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Abstract

 

Type 1 diabetes mellitus results from the progressive and specific autoimmune destruction of insulin-secreting pancreatic
B-cells, which develops over a period of years and continues after the initial clinical presentation. The ultimate goal of
therapeutic intervention is prevention or reversal of the disease by the arrest of autoimmunity and by preservation/resto-
ration of B-cell mass and function. Recent clinical trials of antigen-specific or non-specific immune therapies have proved
that modulation of islet specific autoimmunity in humans and prevention of insulin secretion loss in the short term after
the onset of disease is achievable. The identification of suitable candidates for therapy, appropriate dosage and timing,
specificity of intervention and the side-effect profile are crucial for the success of any approach. Considering the complex-
ity of the disease, it is likely that a rationally designed approach of combined immune-based therapies that target suppres-
sion of B-cell specific autoreactivity and maintenance of immune tolerance, coupled with islet regeneration or replacement
of the destroyed B-cell mass, will prove to be most effective in causing remission/reversal of disease in a durable fashion.

Diabet. Med. 25, 1259–1267 (2008)
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Pancreatic B-cell destruction, residual B-cell 
function and timing of intervention

 

During the last decades of the 20th century, there was an
increase in the incidence of Type 1 diabetes mellitus (T1D) in
most regions of the world. Various environmental factors have
been suggested to contribute to this increasing trend (Table 1)
[1–4]. Complex interactions between genetic susceptibility and
environment, influencing the immunological compartment

during the prodromal period, lead in some individuals to overt
immunological abnormalities, including occurrence of auto-
antibodies and islet-reactive T cells [5,6]. Progression of the
disease requires activation of the pathogenic T cells and/or
a decline in immunoregulation followed by an aggressive
attack directed against pancreatic B-cells [6]. Over time, there
is a progressive decrease in B-cell mass mirrored by loss of
insulin secretion and later by overt hyperglycaemia [7,8].
The Diabetes Control and Complications Trial (DCCT)
established support for the relationship between residual B-cell
function and glucose control as individuals who had stimulated
C-peptide levels > 0.2 pmol/ml had improved responses to
treatment and outcomes [9–12]. Thus, preservation of even
some endogenous insulin-producing capacity could have
a significant impact on the long-term disease outcome by
improving glycaemic control. The onset of hyperglycaemia
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is usually followed by transient partial remission, but the
disease continues to develop even after the initial clinical
presentation until there is complete insulinopaenia [7,13].
Therefore, early interventions that preclude the onset of the
disease (before irreversible destruction of B-cell mass occurs)
would be ideal, provided that they are safe and have long-
lasting effects.

The problem with insulin replacement therapy is that it is
not curative, as it does not address directly the cause of the
disease. The goal of any therapeutic intervention is abrogation
of pathogenic reactivity to autoantigens, while preserving full
capacity to mount a normal immune response against foreign
pathogens, with preservation/restoration of B-cell mass and
function. Although a great number of potential therapeutic
candidates have been investigated in preclinical models of
T1D, many of which showed encouraging results, the success-
ful extrapolation of these findings to humans has proven to be
a significantly more difficult task. This is partially because of
the huge complexity and inter-individual heterogeneity in
the pathogenesis of the human disease, illustrated by the
association between younger age at onset and clinical course
(shorter duration of symptoms, more severe metabolic
decompensation at diagnosis and a more rapid rate of progression)
as well as genetic and environmental determinants of the intensity
of the B-cell destructive process (greater genetic susceptibility,
more intense immune response to B-cell antigens) [14–17].
Therefore, designing therapies that would be effective in all
clinical settings is challenging.

Theoretically, therapeutic approaches can be contemplated
at different stages of the natural history of the disease. Current
dilemmas are optimum time of intervention and proper selection
of the candidate population from the perspective of risk/benefit
ratio. Low-risk therapies with minimal side effects can be
administered ethically before clinical onset (in primary prevention
trials), but they require a large number of screened subjects in
order to identify a reasonable number of eligible participants,
are very expensive and may take a long period of time to
document results. In addition, many of the individuals who are
genetically predisposed and even have circulating autoantibodies
do not develop diabetes or it may occur many years later [7].

Unfortunately, it remains difficult to predict who may benefit
from any given intervention, as sufficiently validated and
specific surrogate markers of disease prediction or intervention are
relatively scarce. It is therefore easiest to perform intervention
trials in patients that have been newly diagnosed with T1D as
they already carry a straightforward marker of the disease
(hyperglycaemia), are certainly highly motivated and the disease
course is still amenable to modulation [18]. In addition, these
trials require a smaller number of subjects over shorter periods
of time to demonstrate the effectiveness of intervention.
However, the downside of these interventions is that B-cell
damage is already substantial, making potential treatments
less effective in arresting the autoimmune process. Thus, the
optimal therapeutic approach is the one that ensures a state
of equipoise between risk and benefit, balancing the side
effects/efficacy ratio.

 

Therapeutic strategies for T1D

 

In this article we will review potential therapeutic strategies for
prevention or reversal of T1D in humans with a special emphasis
on those that have reached clinical relevance (are either
approved for therapeutic use or are being tested in clinical
trials of T1D). These approaches broadly address the prevention
of (further) B-cell loss by the arrest of the autoimmune process
and B-cell protection on one hand and B-cell regeneration and
replacement on the other (Table 2). Certainly, the distinction
is only scholastic since there is an extensive overlap between
these areas and presumably a successful intervention requires
a combined approach.

 

Prevention of pancreatic B-cell loss

 

As mentioned, the strategies for prevention of B-cell loss focus
on halting the immune response against B-cells in the pancreatic
islets and also on protection of B-cells by making them more
resistant to the attack. These immunotherapeutic approaches
involve both antigen-specific and non-antigen-specific approaches
which target various components of the pathological cascade
(Fig. 1).

 

Antigen-specific immunotherapy

 

As T1D results from the failure to maintain tolerance to auto-
antigens, targeting them through antigen-specific therapies
should provide effective means of controlling the autoimmune
process by inducing tolerance and also avoid the unwanted
side effects associated with non-specific immunosuppression.
The rationale behind administration of autoantigen in a toler-
ogenic regimen is induction of protective immunity by genera-
tion of antigen-specific regulatory T cells (Tregs), which act by
releasing inhibitory cytokines [e.g. interleukin (IL)-10, IL-4],
by induction of anergy/deletion of autoreactive effector T cells
and possibly by deviation of their phenotype towards a non-
pathogenic one [19–21]. The antigens used as tolerogens have
included insulin, glutamic acid decarboxylase (GAD), heat

Table 1 The most important environmental factors which possibly 
contribute to the increased incidence of Type 1 diabetes [1–4]

Environmental factors Hypothesis

Viral infections 
(e.g. enteroviruses) 

Viral hypothesis

Exposure to certain food 
constituents (gluten; toxic 
agents such as nitrite/nitrate)

Dietary hypothesis

Increased hygiene; lack of 
childhood infections

Hygiene hypothesis

Rapid growth in early 
childhood

Accelerator hypothesis
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Table 2

 

New therapeutic interventions for Type 1 diabetes in humans

Aim of intervention Type of intervention Pros/advantages Cons/disadvantages

Prevention 
of B-cell loss

Immune-based 
therapy

Antigen specific
Insulin, HSP60, 
GAD65 (and their peptides)

Safe
Induction imunoregulatory mechanisms
Moderate clinical benefit (preservation 
of C-peptide over a limited time period) 
in intervention trials

No/partial success in prevention trials so far

Non-antigen specific
Immunosuppresants Induce depletion/inactivation 

of pathogenic cells
Limited/no effect; short- and 
long-term side effects

Nicotinamide Safe No efficacy for diabetes prevention 
Protection against B-cell death

Anti-CD3 mAb Induction of tolerance by apoptosis/
anergy of activated T cells and 
expansion of Tregs

Side effects (moderate cytokine 
release syndrome; transient reactivation 
of EBV; potential anti-idiotypic antibodies)

No chronic immunosuppression
Prevention of loss of insulin production 
> 1 year in intervention trials

Reoccurrence of B-cell failure

Regeneration/restoration 
of B-cell mass

Transplantation Pancreas/islet cells Feasible
Improved glycaemic control
Preferable in simultaneous renal graft 
(when immunosuppression 
is already necessary)

Modest success of the procedure; continuous 
immunosuppression is needed
Islet isolation procedure—technically 
challenging; costly; lack of sufficient 
pancreata (multiple donors per recipient)
Whole pancreas—more invasive surgery

Pharmacologic agents (e.g. GLP-1 receptor agonists, 
DPP-4 inhibitors)

Approved for Type 2 diabetes therapy
Eliminate need for surgical procedures
Presumably stimulates B-cell 
regeneration

Definite effect of B-cell regeneration 
not yet fully evaluated
Long-term safety needs further evaluation

Stem cells/genetic therapy Good potential source of 
surrogate insulin producing cells

Still in preclinical research phase

DPP-4, dipeptidyl peptidase 4; EBV, Epstein–Barr virus; GLP-1, glucagon-like peptide 1; mAb, monoclonal antibody; Tregs, regulatory T cells; HSP, heat shock protein; GAD, glutamic acid decaboxylase.

 

dm
e(01)_2556.fm

  Page 1261  T
uesday, O

ctober 28, 2008  8:47 A
M



 

DIABETIC

 

Medicine Pancreatic B-cell function in Type 1 diabetes • 

 

S. Cernea and P. Pozzilli

 

© 2008 The Authors.

 

1262

 

Journal compilation © 2008 Diabetes UK. 

 

Diabetic Medicine

 

,

 

 

 

25

 

, 1259–1267

 

shock protein (HSP) and their constituent peptides. They
have been administered by the subcutaneous, oral or nasal
routes and have been tested both in prevention and intervention
trials.

The initial success of the studies in animal models of diabetes
and of a pilot trial in relatives of patients with T1D (which
demonstrated that insulin given before disease onset prevents
or delays diabetes) led to the initiation of a large-scale clinical
trial of an antigen-based therapy for the prevention of diabetes
[22–24]. The Diabetes Prevention Trial—Type 1 (DPT-1)
recruited high-risk relatives of patients with T1D. Participants
were randomly assigned to observation or intervention with
oral or parenteral insulin on the basis of their risk of disease
[25,26]. Parenteral insulin failed to protect against the disease
onset. Overall, oral insulin did not prevent diabetes in all
subjects recruited for that arm of the trial; however, a subsequent
analysis indicated a delay in diabetes onset in the subgroup of
individuals who had high titres of anti-insulin autoantibodies.

Possible explanations for the overall study failure are dosage
(which were empirically calculated based on animal data and
appeared to be 5–8 times lower than the weekly equivalent
dose in mice), schedule of insulin administration, changes in
the protocol and also timing of the intervention or other poorly
defined aspects of the autoimmune response [27–29]. Although
the protection was not complete and not all treated subjects
benefited, this initial partial success raised hopes for future
studies meant to enhance the treatment effect. Type 1 Diabetes
TrialNet (http://www.diabetestrialnet.org) has already initiated
further studies to explore the potential role of oral insulin in
delaying or preventing T1D in relatives whose risk for diabetes
is similar to those in the DPT-1 subgroup. An initial report in
subjects at risk for T1D found that intranasal delivery of
insulin is safe and induced immune changes consistent with
mucosal tolerance to insulin [30]. Additional trials are currently
ongoing [such as the Finnish Diabetes Prediction and Prevention
Project (DIPP)] or planned [Primary Oral/intranasal INsulin

FIGURE 1 Potential therapeutic strategies for prevention/reversal of Type 1 diabetes. These could be contemplated in different stages during the natural 
history of diabetes: in individuals with high genetic risk; for prevention of autoimmunity, in antibody-positive individuals; for prevention of disease 
onset (primary prevention) or after clinical onset; for preservation of residual pancreatic B-cell mass and function (secondary and tertiary prevention). 
Ideally, immune-based therapies should be administered before onset of Type 1 diabetes (or shortly afterwards), when there is still some residual B-cell 
mass that could be rescued. Methods of B-cell replacement are used when there is insufficient B-cell mass that could assure sufficient endogenous insulin 
levels necessary for maintenance of good glycaemic control.
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Trial (Pre-POINT)] and aim to determine the efficacy of nasal
insulin as well as the optimum insulin dose [31,32].

Other studies have used short-term antigen-specific inter-
ventions designed to alter the immune response in a manner
that might result in sustained beneficial effects. An immuno-
modulatory humanized peptide from HSP60 (p277 peptide)
modified to increase its stability 

 

in vivo

 

 (DiaPep277®), has
provided evidence suggestive of better preservation of C-
peptide in recent-onset T1D [33]. At the end of the 10 months
of follow-up, the intervention group had improved mean C-
peptide levels and required significantly less exogenous insulin
to obtain the same level of glycated haemoglobin (HbA

 

1c

 

) as
the control group. Interestingly, drug treatment affected the
phenotype of the response to DiaPep277® in the immunized
subjects, with enhancement of Th2 type cytokine production.
Nevertheless, C-peptide levels decreased later in the treated
group, although the change was less pronounced than in the
placebo group. A similar study carried out in children with
T1D had no beneficial effect in preserving B-cell function or
improving glycaemic control [34–36]. Likewise, the report of
a clinical trial in latent autoimmune diabetes in adults (LADA)
patients using an alum-formulated recombinant human
GAD65 showed promise, as it increased C-peptide levels and
the purported Tregs subset in peripheral blood. The efficacy of
this compound is being examined further in TrialNet intervention
trials [37].

 

Non-antigen-specific immunotherapy

 

Because T1D is a heterogenous disease, and as the initial anti-
genic repertoire as primary target of the immune attack is still
not very well defined, considerable efforts have been devoted
to non-antigenic immune interventions. Initial trials used
broad-spectrum immunosuppressive agents that would deplete
or inactivate pathogenic T cells. Cyclosporin, azathioprine,
prednisone and anti-thymocytic globulin led to a decrease in
insulin requirements and enhanced endogenous B-cell function
in patients with recent onset of T1D, but the magnitude and
duration of benefits were limited and concern over short- and
long-term toxicity limited their use [38–43].

A large multicentre trial carried out in Europe, the European
Nicotinamide Diabetes Intervention Trial (ENDIT), employing
a similar screening strategy to DPT-1, randomized subjects at
risk to observation or treatment with nicotinamide [44].
Nicotinamide had been shown to modify the course of diabetes
in preclinical models, presumably by direct reduction of cytokine-
mediated B-cell damage [45]. As in DPT-1, the screening
approach was very successful in identifying individuals at risk,
but nicotinamide was not effective in prevention of diabetes in
this cohort.

Noteworthy and promising outcomes have been seen in two
studies using two different humanized anti-CD3 monoclonal
antibodies (anti-CD3) in new-onset T1D. The two anti-CD3
molecules were modified in an attempt to decrease toxicity,
which was seen mainly in the form of cytokine release syndrome
[46,47]. Although the exact mechanisms responsible for the

actions of the anti-CD3 are still not fully elucidated, several
possibilities exist: induction of antigenic modulation, anergy,
induction of apoptosis in activated cells and immune tolerance
through adaptive Tregs [48,49]. Both phase II trials using the
two different anti-CD3 preparations have reported preservation
of B-cell function, with maintenance of higher endogenous
insulin secretion assessed by C-peptide response and concom-
itant reduction in HbA

 

1c

 

 and insulin usage in the treated group
over at least a 1-year period of time [50–52]. In both trials,
adverse events associated with treatment included those of
cytokine release (fever, headache, gastrointestinal symptoms,
rash) that were self-limiting or responsive to symptomatic
therapy. In addition, transient reactivation of the Epstein–Barr
virus (EBV) with signs and symptoms of mononucleosis and
occurrence of anti-idiotype antibodies have been reported
[50–52]. It should be noted that, in spite of the overall initial
efficacy in prevention of disease progression, the effects of the
therapy varied between individuals (with some patients failing
to recover endogenous C-peptide secretion from the beginning
of the treatment) and eventually the decline of insulin produc-
tion was inevitable.

At present, additional studies are being conducted with vari-
ous other non-antigen-specific immunosuppressive/immuno-
modulatory agents and are in different enrolment phases [e.g.
mycophenolate mofetil 

 

±

 

 anti-IL-2 receptor monoclonal antibodies
(daclizumab), anti-CD20 monoclonal antibodies, thymoglobulin,
IL-2 + sirolimus, CTLA4-Ig, IL-1-receptor antagonist] [28].

There has been dramatic progress in the field of immune
interventions designed to interfere with T1D progression, but
unfortunately a single effective immunotherapy has not been
identified so far, although some have shown encouraging
results. Antigen-specific immunotherapies have proved to be
highly specific in modulating B-cell autoimmunity, mainly by
inducing regulatory responses, while non-antigen-specific
interventions mediate protection by clonal deletion/anergy in
activated (pathogenic) T cells, with subsequent differentiation
and expansion of Tregs. For both approaches, identification of
suitable candidates for therapy, appropriate dosage and timing
and specificity of intervention are critical for successful
intervention. Nevertheless, considering the complexity of the
disease, it is most likely that a combination of immune-based
approaches would be most effective in hindering autoimmunity
and maintaining immune tolerance by synergistic effects of
therapies that may allow a reduction of individual dosages and
thus of side effects.

 

Restoration of pancreatic B-cell mass

 

The clinical significance of any interventional therapy for T1D
relies on its ability to maintain, or even increase pancreatic B-
cell mass and function up to the point of insulin independence.
Because at the time of clinical diagnosis a significant proportion
of the B-cell mass has been destroyed (although there may be
less than has been appreciated because of the dysfunctional
islets), restoration of B-cell mass should be attempted along
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with methods of immune tolerance; this can be accomplished
by B-cell regeneration or substitution.

 

B-cell regeneration

 

It has been suggested that, in the absence of the autoimmune
process that causes cell death, B-cell regeneration is achievable
mostly by releasing B-cells from glucose toxicity and oxidative
stress and by using regeneration-compatible drugs, that is by
substitution of steroids and cyclosporine (and probably also
sirolimus and tacrolimus) with agents that seem unlikely to
interfere with B-cell proliferation (such as anti-CD3, anti-CD20)
[53–55]. The DCCT showed that intensive insulin therapy helps
sustain endogenous insulin secretion (with stimulated C-peptide
levels above the clinically relevant value of 0.2 pmol/ml),
suggesting that continuous insulin administration and its
glucose-lowering effect is potentially beneficial for B-cell
preservation [56]. There are now compelling data to indicate
that B-cell mass is dynamic and can expand and contract to meet
metabolic demands (e.g. in pregnancy, obesity) but is not clear,
however, whether similar islet mass expansion will occur
following the arrest of autoimmunity by effective treatment of
T1D [57]. In fact, data suggest that following immune therapy
there is a slightly enhanced rate of B-cell apoptosis that con-
tinues afterwards. This most likely reflects a process already set
in motion at diagnosis and which results in progressive decline
in B-cell area [58]. This indicates that immune intervention
alone is not sufficient for effective B-cell restoration. Stimulation
with pharmacological agents or growth factors (such as hepato-
cyte growth factor or insulin-like growth factors) may be used
to achieve B-cell regeneration and many compounds have been
investigated for their ability to induce B-cell replication and
neogenesis and to limit B-cell apoptosis [59,60]. Therapeutic
molecules capable of increasing B-cell mass 

 

in vivo

 

 by systemic
use have the advantage of eliminating the need for invasive
surgical procedures. In animal models, expansion of islet mass
and stimulation of insulin secretion has been shown to occur
in response to glucagon-like peptide 1 (GLP-1) and its receptor
agonists, exendin 4 [61–63]. In addition, in islet transplant
recipients, exendin 4 has stimulated insulin secretion and
demonstrated an ability to reduce exogenous insulin requirements.
Currently, clinical trials are testing the hypothesis that use of
GLP-1 at the time of islet transplantation might be of help in
preserving islet mass [64,65]. Exendin 4 and inhibitors of
dipeptidyl peptidase 4 (DPP-4 inhibits GLP-1 breakdown) are
new drugs already approved for use as adjuvant therapy in
Type 2 diabetes. However, their long-term safety, the durability
of effects and their ultimate role in the management of Type 2
diabetes all require further assessment [66]. However, the
extent of adult B-cell regenerative capacity is not clear and
deeper insight into the effect of these molecules (and other
compounds with potential benefit for islet mass regeneration)
on human B-cell biology is essential before considering their
use for therapeutic purposes in T1D.

It is still a matter of debate whether B-cell renewal occurs by
self-duplication of pre-existing endocrine cells, transdifferentiation

of exocrine cells and/or by proliferation of ductules/adult stem
cells with subsequent differentiation into new islet insulin-
secreting cells [59,60]. While basic research provides some
evidence for both hypotheses, markers for the clear identification
of islet cells that generate insulin-secreting progeny remain
elusive. It is doubtful that spontaneous transdifferentiation of
exocrine cells and/or proliferation of adult stem/progenitor
cells occur in humans and, even if they do occur, the extent of
these processes are not clinically relevant.

 

B-cell replacement

 

B-cell replacement by transplantation of whole organ pancreas
or islet cells are currently regarded as acceptable therapeutic
options for patients with T1D and both have shown benefits in
terms of achieving and maintaining good glycaemic control
[67]. Whole pancreas transplant can be performed in conjunction
with renal transplant in patients with imminent or end-stage
renal disease or as a solitary graft, mainly in diabetic patients
with frequent severe hypoglycaemia or extreme blood glucose
lability, despite optimization of diabetes management [68].
Islet cells transplantation has similar clinical indications and is
a more recent, highly specialized procedure involving implanta-
tion of islet cell preparations into the recipient’s liver sinusoids
via the portal vein, under sonographic and fluoroscopic guidance
[65,68]. In general, islet cell transplantation is a less invasive
procedure but it requires multiple donor organs per recipient
in order to transplant an adequate number of islets. This
represents a major impediment to widespread application
because of the shortage of donor organs [68]. In addition, both
transplantation methods require an immunosuppressive
regimen in order to avoid graft rejection and this limits the
success of the procedures. The Edmonton protocol (currently
accepted as important guidelines for islet cell transplantation)
uses a cyclosporin- and steroid-free immunosuppressive
regimen; however, even in these circumstances, the reported
5-year insulin independent rate is less than 10% [69]. But it
should be noted that C-peptide secretion was maintained in
80% of the patients up to 5 years post-islet transplantation
and that the hypoglycaemic score, lability index and HbA

 

1c

 

improved significantly in those who retained detectable
C-peptide. A trial carried out in several centres of excellence
to explore the feasibility of islet transplantation using the
Edmonton protocol had indicated that only 44% of the recipi-
ents met the primary endpoint, defined as insulin independence
with adequate glycaemic control 1 year after the final trans-
plantation and only 31% of patients remained insulin
independent at 2 years [70]. Nevertheless, the obvious benefits
justify the ongoing efforts to overcome current challenges through
research; mainly development of predictive islet potency tests,
increase of islet availability, improvement of post-transplant
monitoring, enhancement of islet engraftment and, most
importantly, further development of less B-cell toxic immuno-
suppression regimens [65].

Limitation of pancreatic B-cells availability for replacement
has turned the attention of researchers towards finding
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alternative sources of insulin-producing cells. Various strategies
are being investigated and genetic engineering of non-pancreatic
cells, or transforming stem cells into glucose-sensitive insulin-
producing cells, possibly in combination with other treatments,
has generated enthusiasm. We have briefly mentioned before
some of the sources of islet cell surrogates. There is an increasing
body of evidence showing that, in addition to embryonic stem
cells, several potential adult cells derived from pancreas, liver,
spleen or bone marrow can differentiate into insulin-secreting
cells; these cells display some subsets of native B-cell attributes,
but are not yet true functional B-cells [59,60,70]. Thus, the
main challenge is development of methods for differentiation
to completely functional B-cells, which necessitates a deeper
understanding of basic stem cell biology and of stem/progenitor
cell differentiation pathways. Apart from certain ethical issues,
the use of embryonic stem cells raises the risk of tumour
formation as a major concern [60]. However, the use of adult
cells poses other constraints, mainly that they are usually
isolated in small numbers and in general have limited proliferation
capacity [60]. In both cases, yields are still less than adequate
to satisfy clinical needs. In spite of all difficulties and current
limitations, there is evidence that regeneration of B-cells is possible,
yet generation of large number of functional glucose-sensing
insulin-secreting B-cells suitable for therapies may not be feasible
in the immediate future.

 

Conclusions

 

The ultimate goal of any therapeutic intervention is to prevent
or reverse T1D by abrogation of pathogenic autoreactivity and
by preservation or restoration of the B-cell mass and function
to physiologically sufficient levels to maintain stable glucose
control. Recent trials using antigen-specific or non-specific
interventions have shown some benefit in modulation of the
autoimmune process and in preventing the loss of insulin
secretion in the short term after diagnosis of T1D. Even with
all the enthusiasm and progress in the field, unfortunately a
single long-term effective therapy has not been identified.
There are still limitations to current strategies, including a lack
of suitable markers to predict and monitor the success of
interventions, uncertainty about the long-term adverse effects
or the duration of treatment effect and the feasibility of resto-
ration of B-cell mass. Moreover, we should remember that
T1D is a heterogeneous disease with an age at onset spanning
from childhood to adult age, sometimes with clinical features
of Type 2 diabetes such as LADA [71]. Therefore, interventions
to protect or regenerate B-cell function whilst managing
hyperglycaemia may vary depending on the age of onset of the
disease and the extent of pancreatic B-cell damage. It is likely
that in most cases a rationally designed combination approach
with immunotherapeutic methods which target suppression of
pathogenic autoreactivity and induction of immunoregulatory
pathways coupled with islet regeneration will prove to be most
effective. Ideally, the interventions would be specific for T1D,
free of adverse effects and effective prior to disease onset, with

long-term and clinically meaningful improvements over
standard therapies. The success of these approaches will
eventually be evaluated by their impact on glycaemic control
as this is the definitive determinant of long-term outcome of
the disease.

 

Competing interests

 

Nothing to declare.

 

References

 

1 Gale EA. The rise of childhood Type 1 diabetes in the 20th century.

 

Diabetes

 

 2002; 

 

51

 

: 3353–3361.
2 Gale EA. Spring harvest? Reflections on the rise of Type 1 diabetes.

 

Diabetologia

 

 2005; 

 

48

 

: 2445–2450.
3 Peng H, Hagopian W. Environmental factors in the development of

Type 1 diabetes. 

 

Rev Endocr Metab Disord

 

 2006; 

 

7

 

: 149–162.
4 Ludvigsson J. Why diabetes incidence increases—a unifying theory.

 

Ann N Y Acad Sci

 

 2006; 

 

1079

 

: 374–382.
5 Gianani R, Eisenbarth GS. The stages of Type 1A diabetes: 2005.

 

Immunol Rev

 

 2005; 

 

204

 

: 232–249.
6 Bach JF, Chatenoud L. Tolerance to islet autoantigens in Type 1

diabetes. 

 

Annu Rev Immunol

 

 2001; 

 

19

 

: 131–161.
7 Steele C, Hagopian WA, Gitelman S, Masharani U, Cavaghan M,

Rother KI 

 

et al

 

. Insulin secretion in Type 1 diabetes. 

 

Diabetes

 

 2004;

 

53

 

: 426–433.
8 Gepts W. Pathologic anatomy of the pancreas in juvenile diabetes

mellitus. 

 

Diabetes

 

 1965; 

 

14

 

: 619–633.
9 Daneman D, Clarson C. Residual 

 

β

 

-cell function in children with
Type 1 diabetes: measurement and impact on glycemic control. 

 

Clin
Invest Med

 

 1987; 

 

10

 

: 484–487.
10 The Diabetes Control and Complications Trial Research Group.

Effects of age, duration and treatment of insulin-dependent diabetes
mellitus on residual beta cell function: observations during eligibility
testing for the Diabetes Control and Complications Trial (DCCT).

 

J Clin Endocrinol Metab

 

 1987; 

 

65

 

: 30–36.
11 The Diabetes Control and Complications Trial Research Group.

Effect of intensive therapy on residual 

 

β

 

-cell function in patients
with Type 1 diabetes in the Diabetes Control and Complications
Trial. A randomized, controlled trial. 

 

Ann Intern Med

 

 1998; 

 

128

 

:
517–523.

12 Steffes MW, Sibley S, Jackson M, Thomas W. Beta-cell function and
the development of diabetes-related complications in the Diabetes
Control and Complications Trial. 

 

Diabetes Care

 

 2003; 

 

26

 

: 832–
836.

13 Chase HP, MacKenzie TA, Burdik J, Fiallo-Scharer R, Walravens P,
Klingensmith G 

 

et al

 

. Redefining the clinical remission period in
children with Type 1 diabetes. 

 

Pediatr Diabetes

 

 2004; 

 

5

 

: 16–19.
14 Bruno G, Cerutti F, Merletti F, Cavallo-Perin P, Gandolfo E, Rivetti

M 

 

et al

 

. Piedmont Study Group for Diabetes Epidemiology. Residual
B-cell function and male/female ratio are higher in incident young
adults than in children: the registry of Type 1 diabetes of the province
of Turin, Italy, 1984–2000. 

 

Diabetes Care

 

 2005; 

 

28

 

: 312–317.
15 Sabbah E, Savola K, Ebeling T, Kulmala P, Vähäsalo P, Ilonen J 

 

et al

 

.
Genetic, autoimmune, and clinical characteristics of childhood-
and adult-onset Type 1 diabetes. 

 

Diabetes Care

 

 2000; 

 

23

 

: 1326–
1332.

16 Valdes AM, Thomson G, Erlich HA, Noble JA. Association between
Type 1 diabetes age of onset and HLA among sibling pairs. 

 

Diabetes

 

1999; 

 

48

 

: 1658–1661.
17 Leslie RD, Delli Castelli M. Age-dependent influences on the origins

of autoimmune diabetes: evidence and implications. 

 

Diabetes

 

 2004;

 

53

 

: 3033–3040.

 

dme(01)_2556.fm  Page 1265  Tuesday, October 28, 2008  8:47 AM



 

DIABETIC

 

Medicine Pancreatic B-cell function in Type 1 diabetes • 

 

S. Cernea and P. Pozzilli

 

© 2008 The Authors.

 

1266

 

Journal compilation © 2008 Diabetes UK. 

 

Diabetic Medicine

 

,

 

 

 

25

 

, 1259–1267

 

18 Petrovsky N, Silva D, Schatz DA. Prospects for the prevention and
reversal of Type 1 diabetes mellitus. 

 

Drugs

 

 2002; 

 

62

 

: 2617–2635.
19 Herold KC. Achieving antigen-specific immune regulation. 

 

J Clin
Invest

 

 2004; 

 

113

 

: 346–349.
20 Cooke A, Phillips JM, Parish NM. Tolerogenic strategies to halt or

prevent Type 1 diabetes. 

 

Nat Immunol

 

 2001; 

 

2

 

: 810–815.
21 Faria AM, Weiner HL. Oral tolerance. 

 

Immunol Rev

 

 2005; 

 

206

 

:
232–259.

22 Gotfredsen CF, Buschard K, Frandsen EK. Reduction of diabetes
incidence of BB Wistar rats by early prophylactic insulin treatment of
diabetes-prone animals. 

 

Diabetologia

 

 1985; 

 

28

 

: 933–935.
23 Bowman MA, Campbell L, Darrow BL, Ellis TM, Suresh A, Atkinson

MA. Immunological and metabolic effects of prophylactic insulin
therapy in the NOD-scid/scid adoptive transfer model of IDDM.

 

Diabetes

 

 1996; 

 

45

 

: 205–208.
24 Keller RJ, Eisenbarth GS, Jackson RA. Insulin prophylaxis in individ-

uals at high risk of Type I diabetes. 

 

Lancet

 

 1993; 

 

341

 

: 927–928.
25 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

 

: 1685–1691.
26 Skyler JS, Krischer JP, Wolfsdorf J, Cowie C, Palmer JP, Greenbaum

C 

 

et al

 

. Effects of oral insulin in relatives of patients with Type 1
diabetes: the Diabetes Prevention Trial—Type 1. 

 

Diabetes Care

 

2005; 

 

28

 

: 1068–1076.
27 Pozzilli P. The DPT-1 trial: a negative result with lessons for future

Type 1 diabetes prevention. 

 

Diabetes Metab Res Rev

 

 2002; 

 

18

 

: 257–
259.

28 Staeva-Vieira T, Peakman M, von Herrath M. Translational mini-
review series on Type 1 diabetes: immune-based therapeutic approaches
for Type 1 diabetes. 

 

Clin Exp Immunol

 

 2007; 

 

148

 

: 17–31.
29 Skyler JS. Prediction and prevention of Type 1 diabetes: progress,

problems, and prospects. 

 

Clin Pharmacol Ther

 

 2007; 

 

81

 

: 768–771.
30 Harrison LC, Honeyman MC, Steele CE, Stone NL, Sarugeri E,

Bonifacio E 

 

et al

 

. Pancreatic 

 

β

 

-cell function and immune responses to
insulin after administration of intranasal insulin to humans at risk for
Type 1 diabetes. 

 

Diabetes Care

 

 2004; 

 

27

 

: 2348–2355.
31 Kupila A, Sipilä J, Keskinen P, Simell T, Knip M, Pulkki K 

 

et al

 

.
Intranasally administered insulin intended for prevention of Type 1
diabetes—a safety study in healthy adults. 

 

Diabetes Metab Res Rev

 

2003; 

 

19

 

: 415–420.
32 Achenbach P, Barker J, Bonifacio E; Pre-POINT Study Group.

Modulating the natural history of Type 1 diabetes in children at high
genetic risk by mucosal insulin immunization. 

 

Curr Diab Rep

 

 2008
Apr; 

 

8

 

: 87–93.
33 Raz I, Elias D, Avron A, Tamir M, Metzger M, Cohen IR. 

 

β

 

-cell
function in new-onset Type 1 diabetes and immunomodulation with
a heat-shock protein peptide (DiaPep277): a randomised, doubleblind,
phase II trial. 

 

Lancet

 

 2001; 

 

358

 

: 1749–1753.
34 Schloot NC, Meierhoff G, Lengyel C, Vándorfi G, Takács J, Pánczél

P 

 

et al

 

. Effect of heat shock protein peptide DiaPep277 on ß-cell function
in paediatric and adult patients with recent-onset diabetes mellitus
Type 1: two prospective, randomised, double blind phase II trials.

 

Diabetes Metab Res Rev

 

 2007; 

 

23

 

: 276–285.
35 Raz I, Avron A, Tamir M, Metzger M, Symer L, Eldor R 

 

et al

 

.
Treatment of new-onset Type 1 diabetes with peptide DiaPep277 is
safe and associated with preserved B-cell function: extension of a
randomized, double-blind, phase II trial. 

 

Diabetes Metab Res Rev

 

2007; 

 

23

 

: 292–298.
36 Lazar L, Ofan R, Weintrob N, Avron A, Tamir M, Elias D 

 

et al

 

.
Heat-shock protein peptide DiaPep277 treatment in children with
newly diagnosed Type 1 diabetes: a randomised, double-blind phase II
study. 

 

Diabetes Metab Res Rev

 

 2007; 

 

23

 

: 286–291.
37 Agardh CD, Cilio CM, Lethagen A, Lynch K, Leslie RD, Palmér M

 

et al

 

. Clinical evidence for the safety of GAD65 immunomodulation
in adult-onset autoimmune diabetes. 

 

J Diabetes Complications

 

 2005;

 

19

 

: 238–246.

38 Stiller CR, Dupré J, Gent M, Jenner MR, Keown PA, Laupacis A

 

et al

 

. Effects of cyclosporine immunosuppression in insulin-dependent
diabetes mellitus of recent onset. 

 

Science

 

 1984; 

 

223

 

: 1362–1367.
39 Silverstein J, Maclaren N, Riley W, Spillar R, Radjenovic D, Johnson

S. Immunosuppression with azathioprine and prednisone in recent-
onset insulin-dependent diabetes mellitus. 

 

N Engl J Med

 

 1988; 

 

319

 

:
599–604.

40 Eisenbarth GS, Srikanta S, Jackson R, Rabinowe S, Dolinar R, Aoki
T 

 

et al

 

. Anti-thymocyte globulin and prednisone immunotherapy of
recent onset Type 1 diabetes mellitus. 

 

Diabetes Res

 

 1985; 

 

2

 

: 271–276.
41 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

 

: 1306–1308.
42 Bougnères PF, Landais P, Boisson C, Carel JC, Frament N, Boitard C

 

et al

 

. Limited duration of remission of insulin dependency in children
with recent overt Type I diabetes treated with low-dose cyclosporin.

 

Diabetes

 

 1990; 

 

39: 1264–1272.
43 Parving HH, Tarnow L, Nielsen FS, Rossing P, Mandrup-Poulsen T,

Osterby R et al. Cyclosporine nephrotoxicity in Type 1 diabetic
patients. A 7-year follow-up study. Diabetes Care 1999; 22: 478–
483.

44 Gale EA, Bingley PJ, Emmett CL, Collier T; European Nicotinamide
Diabetes Intervention Trial (ENDIT) Group. European Nicotinamide
Diabetes Intervention Trial (ENDIT): a randomised controlled trial
of intervention before the onset of Type 1 diabetes. Lancet 2004;
363: 925–931.

45 Pozzilli P, Visalli N, Signore A, Baroni MG, Buzzetti R, Cavallo MG
et al. Double blind trial of nicotinamide in recent-onset IDDM (the
IMDIAB III study). Diabetologia 1995; 38: 848–852.

46 Herold KC, Burton JB, Francois F, Poumian-Ruiz E, Glandt M,
Bluestone JA. Activation of human T cells by FcR non-binding anti-CD3
mAb, hOKT3γ1(Ala-Ala). J Clin Invest 2003; 111: 409–418.

47 Bolt S, Routledge E, Lloyd I, Chatenoud L, Pope H, Gorman SD et al.
The generation of a humanized, non-mitogenic CD3 monoclonal
antibody, which retains in vitro immunosuppressive properties.
Eur J Immunol 1993; 23: 403–411.

48 Chatenoud L, Bluestone J. CD3-specific antibodies: a portal to the
treatment of autoimmunity. Nat Rev Immunol 2007; 7: 622–632.

49 Bisikirska B, Colgan J, Luban J, Bluestone JA, Herold KC. TCR
stimulation with modified anti-CD3 mAb expands CD8+ T cell
population and induces CD8+CD25+ Tregs. J Clin Invest 2005; 115:
2904–2913.

50 Herold KC, Hagopian W, Auger JA, Poumian-Ruiz E, Taylor L,
Donaldson D et al. Anti-CD3 monoclonal antibody in new-onset
Type 1 diabetes mellitus. N Engl J Med 2002; 346: 1692–1698.

51 Herold KC, Gitelman SE, Masharani U, Hagopian W, Bisikirska B,
Donaldson D et al. A single course of anti-CD3 monoclonal antibody
hOKT3γ1(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: 1753–1769.

52 Keymeulen B, Vandemeulebroucke E, Ziegler AG, Mathieu C,
Kaufman L, Hale G et al. Insulin needs after CD3-antibody therapy
in new-onset Type 1 diabetes. N Engl J Med 2005; 352: 2598–
2608.

53 Nir T, Melton DA, Dor Y. Recovery from diabetes in mice by B-cell
regeneration. J Clin Invest 2007; 117: 2553–2561.

54 Chatenoud L. Chemical immunosuppression in islet transplantation—
friend or foe? N Engl J Med 2008; 358: 1192–1193.

55 Robertson RP, Harmon JS. Diabetes, glucose toxicity, and oxidative
stress: a case of double jeopardy for the pancreatic islet B-cell.
Free Radic Biol Med 2006; 41: 177–184.

56 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:
517–523.

dme(01)_2556.fm  Page 1266  Tuesday, October 28, 2008  8:47 AM



Review article DIABETICMedicine

© 2008 The Authors.
Journal compilation © 2008 Diabetes UK. Diabetic Medicine, 25, 1259–1267 1267

57 Bonner-Weir S. Perspective: post-natal pancreatic B-cell growth.
Endocrinology 2000; 141: 1926–1929.

58 Ablamunits V, Sherry NA, Kushner JA, Herold KC. Autoimmunity
and β-cell regeneration in mouse and human Type 1 diabetes. The
Peace Is Not Enough. Ann N Y Acad Sci 2007; 1103: 19–32.

59 Noguchi H. Stem cells for the treatment of diabetes. Endocr J 2007;
54: 7–16.

60 Lock LT, Tzanakakis ES. Stem/progenitor cell sources of insulin-
producing cells for the treatment of diabetes. Tissue Eng 2007; 13:
1399–1412.

61 Xu G, Stoffers DA, Habener JF, Bonner-Weir S. Exendin-4 stimulates
both β-cell replication and neogenesis, resulting in increased β-cell
mass and improved glucose tolerance in diabetic rats. Diabetes 1999;
48: 2270–2276.

62 Li Y, Hansotia T, Yusta B, Ris F, Halban PA, Drucker DJ. Glucagon-
like peptide-1 receptor signaling modulates β cell apoptosis. J Biol
Chem 2003; 278: 471–478.

63 Garcia-Ocaña A, Takane KK, Syed MA, Philbrick WM, Vasavada RC,
Stewart AF. Hepatocyte growth factor overexpression in the islet of
transgenic mice increases β cell proliferation, enhances islet mass,
and induces mild hypoglycemia. J Biol Chem 2000; 275: 1226–1232.

64 Ghofaili KA, Fung M, Ao Z, Meloche M, Shapiro RJ, Warnock GL

et al. Effect of exenatide on B-cell function after islet transplantation
in Type 1 diabetes. Transplantation 2007; 83: 24–28.

65 Hogan A, Pileggi A, Ricordi C. Transplantation: current develop-
ments and future directions: the future of clinical islet transplantation
as a cure for diabetes. Front Biosci 2008; 13: 1192–1205.

66 Amori RE, Lau J, Pittas AG. Efficacy and safety of incretin therapy
in Type 2 diabetes: systematic review and meta-analysis. J Am Med
Assoc 2007; 298: 194–206.

67 Sutherland DE, Gruessner A, Hering BJ. Beta-cell replacement
therapy (pancreas and islet transplantation) for treatment of diabetes
mellitus: an integrated approach. Endocrinol Metab Clin North Am
2004; 33: 135–148.

68 Ryan EA, Bigam D, Shapiro AM. Current indications for pancreas or
islet transplant. Diabetes Obes Metab 2006; 8: 1–7.

69 Ryan EA, Paty BW, Senior PA, Bigam D, Alfadhli E, Kneteman NM
et al. Five-year follow-up after clinical islet transplantation. Diabetes
2005; 54: 2060–2069.

70 Lü P, Liu F, Yan L, Peng T, Liu T, Yao Z et al. Stem cells therapy for
Type 1 diabetes. Diabetes Res Clin Pract 2007; 78: 1–7.

71 Leslie RD, Williams R, Pozzilli P. Type 1 diabetes and latent autoimmune
diabetes in adults: one end of the rainbow. J Clin Endocrinol Metab
2006; 91: 1654–1659.

dme(01)_2556.fm  Page 1267  Tuesday, October 28, 2008  8:47 AM


