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B Abstract

Studies aimed at the understanding of the multifactorial de-
velopment of autoimmune diabetes have made substantial
contributions toward elucidating the molecular mechanisms
that open the road to an effective prevention of defective
immune responses. Immunomodulatory regimens capable of
inducing tolerance are shown to be effective even in the re-
versal of established autoimmune diabetes in animal models.
Experimental trials including the reeducation of autoreactive
T cells, depletion of macrophages, dendritic cells, and T
cells, as well as the use of monoclonal antibodies, have
yielded encouraging results, but have not yet been translated
into beneficial clinical outcomes. In addition, we are now

seeing an emergence of promising new directions aimed at
the induction of islet regeneration by endogenous factors,
suggesting that the repair of pancreatic tissue is possible
without the need for an engraftment of donor tissue. These
recent waves of technological progress have injected new
hope for a combined therapy to offer diabetic patients long-
term benefits of insulin independence. This article reviews
the latest findings on diabetic pathogenesis and discusses
promising avenues to tolerance induction and islet regenera-
tion.
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Autoimmune diabetes is evoked by a defective
immune response

@utoimmune diabetes is hallmarked by the de-
struction of pancreatic B-cells mediated by cyto-

toxic T lymphocytes (CTL) and macrophages. How-
ever, due to the heterogeneity of the disease and the
limited transferability to humans of results obtained in
animal models, it is still disputed whether the patho-
genic mechanism is conditional on a defective effector
or target cell function, or both. Indeed, if an abnormal
immune regulation predisposes to autoimmunity, B-
cell-specific factors should determine the target of the
autoimmune attack. It is generally agreed that a defec-
tive function in the immune response results in a loss
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of tolerance of specific own tissue. Normally, major
histocompatibility complex (MHC) class I- and II-
restricted immune cells undergo the first stage of
maturation in the thymus, where they are educated and
normal cellularity is restored by positive selection of T
cells that bear propetly functioning receptors [1, 2],
and continue maturing in the lymph nodes and the pe-
riphery. Autoreactive T cells may enter the periphery
due to limited or insufficient presentation of self-
antigens within the thymus. These T cells further inter-
act with antigen-presenting cells (APCs) in the periph-
ery to become inactivated or deleted in the normal en-
vironment [3], which is a critical element of T cell edu-
cation and results in peripheral tolerance. Education of
CTLs is conveyed by the presentation of antigens by
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MHC class I molecules on cell
surfaces of human cells, as well as
the selection of T cell progenitors
during maturing, which cause ma-
ture T cells to recognize self-
tissue as such and thus to deter
them from becoming autoreac-
tive [4]. Human leukocyte antigen
(HLA) genes encode the MHC
class I and 1I surface proteins and
thus are important for T cell edu-
cation and antigen recognition by
immunocompetent cells [5]. It is
therefore assumed that polymort-
phisms of these genes lead to dif-
ferent variations of MHC pro-
teins and thus account for over
half of the genetic risk of devel-
oping type 1 diabetes mellitus
(T1DM) [0, 7].

Immune cells are filtered by
several checkpoint controls in the
thymus and the periphery, sug-
gesting that central as well as peripheral tolerance may
be impaired in autoimmune diabetes [8, 9]. Failure of
tolerance to self-antigens in the thymus may result
from an impaired expression of MHC class I mole-
cules due to a defect in the B2-microglobulin chain
which leads to an interrupted presentation of self-
antigens to CTLs in NOD mice and humans [10]. The
misselected T cells are more susceptible to apoptosis if
this failure is combined with a defective activation of
NEF- B [11]. Under normal conditions, T cells that en-
counter self-antigens with high affinity are inactivated
and do not leave the thymus [3, 12] or apoptotic pro-
grams mediated by TNF-a production are initiated if a
cell fails to pass controls [13]. In this context, the loss
of tolerance to site-specific tissue is also attributed to a
limited antigenic experience of lymphocytes in the
thymus and thus such cells are allowed to escape
thymic elimination of clonal autoreactive T cells [12,
14-16]. Histological analyses of islet antigens have
shown that nonobese diabetic (NOD) mice express
markedly reduced levels of the target antigen, ICAGY,
as compared to non diabetic-prone female B6 and
NOD-B6 mice [12]. Peripherally apoptotic programs
also exist, but defective Fas-induced antigen-activated
apoptosis and clonal expansion of misselected cells
may allow autoreactive T cells to survive even periph-
eral T cell regulation and to enter the pancreas [17-20].

Defective clonal deletion is intrinsic to T cells car-
rying diabetes susceptibility genes, in particular HLA
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Figure 1. Different stages of insulitis in the pregnant NOD mouse. A: Beginning islet inva-
sion by autoreactive immune cells (purple). B: Augmented T cell presence in the infiltrated
islet and beginning B-cell destruction. C: Advanced destruction of p-cells leading to massive
damage and lysis. D: Emergence of new islets close to the duct with beginning reinfiltration
by autoreactive T cells.

genes, and thus these cells may be allowed to become
specific for islet cells [21]. Such misguided T cells rec-
ognize islet antigens, such as GAD and insulin, as for-
eign and begin to invade the islets of Langerhans and
attack insulin-secreting B-cells (Figure 1A). Neverthe-
less, it should be noted that macrophages and dendritic
cells (DCs) are primary contributors to the creation of
the autoimmune environment by presenting MHC
class II molecules conducive to the development and
activation of B-cell-specific Thl-type CD4+ T cells and
CD8* cytotoxic T cells that cause final islet cell de-
struction in NOD mice and humans [22-24]. In addi-
tion, islet antigen-specific autoantibodies are developed
by B cells. The process of immune cell infiltration be-
gins early before the clinical manifestation of TIDM.
After infiltration, lymphocytes begin to produce pro-
inflaimmatory cytokines that destruct mainly B-cells
within the islets of Langerhans (Figures 1B and 1C). In
the end, this process results in massive damage to is-
lets, leading to 3-cell death and insulin deficiency.

Transient recovery of islet function in the
prodromal diabetic stage as a sign of self-
regeneration?

Within the first period of insulin therapy after dis-
ease onset, a transient recovery of islet function ac-
companied by a decreased demand of exogenous insu-
lin supply can be observed, known as the ‘honeymoon
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period’, before returning to complete insulin-
insufficiency. A kind of regeneration or neogenesis of
B-cells might occur when the cells are not exposed to
glucose-induced stress triggered by hyperglycemia in
addition to the inflammatory and/or autoimmune re-
action. Such phenomena, together with complete func-
tional recovery, have been observed after experimental
induction of endocrine necrosis in the pancreas [25],
STZ-induced B-cell death [26], and subtotal pancre-
atectomy [27], suggesting that pancreatic endocrine tis-
sue is able to renew itself after damage. Physiologically,
pregnancy is a well-known model of pancreatic adapta-
tion, resulting in increased B-cell mass that contributes
to maternal physiological hyperinsulinemia necessary
for placenta and fetal growth. In this regard, Figure 1D
shows pregnant nondiabetic 10-week-old NOD mice,
with numerous islets in close connection to ducts, as if
they have sprouted out of them, a process that is clas-
sically observed during islet neogenesis from ductal
epithelial precursors. Although most of these islets
show lymphocytic infiltration, it can therefore be hy-
pothesized that these new islets either result from re-
sidual tissue stemming from the destroyed islets them-
selves or by neogenesis induced by self-renewal or
immature cells. Such cells could be adult stem or pro-
genitor cells that reside within the pancreas or in other
organs, such as spleen or blood [28]. Adult stem cells
are undifferentiated to some extent, thus not deter-
mined to specific tissue [29]. They are able to renew
themselves and may become specialized to replace cells
that die because of injury or disease [30]. Progenitor
cells are also immature but are partly specialized to the
tissue in which they reside. It is, however, still ques-
tionable if such cells are located within the pancreas of
humans with long-term established T1DM. Experi-
mental data suggest that the regenerative potential of
the endocrine pancreas diminishes with age [31]. On-
going lymphocyte attack, however, finally destroys the
resprouted islets, such that regeneration is only tran-
sient.

Reversal of autoimmunity in established dia-
betes

Allogeneic islet cell grafts are capable of being ef-
fective B-cell surrogates, but are not protected from
recurrent autoimmunity, as different immunologic
mechanisms are responsible for graft rejection and
autoimmunity [32, 33]. The reversal of autoimmunity is
thus mandatory for recovering and maintaining of en-
dogenous islet function in established diabetes [34]. As
discussed previously, defective immune responses may
result from a cascade of events including impaired
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formation and expression of surface MHC class I pro-
teins and self-antigens, which lead to defects in T cell
education and selection [3, 5, 8, 10]. In addition, Haya-
shi and Faustman found a defective expression of the
proteasome B3-subunits, the low molecular weight pro-
teins LMP2 and LMP?7, in splenocytes of NOD female
mice [11]. LMP2 and LMP7 are incorporated in the
proteasome that is responsible for intra-cellular protein
cleavage and catalysis for antigen presentation, such
that T cell selection by antigen presentation functions
propetly. The proteasome defect induces a defective
production and activation of the transcription factor
NF-»«B that impairs immune and inflaimmatory re-
sponses and increases the susceptibility of misselected
T cells to TNF-o mediated apoptosis [35, 11]. This ef-
fect can be exploited for abrogating autoreactivity of T
cells by the induction of complete Freund’s adjuvant
(CFA)-mediated TNF-a production which eliminates
these cells and paves the way for the reeducation of
newly emerging lymphocytes. This approach has been
followed in an experimental protocol by Ryu ez a/. [32].
CFA administration protected islet grafts in NOD
mice that were taken from other NOD mice but not
those taken from nondiabetic mice, suggesting that
graft vs. host disease and autoimmunity are attributed
to different immunologic mechanisms. Simultaneously
to CFA administration, naive host T cells were ex-
posed to donor splenocytes which are unable to ex-
press the B2-microglubulin chain and are thus unable
to present self-antigens to CTLs. Initially considered as
a strategy for bypassing rejection of grafted islets, it has
turned out that this intervention may influence the
communication among immune cells and lead to a sys-
temic relaxation of islet-specific autoreactivity by the
omission of pathogenic clonal events. This regimen
resulted in a substantial reversal of autoimmunity and a
recreation of B-cell function in about 75-90% of the
treated animals in refined experiments [32, 30].

The transferability of results generated in NOD
mice to humans is certainly questionable due to the ab-
sence of the susceptibility-conferring non-MHC gene
locus, IDDM2 on chromosome 11, and the missing
identification of the murine homolog of HLA-DR
molecules on antigen-presenting cells in mice [37].
Since the human and the murine class 1I alleles associ-
ated with T1DM share conserved features, it can be
expected that antigen presentation by APCs is im-
paired in both humans with T1DM and NOD mice
[38], which implies that similar molecular mechanisms
are involved in the defect of T cell education in both
humans and NOD mice. Therefore, the reversal of
impaired antigen presentation in mice presented by
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Kodama et al. identifies options for reestablishing
proper immune communication in diabetic humans,
including beneficial T cell education and selection after
antigen presentation as well as maintenance of cyto-
kine balance.

Since the proper function of APCs is cardinal for T
cell education, autoimmunity may result from the es-
tablishment of B-cell specificity by monocytes/macto-
phages which may be due to immaturity of these cells
or defective activation to infiltrate islets [38]. APCs are
usually controlled by CD4+CD25* T cells. Under spe-
cific genetic conditions and costimulatory interaction
between CD154 and CD40 immature DCs that are
able to trigger diabetogenic T cell response are released
from suppression by CD4*CD25+ T cells [39]. It is
unknown how such T cells attain to the endocrine
pancreas. Several assumptions have been tested. Most
equivocal is the assumption that the expression of
granulocyte macrophage-colony stimulating factor
(GM-CSF) in islet cells direct APCs into the islets and
activate them to release chemokines and present self-
antigens [40]. Recent data show that the macrophage-
deficient Csf1#/Csfl* (op/op) mouse phenotypes as-
sociated with major insulin mass deficit in fetuses and
adults develop abnormal postnatal islet morphogenesis
and impaired pancreatic cell proliferation at weaning
and late pregnancy [41]. Macrophages are normal con-
stituents of fetal, neonatal and adult pancreas in hu-
mans and rodents, capable of secreting various factors
involved in islet development and tissue remodeling. It
has therefore been hypothesized that their numerous
abnormalities, particularly defects in phagocytosis and
antigen presentation, observed in autoimmune diabe-
tes, might create a local microenvironment disturbing
islet neogenesis and favoring the development of the
autoimmune reaction [42]. A beneficial strategy for a
reversal of autoimmunity could therefore be to abro-
gate islet-specificity of immature DCs and macro-
phages or to suppress their activity. Only few studies
have followed this approach; all of them are aimed at
the prevention of diabetes in prediabetic subjects by
augmenting the activity of protective Th2 cells [43, 44].
This strategy has not yet been tested to reverse estab-
lished autoimmune diabetes, but could offer potential
benefits in restraining APCs from re-inducing islet-
specific orientation of immune cells.

In order to enhance the number of regulatory
CD4*CD25* T (Treg) cells and therefore to overcome
immunosuppressive defects the administration of anti-
CD3, monoclonal antibodies (mAb) have been tested
[45, 46]. Preclinical data suggest that CD3e-specific an-
tibodies induce a new population of Treg cells that can
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lead to a teversal of overt TIDM [47, 48]. Other anti-
bodies directed against costimulatory pathways are
only effective at a pre-diabetic stage. Experiments in
NOD mice have shown that CTLA4Ig and anti-B7-2
mADb treatment blocked the development of diabetes,
but had little effect on the development and severity of
insulitis when administered late, at > 10 weeks of age
[49].

Another approach aimed at the reversal of estab-
lished autoimmune diabetes refers to the finding that T
cell tolerance to self-antigens may be limited to anti-
gens that are expressed in the thymus and that some
pancreatic self-antigens are not (or not sufficiently) ex-
pressed in the thymus. Therefore, it has been sug-
gested that the induction of thymic tolerance specific
for pancreatic tissue reverses established autoimmune
diabetes. Thymic tolerance can be stimulated in ani-
mals by exposing immature immune cells with islet
cells in the thymus [50].

The effectiveness of insulin administration for tol-
erizing insulin-primed autoreactive T cells has been
tested in a multi-center clinical trial called the Diabetes
Prevention Trial-1 (DPT-1). Although the reasons for
its failure are not entirely clear at the moment, recent
evidence has suggested that intranasal administration
does not successfully tolerize autoreactive T cells, but
instead induces the generation of diabetogenic cyto-
toxic T cells. Crippling the immunogenicity of the po-
tential CTL epitopes within the proinsulin molecule
has then been shown to induce regulatory T cells ca-
pable of mediating the reversal of diabetes in NOD
mice [51, 52]. Insulin is at least necessary for concomi-
tant therapy in immunomodulatory or islet regenera-
tion regimens, as it prevents B-cells from glucose-
induced and oxidative stress which accompanies diabe-
tes with hyperglycemia via non-enzymatic glycation
and alterations in polyol pathway activity [53, 54, 32].
It has been demonstrated in experiments that islet re-
generation in formerly STZ-induced hyperglycemic
mice is far more effective when insulin is administered
concomitantly [26]. Furthermore, the induction of
normoglycemia by exogenous insulin supply lowers the
susceptibility of islet cells for T cell-mediated infiltra-
tion due to the suppression of self-antigens. Macro-
phages and DCs are the first mediators of islet-specific
autoimmunity that present self-antigens to T cells. As
B-cell autoantigens are elevated when islets are exposed
to hyperglycemia, T-cell infiltration is accelerated by
chronic insulin insufficiency [55]. Increased antigen
presentation may lead to proliferative responses of is-
let-antigen-specific autoreactive T cells [56]. Thus T
cells appear to strengthen their effort to fight against
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self-tissue in the presence of an elevated autoantigen
level. For this reason it is not advisable to tolerize T
cells by antigen-specific vaccination therapy in estab-
lished autoimmune diabetes. In contrast to the stimula-
tive capacity of islet-derived APCs, splenic APCs ap-
pear to show no enhanced potential to stimulate diabe-
togenic T cells [56]. This is an interesting result in that
it confirms the capacity of splenocytes as potential
modulators of established autoimmune diabetes.

Regenerative potential of the pancreas

Several approaches to replace damaged pancreatic
tissue have been attempted, including the transplanta-
tion of allogeneic pancreas [57], allogeneic islet grafts
[58], and autologous islet transplantation [59]. Another
approach involves the production of insulin-producing
tissue and cells by 7 vitro growth of human [-cells
from the epithelium of pancreatic ducts or from acinar
cells [60, 61] or by embryonic or adult stem cells [62,
63]. Despite advances in the restoration of the normal
insulin function, the surgical process of transplantation
is accompanied with severe risks, and is often associ-
ated with high morbidity and mortality rates. The
problems of graft vs. host disease and a lack of sources
arise when donor tissue is used for the replacement of
pancreatic insulin-producing cells [64, 65]. Further-
more, immunosuppression applied to avoid graft vs.
host disease is associated with adverse effects, such as
cancerous affections and islet cell damage [66-68]. The
safest strategy would, therefore, be to induce endoge-
nous regeneration.

One of the first surprising results of complete pan-
creatic self-regeneration observed in long-termed insu-
lin-insufficient NOD mice was effectuated by blocking
islet-specific autoimmunity [32, 36]. The outcome is
relevant in two aspects regarding the recovery of B-cell
function in T1DM patients: firstly, allograft-rejection
and islet-specific autoimmunity likely result from two
distinct mechanisms. The difference in the immune
response may be attributed to the antigenic targeting
of lymphocytes. While a pancreatic regeneration by na-
tive cells leads to the presentation of antigens that in-
duce the reactivation of islet-specific memory T cells,
immune ignorance to graft cells is mediated by a dif-
ferent cell-lineage specific for foreign antigens. Sec-
ondly, the approach eliminates the need for donor cells
and immunosuppressive regimens. The evidence arose
from the observation that irradiated splenocytes, used
as donor cells, surprisingly led to a similar reconstitu-
tion of islets as the use of fresh donor cells. Further
examination has shown that allogeneic bone marrow-
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derived cells from non-diabetes-prone donors are able
to initiate endogenous pancreatic tissue regeneration
but are largely not participating in the regenerative
process [69] (Figure 2).

Figure 2. Islet neogenesis without participation of donor cells.
Transplanted hematopoietic bone marrow precursors (green) from
a diabetes-resistant GFP-transgenic donor mice, genetically
marked by green fluorescence protein (GFP), are closely located
to the newly formed islet cells (red) but do not directly participate
in the regeneration process. Image courtesy of Massimo Trucco,
University of Pittsburgh, USA. Reproduction with permission from
the Journal of Clinical Investigation.

Induction of islet neogenesis

The capacity of the endogenous pancreas to regen-
erate itself has been demonstrated in several experi-
ments within the last few years [25, 26, 32, 70]. Current
evidence collected from histological studies in animal
models suggests that mature islet cells can arise from
progenitor cells. During development, such progeni-
tors residing within the bone marrow may differentiate
toward a pancreatic $-cell phenotype [71] presumably
via an endothelial cell-stage [72, 73] in order to substi-
tute parenchyma cells, which die at the end of their
lifespan, at these sites. In adult animals, a phenomenon
termed transdifferentiation has been described to sug-
gest islet mature cells may be formed by other cell
types; these have included non-insulin secreting cells
[74], e.g. acinar cells of the pancreas. A contradictory
result concerning the hypothesis of transdifferentiation
has been obtained in a recent study by Dor e al. [75]. 1t
is reasoned that the emergence of $-cell regeneration is
confined to lineages of B-cell progenitors that have
been identified by labeling fully differentiated [B-cells
expressing the human alkaline phosphatase protein. As
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the number of labeled B-cells did not change in a de-
fined period of time, the authors conclude that the
number of cells derived from non-B-cell progenitors
must be approximately zero. The outcome contradicts
results of several other studies, where the phenomenon
of transdifferentiation has been observed [72, 73] and
it is, therefore, doubtful whether the new technical and
histological methods that have been applied are unbi-
ased.

Given the evidence that islet cells have regenerative
potential, much interest has grown in establishing the
mechanisms and conditions of how this could be ap-
plied for clinical treatment. Analysis of the regenerat-
ing pancreas has led to the discovery that the phe-
nomenon is mediated by a biological active prepara-
tion, later named ilotropin [76]. The anti-diabetic prop-
erty of ilotropin is confirmed by its ability to halt
chemically-induced diabetes in hamsters [77]. As men-
tioned previously, neogenesis may develop from pan-
creatic ductal cells. Large-scale manufacture of the
pancreatic ductal cell-stimulating factor is made with
the cloning of a gene encoding for the islet neogenesis
associated protein (INGAP). The undetlying mecha-
nism is confirmed by the observation that its gene
product has the ability to prevent diabetes and convey
neogenesis in STZ-treated animals 78, 79].

Pancreatic ductal, endocrine, and exocrine cells are
required to undergo differentiation before they are ot-
ganized to form intact islets. The mechanisms of some
of these pathways are becoming increasingly under-
stood. Early stages of pancreatic development are
regulated by multiple factors, one of these factors is
the homeodomain protein IDX-1 (also known as IPF-
1, PDX1 or STF-1). Therefore, it is proposed that o-
and B-cells originate from common PDX-1-positive
endocrine progenitors [80]. In fact, Seaberg ¢# al. even
demonstrate that endoctine pancreatic cells are able to
differentiate from a single murine adult pancreatic pre-
cursor cell [81]. The origin of this cell line is, however,
debatable. It seems neither to be unequivocally an
ectodermal, nor a mesodermal or endodermal cell line,

as the cells lack specific markers of each of these em-
bryonic cell types. The low frequency and indefinite
origin of such precursor and progenitor cells indicate
that it will be difficult to identify mechanisms that can
be regulated in order to induce B-cell regeneration 7n
vivo.

The differentiation of endocrine cells also involves
the multiple roles of several transcription factors be-
longing to the helix-loop-helix (bHLP) class of ho-
meodomain proteins, while a transcription factor, p48,
controls exocrine cell differentiation [82, 83]. A recent
study has shown that INGAP in fact mediates the ex-
pression of PDX-1 in pancreatic ductal cells and mul-
tiple administration of INGAP may reverse diabetes of
STZ-treated mice [84]. Apart from INGAP, recent
studies have demonstrated that the expression of IDX-
1 can also be mediated by another factor, the insulino-
tropic hormone glucagon-like peptide-1 (GLP-1) pro-
duced by the entero-endocrine L-cells of the intestine.
Besides the observation in preclinical studies that
GLP-1 is capable of restoring normoglycemia in type 2
diabetic mice, the effect of GLP-1 is also attributed to
its ability to trigger B-cells secreting insulin together
with an accumulation of B-cells within the islets [85].

Conclusion

T1DM is establishing itself as a major autoimmune
disease in the human population, especially in Western
societies. A more clinically acceptable treatment regi-
men is therefore needed to effectuate a sustainable and
safe cure for the disease in the future. Despite the fail-
ure of previous clinical trials attempting to tolerize
autoreactive T cells, new advances are being made in
this area that hold promise for applications in islet re-
generation. Novel discoveries have also been made to
understand how islets can be manipulated to undergo
neogenesis. These technological developments will un-
doubtedly add new dimensions to the development of
improved treatments for the disease, but there is still a
long way to go.
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