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Abstract: Insulin has been the gold standard therapy for diabetes since its
discovery and commercial availability. It remains the only pharmacologic
therapy for type 1 diabetes (T1D), an autoimmune disease in which
autoreactive T cells specifically kill the insulin-producing beta cells.
Nevertheless, not even molecularly produced insulin administered four or
five times per day can provide a physiologic regulation able to prevent the
complications that account for the morbidity and mortality of diabetic
patients. Also, insulin does not eliminate the T1D hallmark: beta-cellspecific autoimmunity. In other words, insulin is not a Ôcure’. A successful
cure must meet the following criteria: (i) it must either replace or maintain
the functional integrity of the natural, insulin-producing tissue, the
endocrine islets of Langerhans’ and, more specifically, the insulinproducing beta cells; (ii) it must, at least, control the autoimmunity or
eliminate it altogether; and (iii) it must be easy to apply to a large number
of patients. Criterion 1 has been partially realized by allogeneic islet
transplantation. Criterion 2 has been partially realized using monoclonal
antibodies specific for T-cell surface proteins. Criterion 3 has yet to be
realized, given that most of the novel therapies are currently quasipatient-specific. Herein, we outline the current status of non-insulin-based
therapies for T1D, with a focus on cell-based immunomodulation which
we propose can achieve all three criteria illustrated above.

Type 1 diabetes mellitus: nature of the
autoimmunity
Type 1 diabetes (T1D) is an autoimmune disorder that
culminates in uncontrollable hyperglycemia because of
the destruction of the insulin-producing beta cells of
the pancreatic islets of Langerhans. The major effectors
of beta-cell destruction are T cells reactive to betacell-specific antigens. A strong genetic predisposition is
a conditio sine qua non of T1D and a large body of studies
support that key genetic susceptibility loci affect the
genesis, function and survival of immune cell subsets
including T cells (effectors and putative regulatory T
cells) and dendritic cells (DC) (1–4).
To understand the critical role played by the genetic
predisposition in T1D, it is necessary to consider the
processes that shape the immune system. A randomized
pool of immature cells continuously generated in the
bone marrow (BM) eventually travel across the thymus.
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Once in the thymus, these immature cells, individually
expressing unique receptors, undergo positive and negative selection through receptor interaction with fragments of proteins present in our bodies (self-peptides)
presented by antigen-presenting cells (APC) once properly inserted in the peptide-binding groove of major histocompatibility complex (MHC) molecules. Indeed, the
epithelial thymus is now known to express a wide array
of self-antigens including insulin, thyroperoxidase,
thyroglobulin, and myelin basic protein, all of which
are normally produced by cells targeted in a number of
autoimmune disorders including T1D, Hashimoto’s
thyroiditis and multiple sclerosis. Human leukocyte
antigens (HLA), the human MHC molecules, anchored
in the cell membrane of thymic epithelial and other
APC display HLA/self-peptide complexes for T-cell
receptor (TCR) interaction. A cell that interacts
strongly with the HLA/self-peptide complex dies in
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the thymus and is thus eliminated, i.e., negatively
selected. On the contrary, cells that interact poorly with
the complex do not proliferate sufficiently or become
unable to function (i.e., anergic) and are eventually lost.
The cells between these two extremes proliferate
modestly, survive (positive selection), and emerge from
the thymus to circulate in the periphery. Once in the
periphery, the cells that matured in the thymus (T cells)
can be engaged by circulating APC. DC are extremely
powerful APC that collect foreign or Ôignored’ (i.e., not
previously exposed to the immune system) material, to
present it as Ônew’ antigens to T cells through their HLA
molecule. These T cells interact with the new antigens
more strongly than with self-peptides, which enabled
their positive selection and consequently the establishment of a T-cell-based protective immune response (5–
7). The epitope spreading phenomenon (i.e., the
expansion of newly recognized antigens) (8) observed
in the islet inflammation is due to both islet-reactive
T cells that were generated in the thymus early in
ontogeny along with the generation and survival of
T cells activated in the periphery by these new antigens.

The pathologic vicious circle of continuous presentation of old and new antigens, collected by the DC from
the newly destroyed beta cells, to naive T cells in the
pancreatic lymph nodes that eventually go back to the
pancreas to kill other beta cells, is illustrated in Fig. 1.
The genetic predisposing background of autoimmune
diseases, like T1D, is mainly constituted of specific HLA
alleles (9–12). Allelic forms of the HLA-DQ molecule
that lack a charged amino acid at position 57 of its beta
chain were shown to be strongly correlated with the
development of T1D. Conversely, resistance to the
disease was found to be associated with the inheritance
of an HLA-DQ allelic form with an aspartic residue at
the same position (Asp57). The importance of this amino
acid change has to do with the physical structure of the
non-Asp57 alleles constituting class II molecules with
a suboptimal functional groove. In fact, the molecular
interactions that normally drive positive and negative
selection are altered by the disease-associated HLA
molecules so that even strongly self-reactive T-cell clones
are allowed to escape to the periphery. HLA structural
variations between alleles with Asp 57 and those lacking

Fig. 1. The autoimmune vicious circle favoring the anti-beta-cell epitope spreading. Activated by an environmental stimulus, the autoreactive
T cells that escaped thymic censorship, leave the lymph nodes and move into the tissues where eventually they find the self-peptide with which
they were originally set up to react. Once the first beta cells are damaged, dendritic cells (DC) come to clean up the scene. Debris from dead
cells are brought back to the lymph nodes in which even cytoplasmic markers – thus far not exposed to the immune system – are presented by
DC to naive T cells. T cells that were so far Ôignorant’ of their existence, recognize these self-antigens as foreign and react against them once
back into the islet of Langerhans, killing new beta cells. This constitutes a vicious circle that does not allow the recovery of the insulin-secreting
cells, even when the physiologic homeostasis process tries to substitute the lost cells with new cells. APC, antigen-presenting cells.
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a charged amino acid at this position (non-Asp57)
provide the foundation for HLA-associated diabetic
susceptibility and resistance. Susceptibility is closely
related to an impaired negative selection of self-reactive
T cells. Another not necessarily mutually exclusive consequence is that T-regulatory cells are not as effectively
selected and, in their reduced abundance, peripheral
reactions to self-peptides are not held in check as well as
would occur in a normal immune system.
The importance of the MHC alleles and the thymic
antigen-presenting environment was confirmed in studies in which autoimmunity was prevented in non-obese
diabetic (NOD) mice by transplanting BM cells derived
from diabetes-resistant (Asp57) strains (13, 14). Instead
of relying on allogeneic BM transplantation, Tian et al.
(15) successfully prevented diabetes by reconstituting
sublethally irradiated non-Asp57 NOD mice with their
own BM genetically engineered ex vivo to express
a resistance (Asp57) MHC class II molecule. The reconstituted mice, carrying BM-derived cells that coexpressed both their own diabetogenic (non-Asp57) and
the transfected Asp57 beta chain, were diabetes-free.
The thymus, repopulated by the engineered BM cells,
which differentiated into APC, had restored negative
selection and consequently the ability to delete T cells
potentially autoreactive to pancreatic beta cells. Autoreactive T-cell clones, which were not found in the treated
animals, were eliminated because of the stronger affinity
of their TCR for the self-peptide now properly presented
by the newly expressed MHC molecule.
Immediately, it became clear to us that once this
approach had obtained autoimmunity abrogation also
in already diabetic individuals, it could possibly
facilitate the recovery of autologous insulin production. Safe induction of an autoimmunity-free status
might become a new promising therapy for T1D.
We are working on this aim using a modification of
Tian’s approach that may be transferable to clinical
trials in the near future (16, 17). A reason to believe it
comes from the study of Voltarelli et al. in which
autologous transplantation of hematopoietic stem cellenriched BM was used to treat T1D patients (18). The
risk of exposing the patient to a non-myeloablative yet
quite powerful preconditioning was not totally justified, however, by the results obtained. The effects were
limited to simple postponement of diabetes recurrence,
i.e., just delayed by the time necessary for the transplanted BM to reorganize itself and to reestablish all of
its immunocompetent cell subpopulations. The autologous BM did not change the patient’s genetic
characteristics under which tolerance for the insulinproducing beta cells was not achieved in the first place;
in this context, autoimmunity easily recurred. Our
approach should safely change the patient’s diabetogenic characteristics (16, 17).
New types of intervention are becoming available
everyday, which may allow a successful Ôtake’ of the
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transplanted BM without the need for a deleterious
type of preconditioning (19). Furthermore, new gene
therapy approaches that do not involve vector integration at potentially transformative gene loci are continuously discovered (20–22). A protocol that takes into
account the choice of the gene transfection vector, any
form of safer preconditioning of the patient, and the
genetic background of the transplanted BM will
significantly improve the one proposed by Voltarelly
et al. because efficient negative selection will be reestablished along with central (and possibly also peripheral) tolerance.
The prevalent belief that beta-cell mass is fixed by
adulthood and that all adult beta cells are fully
differentiated is now being reexamined in light of
recent studies showing a regenerative capacity, albeit
low, of pancreatic islets of Langerhans during T1D
progression. These studies suggest that, although the
physiological state of islet cells tends towards a fully
differentiated phenotype, the lack of autoimmune
aggression, together with the Ôdanger’ signals generated
by massive beta-cell destruction may trigger processes
inside progenitors (whether islet-resident or ductal
epithelium-resident) that result in some degree of islet
cell regeneration (14, 23–26).

Immunomodulation: current state-of-the-art
in the clinic
In general, immunomodulation aims at reestablishing
central and/or peripheral tolerance to self. The reestablishment of tolerance can include the deletion of
autoreactive immune cells, the attenuation of the
activity of autoreactive immune cells (T-cell anergy),
the generation/augmentation in vivo of immunosuppressive cells that can be antigen-specific (T-regulatory
cells). Many experimental immunomodulatory interventions have been carried out preclinically in the NOD
mouse model and almost all involve treatment of young
mice Ôprior’ to the clinical onset of hyperglycemia. An
insightful article by Atkinson and Leiter was instrumental in illustrating the plethora of specific (and
sometimes even quite unorthodox) approaches by
which diabetes onset was delayed or prevented in this
model (27).
As of yet, only one of these methods has shown any
significant clinical efficacy. This is the use of a humanized anti-CD3 antibody [TRX-4 (28); and hOKT3g
(Ala-Ala) (29)], which can reverse new-onset disease,
although for a limited amount of time (30–32).
The manipulation of T-cell responses by autoantigen-derived peptides has been another approach used
to attenuate autoimmunity with demonstrated efficacy
in rodent models of T1D including the NOD mouse
(33–36). The majority of pathogenic CD81 T-cell
clones isolated from pancreata of diabetic NOD mice
react specifically with the 9–23 peptide of the insulin B
Pediatric Diabetes 2008: 9 (Part II): 4–13
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chain, while approximately 87% of the CD81 T cells
in the islets of young NOD mice are reactive to the
15–23 region of the same B chain (37–43). Similarly,
the majority of T1D patients exhibit CD81 T-cell
responses to the 9–23 peptide. Indeed, an altered peptide
ligand has been synthesized along these lines (NBI-6024;
Neurocrine Biosciences, San Diego, CA, USA) and is
currently in phase II studies to see if it can prevent or
reverse new-onset disease as a possible vaccine (44, 45).
In addition to the insulin-based peptide, other putative
autoantigen-derived peptides exhibit immunoregulatory capacity (46–51) including an Hsp-60-derived peptide (DiaPep277; DeveloGen Inc., Goettingen, Germany)
whose most appealing property is its apparent safety.
Although laboratory studies suggest that DiaPep277
does not act as an altered peptide ligand, there are no
firmly compelling data that it may not act as such in
a restricted set of T cells that are critical to the
progression, or the attenuation, of diabetes (52–59). A
number of similar agents are based on peptides derived
from other putative autoantigens such as GAD65, for
example, the recombinant alum formulated GAD65
(Diamyd, Stockholm, Germany) in phase III trials with
Diamyd Medical AB (60).
Clinical reversal of hyperglycemia achieved by antiCD3 antibody administration, still poses some questions relative to the mechanism of action in the
transient immunodepletion and associated cytokinerelated side effects (61, 62). Also, despite the initial
observations of improved C-peptide levels in adult
diabetics with evidence of T1D-related autoantibodies, administration of DiaPep277 into new-onset T1D
children failed to exhibit any benefit compared with
controls (53, 56). Both agents (anti-CD3 antibody and
DiaPep277) appear to share one potential immunoregulatory mechanism: augmentation of the number
of regulatory CD41 CD251 T cells expressing the
Foxp3 transcription factor. It is now generally accepted that these Foxp31 regulatory T cells are
critical for maintenance of tolerance (63–67). In vivo,
the activity of these cells appears to be regulated by
DC (68, 69).

The first clinically adapted
immunoregulatory cell therapeutic: diabetessuppressive autologous DC
DC are the body’s sentinels largely responsible for host
surveillance against microenvironmental anomalies
including pathogen invasion, infection, and damaged
tissue architecture, while coordinating the mechanisms
of self-tolerance (70–74). DC continuously traffic
throughout all body tissues’ sampling molecules from
their surroundings, where it is believed they maintain
potentially autoreactive immune cells in quiescence
either directly or via indirect regulatory immune cell
networks (75–82). When DC encounter local disrupPediatric Diabetes 2008: 9 (Part II): 4–13

tion of tissue architecture and elevated proinflammatory signals from infected cells, DC undergo
Ômaturation’ through a series of internal changes. While
conceptually thought of as a series of discrete checkpoint-like events, maturation is rapid and often nonlinear (63, 83, 84). Concurrent with maturation, DC
migrate away from the site of Ôdanger’ and into the
anatomically closest lymph nodes. Within the lymph
node, the DC, as a powerful APC, initially interacts –
using its class I or class II MHC/peptide complex – with
the TCR present on a naı̈ve T cell. This will constitute
the so-called Ôfirst signal’ for T-cell activation. To bring
a T cell to full activation, however, a subsequent
contact between co-receptors is necessary. Co-stimulatory molecules are so-called because they are present
on the APC (e.g., CD80/CD86 or CD40), with their
counterparts on the T cell (i.e., CD28 and CD40 ligand,
respectively), that, by interacting, further stabilize the
signal for activation between the two cells, thus
providing the Ôsecond signal’.
Absence of co-stimulatory molecule binding and
consequently lack of secondary signal generation has
been shown to lead to impaired activation of the
responding T cell, eventually bringing it to functional
anergy or apoptosis. This is indeed the outcome of
many immunosuppressive strategies aimed at costimulation blockade (85–90).
Many lines of investigation support the concept that
DC in a functionally immature state (characterized by
low to absent co-stimulation) are powerful agents of
immune hyporesponsiveness (80, 82, 91–95). Exogenous administration of functionally immature DC
achieves long-term and stable allograft survival in
a variety of mouse and rat models and prevents
a number of autoimmune diseases (96–103). Mechanistically, functionally immature DC act by inducing
anergy either via direct cell contact and/or cytokines
(104–106) and, as described more recently, by upregulating the number and function of regulatory
immune cell subsets, especially CD41 CD251 Foxp31
T cells (Treg) and a class of CD81 immunosuppressive
T cells (106–114).
We have shown that in vitro administration of
Nuclear Factor-KappaB (NFkB) decoys to DC as well
as direct targeting of CD40, CD80, and CD86 with
antisense oligodeoxyribonucleotides (AS-ODN), reduce
co-stimulatory molecule levels producing functionally
immature DC capable of preventing or reversing newonset diabetes in the NOD mouse (115–117). This was
accomplished while maintaining T-cell responsiveness
to alloantigens in animals that received repeated
injections of modified DC. Co-stimulatory-depleted
DC also augmented the number of Treg that were
CD41 CD251 Foxp31 through short-range interleukin-7 signaling (115).
Numerous clinical trails have safely used DC-based
treatments for cancer therapy providing the basis for
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clinical adaptation of DC administration for T1D
treatment. A National Institutes of Health-funded protocol approved by the Food and Drug Administration
(FDA) is currently underway in phase I clinical trial with
an adult (18 yr or older) cohort documented with
insulin-requiring T1D of at least 5-yr duration. Leukocytes are obtained from the patient by apheresis and
DC are generated in vitro and engineered in Good
Manufacturing Practice (GMP) facilities with the addition of AS-ODN. These DC, which express low levels of
CD40, 80 and CD86 are injected into the patient by
intradermal administration at an anatomical site proximal to the pancreas (Fig. 2) (118). DC will migrate to the
nearest lymph nodes where they will start to interrupt the
vicious circle that maintains islet-specific inflammation,
i.e., insulitis. This therapeutic approach should be more
successful when DC injections start close to the clinical
onset of the disease. In the pancreas, DC acquire betacell-specific antigens from apoptotic cells, leading to the
eventual display of these antigens to T cells in the
pancreas-draining lymph nodes. The lack of co-stimulatory molecules will result in an anergizing signal to the T
cells, induce regulatory immune cells (like Foxp31 Treg),
and interrupt the T-cell-mediated anti-beta-cell epitope
spreading phenomenon. The abrogation of the autoimmune diabetogenic insult should be sufficient to promote
rescue of still present insulin-producing beta cells and/or
neogenesis of other insulin-producing cells in the host
endocrine pancreas, even after the onset of the disease.
This trial is underway at the time of this writing and once
safety has been demonstrated, a phase II efficacy trial will
start, involving new-onset diabetic patients.

Beyond autologous DC: a diabetessuppressive microsphere vaccine
In spite of the promise of this study, we have
encountered cumbersome logistical requirements to
generate these diabetes-suppressive DC, which may
limit the future enrollment of new-onset diabetic
children in the efficacy phase of the trial. Leukopheresis
takes 2 or 3 h to provide sufficient precursor cells to
generate the number of DC necessary for six to eight
injections. The obtained DC should be exposed to ASODN in GMP facilities in which the laboratory
practices are frequently difficult to reproduce. GMP
facilities are frequently located far away from the clinic
where the patients are treated. Many DC are lost during
the freezing/thawing procedures.
In an effort to avoid these steps, we have been
concurrently pursuing an alternative method to stabilize DC immaturity directly in vivo using microparticle
carriers of immunomodulating agents like AS-ODN.
Many studies confirm that microparticle carriers can
direct DC to the administration site and once phagocytosed, the contents can shape the DC functional
phenotype (119, 120). We have incorporated the ASODN directed against CD40, CD80 and CD86 into
Baxter Healthcare’s PROMAXXÒ microsphere delivery system. The inert PROMAXX microsphere technology has been shown to be safe and effective in
human trials (121). More importantly, when administered in vivo, this technology is neutral with respect to
DC maturation state compared with the known
immunostimulatory properties of other microsphere

Fig. 2. Living dendritic cells (DC)-based clinical trial for type 1 diabetes. Schematic of the procedures involved in the phase I clinical trial
currently underway at the University of Pittsburgh to prove the safety of the living DC-based vaccine [used by permission of Cell Science
Reviews, Giannoukakis et al. (118)].
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formulations. In other words, other polyplex formulations have an inherent capacity to induce the upregulation of co-stimulatory proteins at the DC surface
(possibly via Toll-like receptors), whereas the PROMAXX technology does not. This neutrality on DC
maturation is a critical criterion in adapting microsphere chemistry for immunosuppressive objectives
where DC are involved as mediators. Our very recently
developed PROMAXX antisense-formulated vaccine
rendered DC diabetes suppressive and newer data show
that it can prevent and reverse new-onset autoimmune
diabetes in the NOD mouse model (122). This recent
study was aimed at ascertaining the efficacy of ASODN-formulated PROMAXX microspheres to prevent T1D and to reverse new-onset disease. Microspheres carrying AS-ODN to CD40, CD80 and CD86
were delivered into NOD mice. Glycemia was monitored to determine disease prevention and reversal.
In recipients that remained and/or became diabetes
free, spleen and lymph node T cells were enriched to
determine the prevalence of Foxp31 putative Tregulatory cells. Splenocytes from diabetes-free microsphere-treated recipients were adoptively cotransferred
with splenocytes from diabetic NOD mice into NODSCID recipients. To rule out non-specific systemic
immunosuppression, splenocytes from successfully
treated recipients were pulsed with beta-cell antigen,
ovalbumin or cocultured with allogeneic splenocytes.
The microspheres prevented T1D and, most importantly, exhibited a capacity to reverse clinical hyperglycemia, suggesting reversal of new-onset disease. The

microspheres augmented Foxp31 T-regulatory cells,
induced hyporesponsiveness to NOD-derived pancreatic beta-cell antigen, without compromising global
immune response to alloantigens and nominal antigens.
T cells from successfully treated mice suppressed
adoptive transfer of disease by diabetogenic splenocytes into secondary immunodeficient NOD-scid
recipients. Finally, microspheres accumulated within
the pancreas and the spleen. Live animal in vivo imaging measured the microsphere accumulation pattern
(Fig. 3). DC from the spleen of the microspheretreated mice exhibit decreased cell surface CD40,
CD80, and CD86. This novel microsphere formulation represents the first diabetes-suppressive and
reversing nucleic acid vaccine that confers an immunoregulatory phenotype to endogenous DC (122). We
predict that once all preclinical studies are completed, a phase I/II trial can be initiated (Fig. 4). The
microspheres are simple to manufacture to clinical
grade on a large scale and do not involve the
cumbersome logistics outlined earlier that are necessary for the DC-based therapy.
Although we have focused on autoimmune diabetes as
a disease target throughout our studies, our microsphere
technology can be readily and rapidly applied to producing other immunosuppressive vaccines for other
autoimmune conditions in which nucleotides along with
disease-specific antigens can be formulated to target the
transcripts of other critical molecules involved in immunoregulation inside endogenous DC without affecting their maturation status in vivo.

Fig. 3. In vivo accumulation of antisense-oligonucleotide-formulated microspheres (AS-MSP). (A) Alive non-obese diabetic (NOD) mice
received a subcutaneous injection containing sterile phosphate buffered saline (control, CN) or fluorescent microspheres with 50 mg of ASMSP (AS). Three hours postinjection, the spheres accumulated in the area of the pancreas and spleen. (B) Pancreas and spleen removed at 3,
24, and 48 h postinjection are shown to contain the fluorescently labeled microspheres [used by permission of Diabetes, Phillips et al. (122)].
Pediatric Diabetes 2008: 9 (Part II): 4–13

9

Giannoukakis et al.

Fig. 4. Antisense-oligonucleotide-formulated microsphere-based clinical trial. Once compared with the procedures involved in the current
clinical trial (see Fig. 2), it is evident how the use of the AS-MSP simplifies the logistics while guaranteeing the same immunologic result.

Conclusion
In the past 20 years, benchside research has made many
promises to Ôcure’ T1D. Only recently has it been
possible to clinically implement a limited number of
benchside successes. This has been primarily because of
the reluctance of clinicians to intervene in a disease
where a therapeutic Ôgold standard’ in the form of
insulin replacement is considered by many to be
sufficient to guarantee an almost normal life for many
diabetics. The persistent presence of complications in
almost all type 1 diabetics, despite insulin replacement,
forced us to conclude that insulin is not a real cure. With
this knowledge, it has become easier to consider
immunotherapies aimed at preventing and perhaps
reversing T1D. Also, data from clinical trials from other
antibody- and cell-based therapies for other diseases
(e.g., cancer and rheumatoid arthritis) have paved the
way for cell-based immunotherapy to enter routine
clinical practice. For T1D, these other trials have
uncovered critical reference points (e.g., biochemical,
physiologic and immunologic profiles) for the clinician
to monitor safety and immune activity in vivo. Such key
reference points and safety measurements have encouraged us to adapt autologous DC therapy to reverse newonset T1D. In the near future, we envision trials with the
microsphere vaccine. Whether the autologous diabetessuppressive DC or the microsphere vaccine will prove to
be Ôcures’ awaits demonstration of safety, proven
lowering of insulin requirements with evidence of Cpeptide level amelioration, considered to be physiologic
and pharmacologic markers of preservation of residual
beta-cell mass and/or possible regeneration. At the
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same time, as basic research identifies novel molecular
pathways of immunoregulation, more such cell- and
particle-based therapies will become acceptable for
clinical consideration.

References
1. PUGLIESE A. Genetics of type 1 diabetes. Endocrinol
Metab Clin North Am 2004: 33: 1–16. vii.
2. LANG J, BELLGRAU D. Animal models of type 1
diabetes: genetics and immunological function. Adv
Exp Med Biol 2004: 552: 91–116.
3. POCIOT F, MCDERMOTT MF. Genetics of type 1 diabetes
mellitus. Genes Immun 2002: 3: 235–249.
4. TODD JA. Genetics of type 1 diabetes. Pathol Biol
(Paris) 1997: 45: 219–227.
5. TRUCCO M, GIANNOUKAKIS N. MHC tailored for
diabetes cell therapy. Gene Ther 2005: 12: 553–554.
6. GE X, PIGANELLI JD, TSE HM et al. The modulatory
role of DR4 to DQ8-restricted CD4 T cell responses
and type 1 diabetes susceptibility. Diabetes 2006: 55:
3455–3462.
7. RUDERT WA, TRUCCO M. To be DR8 or not to be DQ8:
that is the question. Pediatr Diabetes 2007: 8: 1–7.
8. LEHMANN PV, FORSTHUBER T, MILLER A, SERCARZ EE.
Spreading of T-cell autoimmunity to cryptic determinants of an autoantigen. Nature 1992: 358: 155–157.
9. TODD JA, BELL JI, MCDEVITT HO. HLA-DQ beta gene
contributes to susceptibility and resistance to insulindependent diabetes mellitus. Nature 1987: 329: 599–604.
10. MOREL PA, DORMAN JS, TODD JA, MCDEVITT HO,
TRUCCO M. Aspartic acid at position 57 of the HLADQ beta chain protects against type 1 diabetes: a family
study. Proc Natl Acad Sci U S A 1988: 85: 8111–8115.
11. TRUCCO M. To be or not to be Asp 57, that is the
question. Diabetes Care 1992: 15: 705–715.
12. MCDEVITT HO. Closing in on type 1 diabetes. N Engl J
Med 2001: 345: 1060–1061.
Pediatric Diabetes 2008: 9 (Part II): 4–13

Immunotherapy for diabetes mellitus
13. ZORINA TD, SUBBOTIN VM, BERTERA S, ALEXANDER A,
STYCHE AJ, TRUCCO M. Distinct characteristics and
features of allogeneic chimerism in the NOD mouse
model of autoimmune diabetes. Cell Transplant 2002:
11: 113–123.
14. ZORINA TD, SUBBOTIN VM, BERTERA S et al. Recovery
of the endogenous beta cell function in autoimmune
diabetes. Stem Cells 2003: 21: 377–388.
15. TIAN C, BAGLEY J, CRETIN N, SETH N, WUCHERPFENNIG
KW, IACOMINI J. Prevention of type 1 diabetes by gene
therapy. J Clin Invest 2004: 114: 969–978.
16. ROOD PPM, BOTTINO R, BALAMURUGAN AN, FAN Y,
COOPER DKC, TRUCCO M. Facilitating physiologic selfregeneration: a step beyond islet cell replacement.
Pharm Res 2006: 23: 227–242.
17. PASQUALI L, GIANNOUKAKIS N, TRUCCO M. Induction
of immune tolerance to facilitate beta cell regeneration in type 1 diabetes. Adv Drug Deliv Rev 2008: 60:
106–111.
18. VOLTARELLI J, COURI C, STRACIERI A et al. Autologous
nonmyeloablative hematopoietic stem cell transplantation in newly diagnosed type 1 diabetes mellitus.
JAMA 2007: 297: 1568–1576.
19. CZECHOWICZ A, KRAFT D, WEISSMAN IL, BHATTACHARYA
D. Efficient transplantation via antibody-based clearance of hematopoietic stem cell niches. Science 2007:
318: 1296–1299.
20. BEARD BC, DICKERSON D, BEEBE K et al. Comparison
of HIV-derived lentiviral and MLV-based gammaretroviral vector integration sites in primate repopulating
cells. Mol Ther 2007: 15: 1356–1365.
21. CHEN ZY, HE CY, KAY MA. Improved production and
purification of minicircle DNA vector free of plasmid
bacterial sequences and capable of persistent transgene
expression in vivo. Hum Gene Ther 2005: 16: 126–131.
22. SCLIMENTI CR, NEVIASER AS, BABA EJ, MEUSE L, KAY
MA, CALOS MP. Epstein-Barr virus vectors provide
prolonged robust factor IX expression in mice.
Biotechnol Prog 2003: 19: 144–151.
23. CHONG AS, SHEN J, TAO J et al. Reversal of diabetes in
non-obese diabetic mice without spleen cell-derived
beta cell regeneration. Science 2006: 311: 1774–1775.
24. NISHIO J, GAGLIA JL, TURVEY SE, CAMPBELL C, BENOIST
C, MATHIS D. Islet recovery and reversal of murine
type 1 diabetes in the absence of any infused spleen cell
contribution. Science 2006: 311: 1775–1778.
25. SURI A, CALDERON B, ESPARZA TJ, FREDERICK K,
BITTNER P, UNANUE ER. Immunological reversal of
autoimmune diabetes without hematopoietic replacement of beta cells. Science 2006: 311: 1778–1780.
26. XU X, D’HOKER J, STANGE G et al. Beta cells can be
generated from endogenous progenitors in injured
adult mouse pancreas. Cell 2008: 132: 197–207.
27. ATKINSON MA, LEITER EH. The NOD mouse model
of type 1 diabetes: as good as it gets? Nat Med 1999: 5:
601–604.
28. BROWN WM. TRX-4 (TolerRx Inc). IDrugs 2006: 9:
283–291.
29. BROWN WM. Anti-CD3 antibody MacroGenics Inc.
Curr Opin Investig Drugs 2006: 7: 381–388.
30. BISIKIRSKA BC, HEROLD KC. Use of anti-CD3 monoclonal antibody to induce immune regulation in type 1
diabetes. Ann N Y Acad Sci 2004: 1037: 1–9.
31. HEROLD KC, HAGOPIAN W, AUGER JA et al. Anti-CD3
monoclonal antibody in new-onset type 1 diabetes
mellitus. N Engl J Med 2002: 346: 1692–1698.
32. KEYMEULEN B, VANDEMEULEBROUCKE E, ZIEGLER AG
et al. Insulin needs after CD3-antibody therapy in
new-onset type 1 diabetes. N Engl J Med 2005: 352:
2598–2608.
Pediatric Diabetes 2008: 9 (Part II): 4–13

33. BACH JF, CHATENOUD L. Tolerance to islet autoantigens in type 1 diabetes. Annu Rev Immunol 2001: 19:
131–161.
34. WEINER HL, ZHANG SJ, KHOURY SJ et al. Antigendriven peripheral immune tolerance. Suppression of
organ-specific autoimmune diseases by oral administration of autoantigens. Ann N Y Acad Sci 1991: 636:
227–232.
35. WEINER HL, MILLER A, KHOURY SJ et al. Treatment of
autoimmune diseases by oral tolerance to autoantigens.
Adv Exp Med Biol 1995: 371B: 1217–1223.
36. WHITACRE CC, GIENAPP IE, MEYER A, COX KL,
JAVED N. Treatment of autoimmune disease by oral
tolerance to autoantigens. Clin Immunol Immunopathol 1996: 80: S31–39.
37. EISENBARTH GS, MORIYAMA H, ROBLES DT et al. Insulin
autoimmunity: prediction/precipitation/prevention type
1A diabetes. Autoimmun Rev 2002: 1: 139–145.
38. NAKAYAMA M, ABIRU N, MORIYAMA H et al. Prime role
for an insulin epitope in the development of type 1
diabetes in NOD mice. Nature 2005: 435: 220–223.
39. DEVENDRA D, PARONEN J, LIU E et al. Comparative
study of oral versus subcutaneous B: 9-23 insulin
peptide in Balb/c mice as an experimental model for
autoimmune diabetes. Ann N Y Acad Sci 2004: 1029:
331–333.
40. DEVENDRA D, PARONEN J, LIU E et al. Differential
immune induction with subcutaneous versus oral
administration of a diabetogenic insulin peptide in the
NOD mouse. Ann N Y Acad Sci 2004: 1029: 328–330.
41. LIU E, YU L, MORIYAMA H, EISENBARTH GS. Animal
models of insulin-dependent diabetes. Methods Mol
Med 2004: 102: 195–212.
42. GOTTLIEB PA, EISENBARTH GS. Insulin-specific tolerance in diabetes. Clin Immunol 2002: 102: 2–11.
43. WEGMANN DR, EISENBARTH GS. It’s insulin. J Autoimmun 2000: 15: 286–291.
44. ALLEVA DG, MAKI RA, PUTNAM AL et al. Immunomodulation in type 1 diabetes by NBI-6024, an altered
peptide ligand of the insulin B epitope. Scand J
Immunol 2006: 2006: 59–69.
45. GIANNOUKAKIS N. NBI-6024 (Neurocrine Biosciences).
IDrugs 2002: 5: 1162–1167.
46. ABIRU N, EISENBARTH GS. Multiple genes/multiple
autoantigens role in type 1 diabetes. Clin Rev Allergy
Immunol 2000: 18: 27–40.
47. ATKINSON MA, MACLAREN NK. Islet cell autoantigens
in insulin-dependent diabetes. J Clin Invest 1993: 92:
1608–1616.
48. CHRISTIE MR. Islet cell autoantigens in type 1 diabetes.
Eur J Clin Invest 1996: 26: 827–838.
49. DOTTA F, ANASTASI E, TIBERTI C, DI MARIO U.
Autoantigens in type 1 diabetes mellitus. J Endocrinol
Invest 1994: 17: 497–508.
50. KALLAN AA, DE VRIES RR, ROEP BO. T-cell recognition of beta-cell autoantigens in insulin-dependent
diabetes mellitus. APMIS 1996: 104: 3–11.
51. YOON JW, JUN HS. Cellular and molecular roles of beta
cell autoantigens, macrophages and T cells in the
pathogenesis of autoimmune diabetes. Arch Pharm
Res 1999: 22: 437–447.
52. BRUGMAN S, KLATTER FA, VISSER J, BOS NA, ELIAS D,
ROZING J. Neonatal oral administration of DiaPep277,
combined with hydrolysed casein diet, protects against
Type 1 diabetes in BB-DP rats. An experimental study.
Diabetologia 2004: 47: 1331–1333.
53. ELIAS D, AVRON A, TAMIR M, RAZ I. DiaPep277
preserves endogenous insulin production by immunomodulation in type 1 diabetes. Ann N Y Acad Sci 2006:
1079: 340–344.

11

Giannoukakis et al.
54. GIANNOUKAKIS N. DiaPep277 (DeveloGen). Curr Opin
Investig Drugs 2005: 6: 1043–1050.
55. HUURMAN VA, DECOCHEZ K, MATHIEU C, COHEN IR,
ROEP BO. Therapy with the hsp60 peptide DiaPep277
in C-peptide positive type 1 diabetes patients. Diabetes
Metab Res Rev 2007: 23: 269–275.
56. LAZAR L, OFAN R, WEINTROB N 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.
57. RAZ I, AVRON A, TAMIR M et al. Treatment of newonset type 1 diabetes with peptide DiaPep277 is safe
and associated with preserved beta-cell function:
extension of a randomized, double-blind, phase II
trial. Diabetes Metab Res Rev 2007: 23: 292–298.
58. RAZ I, ELIAS D, AVRON A, TAMIR M, METZGER M,
COHEN IR. Beta-cell function in new-onset type 1
diabetes and immunomodulation with a heat-shock
protein peptide (DiaPep277): a randomised, doubleblind, phase II trial. Lancet 2001: 358: 1749–1753.
59. SCHLOOT NC, MEIERHOFF G, LENGYEL C et al. Effect of
heat shock protein peptide DiaPep277 on beta-cell
function in paediatric and adult patients with recentonset diabetes mellitus type 1: two prospective,
randomized, double-blind phase II trials. Diabetes
Metab Res Rev 2007: 23: 276–285.
60. AGARDH CD, CILIO CM, LETHAGEN A et al. Clinical
evidence for the safety of GAD65 immunomodulation
in adult-onset autoimmune diabetes. J Diabetes Complications 2005: 19: 238–246.
61. CHATENOUD L. Monoclonal antibody-based strategies
in autoimmunity and transplantation. Methods Mol
Med 2005: 109: 297–328.
62. HEROLD KC, GITELMAN SE, MASHARANI U et al. A
single course of anti-CD3 monoclonal antibody
hOKT3gamma1(Ala-Ala) results in improvement in
C-peptide responses and clinical parameters for at least
2 years after onset of type 1 diabetes. Diabetes 2005:
54: 1763–1769.
63. BACCHETTA R, GAMBINERI E, RONCAROLO MG. Role
of regulatory T cells and FOXP3 in human diseases.
J Allergy Clin Immunol 2007: 120: 227–235: quiz
236–1227.
64. KIM CH. Molecular targets of FoxP31 regulatory T
cells. Mini Rev Med Chem 2007: 7: 1136–1143.
65. OCHS HD, GAMBINERI E, TORGERSON TR. IPEX,
FOXP3 and regulatory T-cells: a model for autoimmunity. Immunol Res 2007: 38: 112–121.
66. STEPHENS GL, SHEVACH EM. Foxp31 regulatory T
cells: selfishness under scrutiny. Immunity 2007: 27:
417–419.
67. VALENCIA X, LIPSKY PE. CD41CD251FoxP31 regulatory T cells in autoimmune diseases. Nat Clin Pract
Rheumatol 2007: 3: 619–626.
68. LUO X, TARBELL KV, YANG H et al. Dendritic cells with
TGF-beta1 differentiate naive CD41CD25- T cells
into islet-protective Foxp31 regulatory T cells. Proc
Natl Acad Sci U S A 2007: 104: 2821–2826.
69. YAMAZAKI S, BONITO AJ, SPISEK R, DHODAPKAR M,
INABA K, STEINMAN RM. Dendritic cells are specialized
accessory cells along with TGF- for the differentiation
of Foxp31 CD41 regulatory T cells from peripheral
Foxp3 precursors. Blood 2007: 110: 4293–4302.
70. BANCHEREAU J, STEINMAN RM. Dendritic cells and the
control of immunity. Nature 1998: 392: 245–252.
71. LUTZ MB, SCHULER G. Immature, semi-mature and
fully mature dendritic cells: which signals induce
tolerance or immunity? Trends Immunol 2002: 23:
445–449.

12

72. STEINMAN RM, HAWIGER D, NUSSENZWEIG MC. Tolerogenic dendritic cells. Annu Rev Immunol 2003: 21:
685–711.
73. STEINMAN RM, TURLEY S, MELLMAN I, INABA K. The
induction of tolerance by dendritic cells that have
captured apoptotic cells. J Exp Med 2000: 191: 411–416.
74. VLAD G, CORTESINI R, SUCIU-FOCA N. License to heal:
bidirectional interaction of antigen-specific regulatory
T cells and tolerogenic APC. J Immunol 2005: 174:
5907–5914.
75. SMITS HH, DE JONG EC, WIERENGA EA, KAPSENBERG
ML. Different faces of regulatory DCs in homeostasis
and immunity. Trends Immunol 2005: 26: 123–129.
76. SMITS HH, ENGERING A, VAN DER KLEIJ D et al.
Selective probiotic bacteria induce IL-10-producing
regulatory T cells in vitro by modulating dendritic cell
function through dendritic cell-specific intercellular
adhesion molecule 3-grabbing nonintegrin. J Allergy
Clin Immunol 2005: 115: 1260–1267.
77. YAMAZAKI S, IYODA T, TARBELL K et al. Direct
expansion of functional CD251 CD41 regulatory T
cells by antigen-processing dendritic cells. J Exp Med
2003: 198: 235–247.
78. INABA K, METLAY JP, CROWLEY MT, STEINMAN RM.
Dendritic cells pulsed with protein antigens in vitro can
prime antigen-specific, MHC-restricted T cells in situ. J
Exp Med 1990: 172: 631–640.
79. KUBACH J, BECKER C, SCHMITT E et al. Dendritic cells:
sentinels of immunity and tolerance. Int J Hematol
2005: 81: 197–203.
80. STEINMAN RM. Some interfaces of dendritic cell
biology. APMIS 2003: 111: 675–697.
81. STEINMAN RM, BONIFAZ L, FUJII S et al. The innate
functions of dendritic cells in peripheral lymphoid
tissues. Adv Exp Med Biol 2005: 560: 83–97.
82. STEINMAN RM, NUSSENZWEIG MC. Avoiding horror
autotoxicus: the importance of dendritic cells in
peripheral T cell tolerance. Proc Natl Acad Sci U S A
2002: 99: 351–358.
83. LIU YJ. Dendritic cell subsets and lineages, and their
functions in innate and adaptive immunity. Cell 2001:
106: 259–262.
84. LIU YJ, KANZLER H, SOUMELIS V, GILLIET M. Dendritic
cell lineage, plasticity and cross-regulation. Nat Immunol 2001: 2: 585–589.
85. BLUESTONE JA. Co stimulation and its role in organ
transplantation. Clin Transplant 1996: 10: 104–109.
86. CLARKSON MR, SAYEGH MH. T-cell costimulatory
pathways in allograft rejection and tolerance. Transplantation 2005: 80: 555–563.
87. KISHIMOTO K, DONG VM, SAYEGH MH. The role of
costimulatory molecules as targets for new immunosuppressives in transplantation. Curr Opin Urol 2000:
10: 57–62.
88. LENSCHOW DJ, WALUNAS TL, BLUESTONE JA. CD28/B7
system of T cell costimulation. Annu Rev Immunol
1996: 14: 233–258.
89. ROTHSTEIN DM, SAYEGH MH. T-cell costimulatory
pathways in allograft rejection and tolerance. Immunol
Rev 2003: 196: 85–108.
90. SAYEGH MH, TURKA LA. T cell costimulatory pathways: promising novel targets for immunosuppression
and tolerance induction. J Am Soc Nephrol 1995: 6:
1143–1150.
91. COATES PT, THOMSON AW. Dendritic cells, tolerance
induction and transplant outcome. Am J Transplant
2002: 2: 299–307.
92. HACKSTEIN H, MORELLI AE, THOMSON AW. Designer
dendritic cells for tolerance induction: guided not
misguided missiles. Trends Immunol 2001: 22: 437–442.
Pediatric Diabetes 2008: 9 (Part II): 4–13

Immunotherapy for diabetes mellitus
93. MORELLI AE, THOMSON AW. Dendritic cells: regulators
of alloimmunity and opportunities for tolerance
induction. Immunol Rev 2003: 196: 125–146.
94. NOURI-SHIRAZI M, THOMSON AW. Dendritic cells as
promoters of transplant tolerance. Expert Opin Biol
Ther 2006: 6: 325–339.
95. STEINMAN RM, INABA K, TURLEY S, PIERRE P, MELLMAN
I. Antigen capture, processing, and presentation by
dendritic cells: recent cell biological studies. Hum
Immunol 1999: 60: 562–567.
96. BOTTINO R, LEMARCHAND P, TRUCCO M, GIANNOUKAKIS
N. Gene- and cell-based therapeutics for type I diabetes
mellitus. Gene Ther 2003: 10: 875–889.
97. CHEN D, SUNG R, BROMBERG JS. Gene therapy in
transplantation. Transpl Immunol 2002: 9: 301–314.
98. GIANNOUKAKIS N, RUDERT WA, ROBBINS PD, TRUCCO
M. Targeting autoimmune diabetes with gene therapy.
Diabetes 1999: 48: 2107–2121.
99. GIANNOUKAKIS N, THOMSON A, ROBBINS PD. Gene
therapy in transplantation. Gene Ther 1999: 6: 1499–1511.
100. GIANNOUKAKIS N, TRUCCO M. Gene therapy for type 1
diabetes. Am J Ther 2005: 12: 512–528.
101. TARNER IH, FATHMAN CG. The potential for gene
therapy in the treatment of autoimmune disease. Clin
Immunol 2002: 104: 204–216.
102. TARNER IH, SLAVIN AJ, MCBRIDE J et al. Treatment of
autoimmune disease by adoptive cellular gene therapy.
Ann N Y Acad Sci 2003: 998: 512–519.
103. TRUCCO M, ROBBINS PD, THOMSON AW, GIANNOUKAKIS
N. Gene therapy strategies to prevent autoimmune
disorders. Curr Gene Ther 2002: 2: 341–354.
104. CHEN W. Dendritic cells and (CD41)CD251 T
regulatory cells: crosstalk between two professionals
in immunity versus tolerance. Front Biosci 2006: 11:
1360–1370.
105. HUGUES S, BOISSONNAS A, AMIGORENA S, FETLER L.
The dynamics of dendritic cell-T cell interactions in
priming and tolerance. Curr Opin Immunol 2006: 18:
491–495.
106. BEISSERT S, SCHWARZ A, SCHWARZ T. Regulatory T
cells. J Invest Dermatol 2006: 126: 15–24.
107. ENK AH. DCs and cytokines cooperate for the
induction of tregs. Ernst Schering Res Found Workshop 2006: 56: 97–106.
108. HUBER S, SCHRAMM C. TGF-beta and CD41CD251
regulatory T cells. Front Biosci 2006: 11: 1014–1023.
109. LOHR J, KNOECHEL B, ABBAS AK. Regulatory T cells in
the periphery. Immunol Rev 2006: 212: 149–162.

Pediatric Diabetes 2008: 9 (Part II): 4–13

110. RONCAROLO MG, GREGORI S, BATTAGLIA M, BACCHETTA
R, FLEISCHHAUER K, LEVINGS MK. Interleukin-10secreting type 1 regulatory T cells in rodents and
humans. Immunol Rev 2006: 212: 28–50.
111. SHEVACH EM, DIPAOLO RA, ANDERSSON J, ZHAO DM,
STEPHENS GL, THORNTON AM. The lifestyle of naturally occurring CD41 CD251 Foxp31 regulatory T
cells. Immunol Rev 2006: 212: 60–73.
112. TANG Q, BLUESTONE JA. Regulatory T-cell physiology
and application to treat autoimmunity. Immunol Rev
2006: 212: 217–237.
113. VERHAGEN J, BLASER K, A KDIS CA, A KDIS M.
Mechanisms of allergen-specific immunotherapy: Tregulatory cells and more. Immunol Allergy Clin
North Am 2006: 26: 207–231.vi.
114. ZHANG L, YI H, XIA XP, ZHAO Y. Transforming
growth factor-beta: an important role in
CD41CD251 regulatory T cells and immune tolerance. Autoimmunity 2006: 39: 269–276.
115. HARNAHA J, MACHEN J, WRIGHT M et al. Interleukin-7
is a survival factor for CD41 CD251 T-cells and is
expressed by diabetes-suppressive dendritic cells. Diabetes 2006: 55: 158–170.
116. MA L, QIAN S, LIANG X et al. Prevention of diabetes in
NOD mice by administration of dendritic cells
deficient in nuclear transcription factor-kappaB activity. Diabetes 2003: 52: 1976–1985.
117. MACHEN J, HARNAHA J, LAKOMY R, STYCHE A, TRUCCO
M, GIANNOUKAKIS N. Antisense oligonucleotides
down-regulating costimulation confer diabetes-preventive properties to nonobese diabetic mouse dendritic
cells. J Immunol 2004: 173: 4331–4341.
118. GIANNOUKAKIS N, RUDERT WA, TRUCCO M. Dendritic
cells for immunotherapy of type 1 diabetes. Cell
Science Rev 2007: 3: 250–278.
119. WAECKERLE-MEN Y, ALLMEN EU, GANDER B et al.
Encapsulation of proteins and peptides into biodegradable poly(D,L-lactide-co-glycolide) microspheres prolongs and enhances antigen presentation by human
dendritic cells. Vaccine 2006: 24: 1847–1857.
120. YOSHIDA M, BABENSEE JE. Molecular aspects of
microparticle phagocytosis by dendritic cells. J Biomater Sci Polym Ed 2006: 17: 893–907.
121. MANDAL TK. Inhaled insulin for diabetes mellitus. Am
J Health Syst Pharm 2005: 62: 1359–1364.
122. PHILLIPS B, NYLANDER K, HARNAHA J et al. A
microsphere-based vaccine prevents and reverses newonset autoimmune diabetes. Diabetes 2008 (in press).

13

