis-
tribution of T cells, but after the treatment course, full
immunocompetence is re-established and, interestingly,
there is an enhancement of CD25+ forkhead box P3 (FoxP3)+

populations. This long-term polyclonal increase of putative
Treg could be responsible for the long-term protection (18–
24 months) obtained in both of the published studies.
Current and planned phase II/III trials being pursued by
MacroGenics and TolerRx will hopefully build upon these
encouraging observations [54,55]. It is, however, important
to consider that in all probability the drug doses used thus far
cannot be increased any further (current treatment levels for
one of the anti-CD3 antibodies induced reactivation of
latent Epstein–Barr virus infection [44], while the other
treatment reported a high proportion of patients developing
antibodies to the drug, which may preclude repeated use
[52]). As an alternative, anti-CD3 monoclonal antibody
could be given at its current dose regimen before the onset of
clinical T1D or in combination with other interventions.
This combination approach would ideally incorporate
antigen-specific interventions (a combination that works
well in the murine model [56]), and/or compounds that
foster islet cell regeneration (e.g. exenatide [57]).

Another agent which showed early promise was the
administration of a heat shock protein peptide, hsp277,
designed initially as an antigen-specific approach on the
basis of evidence that the peptide is targeted as an autoanti-
gen in T1D and murine models [58,59]. The encouraging
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results derive from several, somewhat underpowered inves-
tigations which offer contrasting results [60], but not yet
from any large-scale clinical trials. The current putative
mechanism of action is a systemic immune modulation
through activating TLR2 and thus induction of Treg [61].
Additional intervention trials with systemic agents are cur-
rently planned using anti-thymocyte globulin (ATG), which
has been re-engineered by Genzyme, is efficacious in animal
models, and has been used widely with success in clinical
transplantation. Most interestingly, monoclonal anti-CD20
antibody (Rituximab), which depletes B cells and could act
to reduce their antigen-presenting capacity or the proinflam-
matory effect of islet autoantibodies, is currently on trial in
recent-onset T1D [20]. This compound, currently Food and
Drug Administration (FDA)-approved for the treatment of
RA and non-Hodgkin’s lymphoma (NHL), has a relatively
good safety profile and might provide an indirect pathway
for interfering with the APC–T cell axis.

On the negative side, immunization with the BCG agent,
or the use of IFN-a as systemic immune modulators have
failed to show any effect despite, in both cases, promising
results in animal models [62–64].

Intervention trials in recent-onset T1D - conclusions

Recent onset T1D is undoubtedly an ideal starting point for
testing and refining immune-based intervention strategies,
due to the shorter trial duration, lesser cost and more favour-
able risk–benefit analysis. We have learned that systemically
dampening the immune system can be more effective than
antigen-specific immune-based interventions at this stage,
although the latter approaches remain in the very early stages
of development where safety has been the emphasis. At diag-
nosis, it is possible that the anti-islet effector response has
sufficient impetus that antigen-specific manipulations alone
cannot work, and that suitable therapeutic windows need to
be created for beta cell regeneration and the emergence of
Treg to occur. It is therefore reasonable to assume that a
systemically acting immunosuppressant will probably have
to be part of any immune intervention in recent-onset T1D
(see combinatorial trails in the last section of this review).
There is no doubt that the success of intervention at
T1D diagnosis that has been achieved, for example with
anti-CD3, opens the door for these approaches to be
deployed at earlier phases of the disease.

The crystal ball approach: surveying the horizon
for new therapies

Agencies such as the Juvenile Diabetes Research Foundation
(JDRF [65]) and other funding bodies have undertaken con-
siderable efforts in recent years to promote drugs and thera-
peutic concepts from other autoimmune diseases that might
potentially be of benefit in T1D. The most noteworthy
candidates and ongoing endeavours are listed in Table 5 and
will be discussed briefly.

Targeting T cells

Bristol-Myers Squibb has potentially interesting compounds
that are licensed for RA and multiple sclerosis (MS)
(CTLA4-Ig) or are under investigation in solid organ trans-
plantation (the engineered high-affinity variant, LEA29Y)
[66]. These agents will be systemically immunosuppressive
and it will be important to assess whether their modulatory
activity can reach beyond the time the drug is present in the
body, as has been shown for the Treg compartment following
anti-CD3 administration. If this proves not to be the case,
then the safety profile of the drug will be under greater
scrutiny than before in the context of T1D. The dilemma in
relation to CTLA4-Ig and T1D is that, to date, rodent studies
have shown a mixed level of efficacy, ranging from impres-
sive disease protection to disease acceleration [66].

Novel anti-T cell monoclonal antibodies (e.g. anti-CD4
[55], anti-CD45 [67,107]) may also prove of interest. In both
cases, preclinical data look encouraging and also indicate
beneficial effects on the Treg compartment. Long term, it will
be interesting to see whether affecting Treg indirectly by sys-
temic drug therapy (see above) or by direct polyclonal
amplification ex vivo (autologous cell therapy as currently
being developed, for example by the JDRF Collaborative
Center for Cell Therapy [68]) will be the most efficient way
to re-establish immune regulation in T1D.

Targeting APC

CD40 is a key molecule required for ‘licensing’ of APC by T
cells expressing CD40L in order to induce strong effector
responses. Agonist antibodies for therapy in cancer are
under development by Kirin Pharmaceuticals [104]. Agents
that interfere with this pathway have been of high interest
for preventing autoimmunity and, indeed, blockers for
CD40L have been strikingly effective in animal models for
various autoimmune diseases such as systemic lupus
erythematosus, T1D and the animal model of MS, experi-
mental allergic encephalomyelitis [69,70]. Clinical investi-
gations with antibodies to CD40L have run into major
difficulties, because CD40L is expressed on human platelets
and therefore these agents lead to platelet aggregation
through a hitherto undefined pathway; current trials are
therefore on hold. Directly blocking CD40 on APC might
circumvent such problems and antibodies to achieve this
are under development by others.

B cell activation factor from the TNF family (BAFF)
blockers might constitute an alternative to anti-CD20
treatments to target the antigen-presenting capacity of B
lymphocytes, but one should probably best await the
outcome of current clinical trials with anti-CD20 in T1D
(see previous section). Lastly, the family of genes originally
isolated from the Susan McDonough strain of FMS-like
tyrosine kinase 3 (FLT3) inhibitors might interfere globally
with the expansion of dendritic cells. Here, the issue of
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whether expanding DCs is helpful in preventing T1D, as has
been suggested by some studies in the NOD model [71,105],
or whether dampening DC function will be more effective, is
not yet resolved. This controversy centres on the finding by
some groups that NOD mice have a DC defect, which has not
been established by all investigators in similar studies in
humans afflicted with T1D. Therefore, it might be prudent to
await further data on the function of DCs in patients with
T1D and prediabetic individuals to determine how DC func-
tion should be influenced and which subset of DCs should
be targeted.

Targeting natural killer (NK) T cells

The role of NK T cells in T1D has been discussed for many
years. Strong evidence for their potential protective function
has been based on the beneficial outcome of immunization
with alpha-galactosyl-ceramide (Kirin compound 7000) in
animal models [72–74], which is a good mimic of one of the
cognate ligands recognized by NK T cells in the context of
CD1. However, NK T cells produce both IL-4 and IFN-g
following their activation in mice and humans [75], and it is
unclear whether there is a functional defect in NK T cells in
humans with T1D, as individual NK T cell numbers vary
considerably [76]. From recent studies in experimental
autoimmune encephalomyelitis (EAE) models it is known
that the precise ligand recognized by NK T cells defines the
protective function and it is therefore reasonable to view
a-galactosyl-ceramide (a-Gal-Cer) as some type of altered
lipid ligand, which tends to skew immunity by NK T cells in
a protective direction [77,78]. Protection, based on findings
in animal models, is likely to be based on the ability of NK T
cells to condition APC to induce Treg. A preclinical trial is
under way to explore the potential of NK T cell activation by
a-Gal-Cer in humans with T1D.

Targeting cytokines/chemokines

The role of IL-1b in beta cell destruction is well established,
based on data from rodent models and from human islet
studies [79]. Anakinra, a clinically licensed IL-1b receptor
antagonist developed by Amgen for RA, might therefore be
beneficial in preserving beta cell function in T1D, especially
in light of encouraging data from a recent T2D trial showing
improved beta cell secretory function and reduced markers
of systemic inflammation (Mandrup-Poulsen and cowork-
ers, unpublished observations). A potentially better alterna-
tive in terms of administration might be AMG108 (an anti-
IL-1 monoclonal antibody), which is in phase II trials for RA.
Direct administration of cytokines with known regulatory
function such as IL-10 is fraught with the risk of inflamma-
tory systemic side-effects, and dogged by the problem of a
short half-life. Suitable delivery vectors might have to be
used, but in this case the duration of expression might be
hard to control. It might be better to ‘deliver’

cytokines directly to the site of islet inflammation and the
pancreatic lymph node by induction of Treg. Short-term
administration of cytokines might be useful to enhance
induction of Treg in combination therapy regimens (see last
section of this review).

Targeting adhesion molecules

The sequential entry of lymphocytes into single islets is
believed to be a repetitive and key event on the road to T1D
development. Therefore, interfering with lymphocyte rolling
and extravasation/tissue entry is a highly attractive area for
interventions, even during late phases of the disease. To date,
limited preclinical and no clinical data are available for T1D.
However, there are several compounds that have shown
success in other diseases and are therefore of high potential
interest for testing in T1D. Alefacept (Amevive) is a fusion
protein between human leucocyte function-associated
antigen-3 (LFA-3) and the human IgG1 antibody Fc region.
By binding to the CD2 antigen on T cells, Alefacept prevents
T cell activation and triggers apoptosis preferentially in
memory-effector T cells and has shown good efficacy in
psoriasis [80]. Efalizumab targets LFA-1 and also shows
promise in a significant proportion of patients with psoriasis
[81] and could therefore be tested in recent-onset T1D. Ale-
facept and Efalizumab exhibited an excellent safety profile
and no marked enhancement of opportunistic infections
was noted. On the negative side, such compounds might also
restrict access of Treg to the islets and pancreatic lymph node,
but no data to support this potential drawback are available
today; perhaps it is an issue best addressed in preclinical
studies. FTY720, a compound developed by Novartis, might
also be very well suited to inhibit T cell extravasation and
trafficking to inflamed areas.

Other targeting strategies

Interestingly, there are several compounds that one would
not necessarily associate with the pathogenesis of a
lymphocyte-mediated disease such as T1D, but which have
shown promise in animal models. Among them are alpha-1
antitrypsin [82] which appears to affect trafficking and Treg

function. Statins appear to exhibit beneficial effects in MS
and RA models but not in the NOD mouse [83] and might
therefore not be well suited for the treatment of T1D.
Overall, mining for novel compounds by examining which
interventions show promise in other autoimmune diseases is
an important and valid approach to developing new strate-
gies to prevent or revert T1D. However, one has to be cau-
tious with systemic immune modulators, as such drugs
might not be suited for prolonged application in humans,
especially not in the young. Due to these ethical consider-
ations, a combination therapy ‘cocktail’ of more than one
effective compound will probably be needed to reverse T1D.
In the final section we will introduce some promising
endeavours along these lines.
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Combination trials in T1D

Clearly, a single effective immune-based therapeutic
approach has not been identified thus far. Among the best
results is the halt in C-peptide decline following adminis-
tration of non Fc-binding anti-CD3 in recent-onset T1D
[44,52]. Therefore, it seems probable that combination
approaches that involve autoantigen-specific immune
modulation and induction of Treg that can mediate long-
term tolerance will be needed to tackle this multi-faceted
disease successfully. In addition to blocking the autoim-
mune response, we should also be thinking about enhanc-
ing beta cell function, for example through the use of
exanatide and future drugs that can induce beta cell regen-
eration or replication (e.g. epidermal growth factor and
gastrin, which are under investigation by Transition Thera-
peutics, Toronto, Canada, and NovoNordisk, Denmark
[84]).

Table 6 lists some of the ongoing efforts to establish com-
binatorial therapies. It is noteworthy that combination of
non-depleting anti-CD3 (Fab′)2 with a nasally delivered pro-
insulin peptide or nasal or oral insulin has exhibited strong
synergy in two mouse models for T1D by enhancing induc-
tion of CD25+ FoxP3+ Treg and their secretion of immune
modulatory cytokine such as TGF-b and IL-10 [56]. This
strategy is likely to be pursued by the Diabetes Vaccine
Development Centre in the future [85].

The combination of mycophenolate mofetil and anti-
CD25 monoclonal antibody (Daclizumab) is currently
under evaluation in an efficacy study in new onset T1D
patients [20]. It combines two immune suppressive agents
which have proved utility in other autoimmune disease set-
tings where inhibition of T cell activation and proliferation
is required, and also in the context of transplantation,
including human islet grafting. The combination of IL-2
and rapamycin has impressive results from preclinical
studies to support its rationale, which is that IL-2 will
promote the expansion of CD4+ CD25+ Treg in preference to
activating CD25+ effector T cells if the expansion of
the latter can be simultaneously blocked with rapamycin
[86]. One stark reality that should be considered is that,
in general, drug companies are reticent to explore
combination therapies, at least in the early stages of drug
development.

Conclusions

Since the discovery of ‘insulin replacement’ in the early 1920s
and its first life-saving application in a patient with juvenile
diabetes, the hope has lingered that a cure for the disease is
within reach. Today, despite the many remaining challenges
in the field of T1D immunotherapy, hope is steadfastly
approaching reality. A number of ongoing long-term pro-
spective studies should provide important insights into
disease pathogenesis and may reveal potential environmental
triggers. Although the results of the completed prevention
trials have thus far not met with success, they have examined
and ruled out some antigen-specific and non-specific
approaches that will inform the design of new studies.
Importantly, the large prevention trials have established
infrastructure for future T1D trials. The promise of the anti-
CD3 trials in the new onset setting demonstrates the ability
to successfully modulate the autoimmune response in
humans after the onset of overt disease. Moreover, it pro-
vides a reason to be cautiously optimistic for the ability of
this or other agents, especially if combined with antigen-
specific approaches, to provide an effective immunotherapy
for T1D. However, optimism must be tempered by the
potential side-effects of the agents in the clinical pipeline,
and trials will need to proceed with caution until the safety
concerns have been adequately addressed.

A viable therapeutic approach must be not only effective
but it must also be safer and less burdensome to administer
than the standard therapy for T1D. To develop suitable assays
(for example T cell assays [87]) to monitor and predict the
success of a given immune-based intervention, we should
expand our knowledge to all the epitopes [15], targeted by
Treg and effector T cells over the development of T1D.
Although there are many candidates, we do not understand
the role of single antigens during disease progression and
response to therapy, but deployment of smarter assays in
therapeutic trials may shed light on this.
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Table 6. Completed, ongoing and planned prevention/intervention trials in type 1 diabetes (T1D) using combination approaches.

Agent Stage of development Details References and links

Anti-CD3 and intranasal insulin Phase II Planned, recent onset T1D [85]

Mycophenolate mofetil and

anti-CD25 MoAb (Daclizumab)

Phase II Ongoing, recent onset T1D [20]

Anti-CD3 and Exenatide Phase II Various trials planned in recent onset T1D

and in at-risk individuals (prevention)

[20]

IL-2 and Rapamycin Phase II Planned [19,20]

Exenatide and Gastrin Phase II Planned http://www.transitiontherapeutics.com,

http://www.jdrf.org
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