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Abstract

Type | diabetes mellitus (TIDM) is a chronic autoimmune disease resulting in the designated
immune destruction of insulin producing (3-cells, usually diagnosed in youth, and associated with
important psychological, familial, and social disorders. Once diagnosed, patients need lifelong in-
sulin treatment and will experience multiple disease-associated complications. There is no cure for
TIDM currently. The last decade has witnessed great progress in elucidating the causes and
treatment of the disease based on numerous researches both in rodent models of spontaneous
diabetes and in humans. This article summarises our current understanding of the pathogenesis of
TI1DM, the roles of the immune system, genes, environment and other factors in the continuing
and rapid increase in TIDM incidence at younger ages in humans. In addition, we discuss the
strategies for primary and secondary prevention trials of TIDM. The purpose of this review is to
provide an overview of this disorder’s pathogenesis, risk factors that cause the disease, as well as
to bring forward an ideal approach to prevent and cure the disorder.

Key words: Type 1 diabetes, pathogenesis, susceptibility gene, epigenetics, environmental factors,
c-kit, PD-1, prevention trials.

Introduction

Type 1 diabetes mellitus (T1DM) or insu-
lin-dependent diabetes mellitus (IDDM) is a lifelong
metabolic disorder which is caused by insulin defi-
ciency with secondary autoimmune destruction of the
insulin producing pancreatic p-cells [1], usually di-
agnosed among children, adolescents and young
adult people, and bounded up with important psy-
chological, familial and social disorders. More than
346 million people worldwide have diabetes [2] and
the number of new cases of T1DM is increasing at rate
of approximately 3% per year in different countries
around the world, particularly among younger chil-
dren [3, 4]. Epidemiological investigations show the

geographical differences of T1DM incidence, the
age-adjusted incidence of Type 1 diabetes (T1D) var-
ied from 0.1/100,000 per year in China to 40.9/100,000
per year in Finland [5] (Figure 1). This organ-specific
destruction is mediated by T helper-1 (Thl) lympho-
cyte and develops owing to the interaction between
susceptibility genes, environmental factors [6] and
some other risk factors.

Pathogenesis

Type 1 diabetes is characterized by a lack of in-
sulin production caused by a cellular-mediated au-
toimmune destruction of pancreatic islet p-cells, the
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only cells in the body for a crucial hormone insulin
production. The {-cells function as a glucose sensor,
playing vital roles in detecting glucose and releasing
insulin to maintain physiologic glucose levels within a
relatively narrow range. They thus make up much
more than just an insulin factory. Once these cells are
destroyed, blood-glucose control is lost, resulting in
acute conditions such as ketoacidosis [7] and second-
ary complications (e.g. heart disease, blindness and
kidney failure). The autoimmune destruction is irre-
versible, and the disease is incurable.

Biomarkers of the immune destruction of the
B-cells include autoantibodies to islet cells, glutamic
acid decarboxylase (GADA), insulin (IAA), the tyro-
sine phosphatases IA-2 and IA-2p, and zinc trans-
porter 8 (ZnT8A). 85-90% of the newly diagnosed
T1D patients are positive for one or more of these
autoantibodies, but the proportion depends on pa-
tient’s age, the number and quality of the assays used,
and ethnicity. A small number of T1D patients may be
negative for all islet autoantibodies at diagnosis, de-
spite presence before or after diagnosis [8].

In this form of diabetes, the rate of P-cell de-
struction is rapid in infants and children, and slow in
adolescents and adults with lower-risk human leu-
kocyte antigen (HLA) genotypes. Some patients may
exhibit ketoacidosis as the first manifestation of the
disease. Others show modest hyperglycemia that can
rapidly decompensate when faced with infection or
other stress. A portion of adult patients may exhibit
residual PB-cell functions sufficient to prevent ketoac-

Incidence

45¢

idosis for several years, but eventually need insulin
for survival and are at risk for ketoacidosis. No or
little insulin is produced at the later stage of the dis-
ease, as manifested by low or undetectable levels of
plasma C-peptide.

Multiple genes within the major histocompati-
bility complex (MHC) were recognized over the last
two decades as the dominant loci associated with
disease in both the no obese diabetic (NOD) model
and human disease. MHC is grouped into the class I,
II and III regions, and each contains groups of genes
with specific functions. The MHC class I and MHC
class II genes encode human leukocyte antigens
(HLAs), which are proteins that exist on the cell sur-
face and define the tissue type of individuals and play
a significant role in the antigen presentation. Proteins
inside the cell can function as peptide antigens by
MHC proteins when they are broken into short frag-
ments. This will contributes to the immune system to
distinguish normal (self) antigens from those that are
foreign and potentially dangerous. MHC class III
genes encode some components of the complement
system, a collection of soluble proteins exist in the
blood that target foreign cells and break open their
membranes. In both humans and NOD mice, TIDM
arises as a complex polygenic trait, and the strongest
genetic link with disease susceptibility is certain major
MHC class II alleles [9]. NOD mice express only a
single unique MHC class II molecule [10] designated
I-Ag #’, which is the primary gene conferring diabetes
susceptibility.
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Fig 1. Age-standardized incidence of type | diabetes in children under |4-year-old worldwide. Adapted from The DIAMOND Project

Group (2006) [5].

Risk genetic loci

There are at least 20 regions of the genome pro-
visionally assigned as the factors predisposing to
T1DM. The genes at the HLA locus on human chro-
mosome 6 play a critical role in helping the immune

system to discriminate between 'self' (such as the beta
cells of the pancreas) and non-self (such as bacteria
and viruses). Inheriting certain HLA alleles increases
the probability that immune cells will attack the
body's own beta cells, thereby predisposing to type 1
diabetes. Within the HLA region, the genes are di-
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vided into three classes: Class I genes (HLA-A, HLA-B
and HLA-C), which are located on the surface of all
nucleated cells [11], encoding class I HLA antigens;
Class II genes (HLA-DR, HLA-DQ and HLA-DP),
which can produce class II HLA antigens that are
found exclusively on macrophages, B-lymphocytes,
activated T-lymphocytes, and epithelial cells of the
islets of Langerhans; Class III genes, code for com-
plement components (C2, properdin factor B, C4A
and C4B), and products involved in T-cell-mediated
inflammation, such as TNF-a, TNF-f, and acute phase
protein [12]. The major susceptibility for T1D has been
mapped to the HLA class II genes HLA-DQB1, -DQA1
and -DRB1 [13]. Both susceptible and protective
DR-DQ haplotypes exist in all populations. In the
early 1970s, several groups discovered that there is a
relationship between HLA class I and T1D. Later, it
was found that lymphocyte-defined HLA-D antigens,
HLA class II DR3 (HLA-DRB1*0301, DQB1*0201) and
DR4 (HLA-DRB1*04, DQB1*0302) were much more
closely associated with T1D [14], accounting for ap-

Table I. Susceptibility loci for type | diabetes.

proximately 40 % of the genetic risk for TIDM de-
velopment, and the DR3/DR4 combination, two sus-
ceptible alleles, could produce a higher-risk genetic
combination [15, 16]. Children aged under 5-year-old
with a family history of TIDM, carrying the highest
risk HLA class Il genotypes, and persistently positive
for two or more autoantibody types, have a consid-
erably high risk of being diagnosed with the disease,
for whose lifetime risk is more than 90% [17]. Recent-
ly, novel statistical methods have been applied to ge-
netic association data from the HLA region in T1D,
and this has made it possible to identify effects of
other genes independently of the effects at the classi-
cal HLA-DR, -DQ risk loci. These include HLA-B and
HLA-A, located in the telomere of the classical loci,
and loci within the HLA class III region [18]. Besides
HLA, the insulin gene (IDDM2) on chromosome 11
[19], the CTLA4 gene at the IDDM12 susceptibility
locus [20], PTPN22 lyp [21] and other susceptibility
loci are also strongly associated with the onset of the
disease (listed in Table 1).

Locus Chromosome As [26] LOD Candidate genes Ref.
IDDM1 (HLA) 6p21.3 1.7-4.2 65.8 HLADR/DQ [22]
IDDM2 (INS) 11p15.5 1.6 428 INSULIN (INS) VNTR [22]
IDDM3 15926 [23]
IDDM4 11q13 1.0-15 2.7 LRP5, FADD [24]
IDDM5 6q25 45 MnSOD, SUMO4 [25]
IDDM6 18q12-q21 1.0-1.5 1.1 JK(Kidd), ZNF236, BCL2 [26]
IDDM7 2q31-33 1.0-1.6 1.2 NEUROD [27]
IDDMS8 6q25-27 1.0-2.1 3.6 [25]
IDDM9 3q22-q25 1.0-1.7 34 [28]
IDDM10 10p11-q11 1.1-2.2 2.8 GAD2 [22]
IDDM11 14q24.3-q31 4.0 ENSA, SEL-1L [29]
IDDM12 (CTLA-4) 2q31-933 3.57 CTLA-4, CD28 [30], [22]
IDDM13 2q34-q35 [31]
IDDM15 6921 2.36 [22]
IDDM16 (IGH) 14932 [32]
IDDM17 10925 2.38 [33]
IDDM18 (IL-12p40) 1q42 22 [22]
5q31.1-33.1 IL12B [34]
7925 1.81 [22]
8q22-q24 24 35]
16q22-q24 1.6 3.93 [22]
PTPN22 1p13 PTPN22 (LYP) [36]
SUMO4 6q25 SUMO4 [11]

Notes: IGH-Immunoglobulin heavy chain; p-the long arm of chromosome; g-the short arm of chromosome; LOD-logarithm of the odds: the LOD score has
been used as a measure of the statistical evidence for linkage between a marker and a gene; As values reflect sibling risk of a disease in relation to its population

prevalence.

http://www.ijbs.com



Int. J. Biol. Sci. 2013, Vol. 9

669

IDDM1. The HLA class II gene, designated as
IDDM]1, a susceptibility gene in the HLA region of
chromosome 6 (6p21.3), accounts for at least 40% of
the familial aggregation of this disease [37]. When
evaluated as haplotypes, DQA1*0501-DQB1*0201 and
DQA1*0301-DQB1*0302 are most tightly associated
with T1D in Caucasian populations, in linkage dise-
quilibrium with DRB1*03 and DRB1*04, respectively.
Specific DRB1*04 alleles also influence the risk asso-
ciated with the DQA1*0301-DQB1*0302 haplotype.
Other high risk haplotypes for TIDM are also re-
ported, including DRB1*07-DQA1*0301-DQB1*0201
among African Americans, DRB1*09-DQA1*0301-
DQB1*0303 among Japanese, and DRB1*04-DQA1*
0401-DQB1*0302 among Chinese. DRB1*15-DQAT1*
0602-DQB1*0102 is a protective haplotype to reduce
T1D risk in most populations.

Individuals with only one susceptibility haplo-
type have an increased but modest TIDM risk,
whereas others with two high risk DRB1-DQAI-
DQB1 haplotypes show a significantly higher T1D
risk than those with one or no high risk haplotype.
The estimate of relative risk ranges from 10-45 and
3-7, respectively, for these groups, relying on race or
ethnicity [15]. In terms of absolute risk, 6% of Cauca-
sian with two susceptibility haplotypes will develop
T1DM by 35 years of age. In fact, this figure is much
lower in populations where T1D is rare, such as <1%
among Asians.

Insulin gene (INS). The insulin gene is located
in the insulin-linked polymorphic region (ILPR, also
known as IDDM2) on chromosome 11p15.5. A varia-
ble number tandem repeat (VNTR) region consisting
of a 14 to 15 bp consensus sequence upstream of the
INS gene, in the INS promoter, is comprised of three
classes of alleles: there is a higher frequency of class I
alleles (26-63 repeats) with shorter repeat sequences in
individuals with TIDM while individuals with longer
class III alleles (141-209 repeats) are relatively pro-
tected from T1DM [38, 39]. The biological plausibility
of these associations may be due to the insulin mRNA
expression in the thymus. Compared to class I vari-
ants, class Il variants can generate higher levels of
insulin mRNA, contributing to the establishment of a
state of immune tolerance with the increased negative
selection of autoreactive T-cell clones. The effect of
insulin gene varies among different ethnicity groups,
with lesser effects in non-Caucasian populations [40].

CTLA~4 (cytotoxic T lymphocyte antigen 4). The
CTLA-4 gene is located on chromosome 2q31-q33 [41],
in which multiple T1D genes are located. Evidence
from combined linkage and association analyses in-
dicates that CTLA-4 gene and T1DM are linkage dis-
equilibrium. It is demonstrated that the impaired ac-
tivity is associated with a Thr17Ala variant; this may

contribute to the increase of T1D risk. On the whole,
the relative increase in the risk for the CTLA-4 Alal7
variant is estimated as 1-2.

PTPN22 lyp. Lymphoid protein tyrosine phos-
phatase (Lyp) encoded by the PTPN22 locus on
chromosome 1p13.3-13.1 [30] has the relation to
T1DM. Lyp, a suppressor of T-cell activation, is an~
105 kDa Class I protein tyrosine phosphatase (PTP)
consisting of an N-terminal PTP domain and a long
noncatalytic C terminus with proline-rich motifs [36].
The variants encoded by the two alleles, 1858C and
1858T, are different in a crucial amino acid residue
which is involved in the association of LYP with the
negative regulatory kinase Csk (C-terminal Src ki-
nase). The variant associated with T1D does not bind
Csk, and the PTPN22 allele 1858T has higher fre-
quency in individuals with T1D than those in healthy
individuals: 30.6% of individuals with T1D are het-
erozygous with respect to 1858C, whereas 21.3% are
heterozygous in healthy controls, and 3.7% of the pa-
tients with T1D are homozygous, although only 1.0%
are homozygous in healthy controls (x? = 14.84 with 2
degrees of freedom, P< 0.001) [42]. As the cohorts
were matched for age and race, these results demon-
strate that the PTPN22 allele 1858T predisposes indi-
viduals to the development of T1D.

Epigenetics and TIDM

Disease concordance rates of monozygotic twins
range from 12.0% to 67.7% [43-45]. The low disease
concordance rates observed in adult-onset T1DM
(<20%) indicate that epigenetic changes may have a
predominant effect on the onset of TIDM in adults,
compared to young patients. It is thus necessary to
look further into the status of DNA methylation and
histone modifications caused by external factors in
patients with T1DM, because these modifications are
related to altered gene expressions [46].

DNA methylation in TIDM. Comprehensive
DNA methylation profiling suggests that a total of 276
CpG loci can be affiliated with promoters of 254 genes,
displaying significantly different DNA methylation
patterns in diabetic islets [47]. Because increased body
weight and insulin resistance may be closely related
to T1D in adults, the epigenetic dysregulation such as
DNA methylation is critically involved in the onset of
the disease. Therefore, impaired B-cell functions can
be driven by epigenetic changes in patients with less
HLA genetic susceptibility such as those affected by
LADA (latent autoimmune diabetes of the adult) [48].

Rakyan and his collegues [49] conducted a com-
parative study on the epigenome-wide association in
CD14* monocytes from T1D-discordant monozygotic
twin pairs. They identified 132 different CpG sites
significantly linked with diabetic condition and dis-
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covered that some of the genes were hypomethylated
or hypermethylated (e.g. GAD2 and HLA-DQB1),
which are known to be correlated with TIDM. In ad-
dition, T1D-associated methylation in variable posi-
tions arises early in the progression of the disease, as
they are found in islet autoantibody positive indi-
viduals many years before clinical diagnosis. The dif-
ference in the methylation patterns between T1DM
patients and non-diabetic controls was reported by
Bougneres’s  group [50]. In  addition, a
3-CpG-hypomethylation pattern that seemed to be
present only in T1D patients was identified. As these
three CpG sites are proximal to the transcription ini-
tiation site in the insulin promoter gene, they could be
a marker for the prediction of TIDM. Furthermore, 19
CpG sites were linked to the onset time of a domi-
nating TIDM complication of nephropathy, of which
one CpG site was found to be hypermethylated. The
UNCI13B gene is shown to be associated with the risk
of diabetic nephropathy [51]. Akirav et al. [52]
demonstrated that hypomethylated insulin DNA
could be detected in the blood of newly-diagnosed
type 1 diabetic patients and this finding might lead to
the development of an effective means for the detec-
tion of B-cell death.

Histone modification in TIDM. Gray and
DeMeyts [53] demonstrated that histone modification
was correlated with diabetes. Natarajan’s group [54]
performed ChIP-chip for the comparison of ge-
nome-wide histone H3K9me2 patterns in peripheral
lymphocytes and monocytes between T1D patients
and non-diabetes controls. In lymphocytes, they
found a notable increase in H3K9me2 in some T1D
high risk genes such as CILA4 gene. Curcumin
treatment, which provides protection against T1D
nephropathy, increased acetylation of histone H3 [55].
Moreover, hyperglycemia affects histone methylation
[56]. The upregulation of the NF-kB-p65 gene due to
the histone methylation of the gene promoter region
can be caused by prior hyperglycemia.

MicroRNA regulation in TIDM. Dotta’s group
[57] measured miR-326 expression levels in peripheral
lymphocytes from T1D patients who possessed au-
toantibodies to glutamic acid decarboxylase and in-
sulinoma antigen-2. A high level expression of
miR-326 was observed among T1D patients with au-
toantibodies, compared to antibody-negative T1D
patients. The miRNAs are reported to be related to
B-cell death. Michalek’s group [58] analyzed the
miRNAs expression in regulatory T cells derived from
T1D patients, and found that miR-342 and miR-191
were downregulated, while miR-510 upregulated. As
reviewed by Fernandez-Valverde [59], a large quan-
tity of other miRNAs may be involved in the T1D
pathogenesis.

Environmental factors

Based on comparative studies to determine the
effect of genetic and environmental factors on the
onset of diabetes, 88% of phenotypic variances are
ascribable to genetic factors, and the rest to unshared
environmental factors. Environmental risk factors are
thought to be “initiators” or ‘accelerators’ of B-cell au-
toimmunity, or “precipitators’ of overt symptoms in
individuals suffering from p-cell destruction. The
factors may act directly on the pancreas, or provoke
abnormal immune responses to proteins normally
expressed in the cells.

Monozygous and dizygous twins. Twin studies
suggest an important role of environmental risk fac-
tors in the development of TIDM. The concordance of
T1DM development differs much more dramatically
between monozygotic and dizygotic twins [60]. Alt-
hough the probability of monozygotic twins who live
under different environment to develop T1DM de-
creases with the duration of discordance, concordance
can happen in twins more than 40 years after the de-
velopment of diabetes in their twin sibling. In some
degree, the risk for diabetes of a dizygotic twin is
similar to the risk of a twin of a patient with diabetes
(5%). Therefore, the development of diabetes is not
substantially enhanced in dizygotic twins under the
shared environment. Anti-islet autoantibodies are
found more frequently in monozygotic twins, com-
pared to dizygotic twins, and most of the monozy-
gotic twins of TIDM patients expressing anti-islet
autoantibodies progress to diabetes [61].

In most studies, anti-islet cell autoantibodies are
frequently observed in non-diabetic monozygotic
twin siblings of patients with T1DM, ranging from
42% to 76% [62, 63], which is in concordance with
their high progression to diabetes. Radioassays show
that autoantibodies are consistently expressed prior to
the development of diabetes, and most monozygotic
twin siblings with multiple autoantibodies develop
diabetes in the long period. Studies indicate a low
concordance rate for diabetes in dizygotic twins be-
tween 0% [63] and 13% [64], while, in monozygotic
twins, the concordance rate ranges from 21% to 70%
[63, 64]. Life table analysis and long term follow-up
studies show the highest rate for the progression of
diabetes in monozygotic twin siblings [62].

Viral infections. Viral infections have been im-
plicated in the T1D etiology for more than 100 years.
The epidemiological data show that some viruses
such as enteroviruses, coxsackie virus B (CVB),
mumps, rubella, cytomegalovirus, parvovirus, rota-
viruses, and encephalomyocarditis virus might con-
tribute to T1D pathogenesis [65, 66]. On the basis of
seroepidemiological human studies, enteroviruses, in
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particular, may induce T1D [67, 68], and enteroviral
infections occurring early in utero may increase a
child’s subsequent risk to develop the disease [69].
Coxsackie viruses, which contain a peptide homolo-
gous to glutamic acid decarboxylase 65 (GAD65), are
often observed in childhood and are known to have
effects on the pancreas.

Recently, Mycobacterium avium subsp. paratuber-
culosis (MAP), the etiological agent of paratuberculo-
sis [70], has been proposed as a new environmental
factor [71] that might play a role in the pathogenesis
of T1D [72]. This pathogen is widely spread and can
be detected in milk and dairy products derived from
infected ruminants that are asymptomatic reservoir
[73], owing to its ability to survive pasteurization and
chlorination. The prevalence of MAP infection is high
in T1D patients in Sardinia [74-77], one of the regions
with the highest T1D incidence all over the world. As
a matter of fact, MAP DNA was detected in 63% of
Sardinian T1D patients, but 16% of healthy individu-
als [78]. Similarly, the MAP envelope protein MptD
was detected in 47% Sardinian T1D patients, but only
13% in healthy individuals [72]. MAP protein, named
MAP3865¢, has a sequence homology with the (-cell
antigen zinc transporter 8 (ZnT8) [79] targeted by Abs
in T1D patients [80].

Two possible mechanisms may be involved in
the virus infection-mediated development of T1D: one
is via a direct cytolytic effect, and the other through
triggering autoimmune responses gradually leading
to B-cell destruction. In addition, the study of struc-
tural homology between viral structures and [-cell
antigens suggests that molecular mimicry may play
an essential role in diabetes-associated autoimmune
responses. Furthermore, persistent or slow virus in-
fections may also be essential for the development of
autoimmunity.

Other related genes

PD-1. Programmed cell death 1 (PD-1), an im-
munoinhibitory receptor which belongs to the
CD28/CTLA-4 family, is expressed on activated T
cells. PD-1 inhibits T cell activation and provides
negative costimulation with the recruitment of the
protein tyrosine phosphatase SHP-2 (src homology 2
domain-containing tyrosine phosphatase 2), upon
binding to its ligands, PD-L1 and PD-L2 [81-83]. Be-
cause PD-1 plays an important role in the regulation
of peripheral tolerance, PD-1-deficiency may lead to
various autoimmune diseases [84]. The onset and
frequency of T1IDM in NOD mice are specifically ac-
celerated under the condition of PD-1 deficiency, with
strong T helper 1 polarization of T cells infiltrating
into islets, and this is more pronounced in male ani-
mals. The diabetic incidence of NOD-Pdcd1-/- mice

was controlled by five genetic loci, including Idd (in-
sulin-dependent diabetes) 1, 1dd17, and 1dd20, in
which recessive loci are included. Ansari et al. [85]
demonstrated that antibodies specific to PD-1 or
PD-L1, but not PD-L2, would contribute to the accel-
eration of insulitis and subsequent development of
diabetes in NOD mice. Based on these findings,
PD-1/PD-L1 pathway plays a crucial role in the dia-
betic incidence in NOD mice.

Recently, Lillevang’s group [86] showed for the
first time that the A allele of PD-1 7146G/ A SNP (sin-
gle nucleotide polymorphism) had significant association
with susceptibility to TIDM in Caucasians, which was
confirmed in two separate populations of T1D pa-
tients from different regions in Denmark. Testing the
pooled material further confirmed this finding.

PD-1 can induce immune tolerance to pancreatic
islet cells in animal models. Roles of PD-1 in T1IDM
were examined with the use of PD-1 transgenic mice
(Tg). Multiple low doses of streptozotocin (STZ) were
injected into mice to achieve T cell-mediated destruc-
tion of PB-cells [87]. Insulitis and hyperglycemia ap-
peared in male mice 7 days after the treatment of low
doses of STZ [88]. Although the development of au-
toimmune diabetes was not completely prevented by
PD-1 transgene expression, the severity of the disease
in PD-1 Tg mice was significantly reduced. On the
contrary, PD-1 deficiency accelerated TIDM in NOD
mice, demonstrating that PD-1 deficiency would ac-
celerate the development of autoimmune responses
[89]. Accumulating evidence demonstrates that PD-1
delays the incidence of diabetes and it may play an
essential role in the induction of immune tolerance in
the pancreas.

PD-Ls expressed on non-lymphoid organs can
prevent tissue destruction through the suppression of
effector functions of autoreactive lymphocytes. In
NOD mice, PD-L1, but not PD-L2, is highly expressed
on B-cells in pancreatic islets of patients with insulitis
[90]. It is intriguing that the islets are surrounded by
infiltrating lymphocytes which form a cluster but are
rarely invaded. PD-L1 on [-cells might thus serve as a
barrier to suppress the effector function of diabeto-
genic T cells. In NOD-Pdcd1 K/K mice, this barrier is
missing and the islets are deeply invaded by lym-
phocytes in spite of augmented PD-L1 expression on
B-cells. As a consequence, NOD-Pdcdl K/K mice
develop T1DM much faster than PD-1-sufficient NOD
mice, with the islets being extensively destructed [91].
As T cells are much more activated in the islets than in
draining lymph nodes, PD-1/PD-L1 interaction can
also inhibit the in situ activation of T cells. Blockade of
the PD-1-PD-L pathway by antibodies in prediabetic
NOD mice induces T1IDM within 10 days [92]. Taken
together, the PD-1/PD-L pathway plays a pivotal role
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in the maintenance of peripheral tolerance at the
frontline of the immune response.

c-kit. c-kit, a receptor tyrosine kinase, and its
ligand, stem cell factor, dominate various cellular
events, such as pancreatic p-cell survival and differ-
entiation as revealed in c-kit Wv mice. The c-kit Wv
mice, which have a point mutation in the c-kit allele,
resulting in the loss of function of this kinase, develop
diabetes. The hematopoietic stem cell marker c-kit
plays quite important roles in the development and
function of islets of Langerhans, particularly in p-cell
proliferation, maturation, and survival [93].

Li et al. [94] demonstrated that c-kit was ex-
pressed during the development of human fetal pan-
creas in early and mid-gestation in a dynamic, tem-
porally-regulated fashion. Their findings are consist-
ing with previous investigations [95-98] showing that
c-kit is a marker for B-cell progenitors. In addition,
they have also shown that pancreatic duodenal
homeobox-1 (PDX-1) and insulin expression at both
mRNA and protein levels increased or reduced by the
enhancement or downregulation of c-kit receptor ty-
rosine kinase activity in separated human fetal is-
let-epithelial cell clusters. This indicates that the c-kit
receptor tyrosine kinase has crucial effects on the
modulation in various aspects of islet biology during
the development of human fetal pancreas. On the
basis of this result, c-kit is considered as a marker for
[-cell progenitors in humans. It is essential to identify
such factors to establish new islet cell-based therapies
for B-cell destruction in insulin-dependent diabetes.

Feng et al. [99] examined whether c-kit overex-
pression could prevent P-cell defects in c-kit W¥ mice.
The c-kitpTg Wv mice not only showed normal fasting
glycaemia and glucose tolerance, but also enhanced
glucose-induced insulin secretion. They also demon-
strated that c-kit overexpression in B-cells could im-
prove [-cell proliferation and function, and protect
mice from developing HFD-induced diabetes. More-
over, the c-kit overexpression on specific 3-cells had
the ability to prevent B-cell dysfunction in c-kitWv
mice. Thus, c-kit plays a primary physiological role in
B-cells, and may be a target for the development of
gene and cell therapeutic schemes for diabetes pa-
tients.

Treatment and prevention trials

Today, diabetic patients can have a near-normal
life relying on the administration of exogenous insulin
by daily injections, continual pump therapy, or islet
transplantions and adhering to various self-care tasks.
Through these methods, diabetics can optimize the
glycemic control and decrease the incidence of diabe-
tes complications, such as cardiovascular disease,
kidney failure, neuropathy, and retinopathy. How-

ever, currently available therapies fail to quell the
risks for long-term hypoglycemia and microvascular
damage and the treatments are quite costly [100].

In order to optimize the treatment for T1DM,
large multi-national investigations have been de-
signed and conducted to evaluate primary and sec-
ondary prevention trials [101].

Primary prevention trials. Primary prevention is
treatment in infants with increased genetic risk. The
primary prevention studies include several dietary
manipulations, such as infant formulas free of either
cow’s milk or bovine insulin, delayed exposure of
gluten-containing foods, and vitamin D supplemen-
tation. Because primary prevention is directed at in-
dividuals who have no clinical signs of autoimmune
diseases or metabolic impairment, and because it is
uncertain whether they will develop T1DM, the de-
signed interventions must be effective, safe, and free
of side effects. To date, all primary prevention trials
have been dietary interventions designed to interrupt
putative environmental factors of TIDM. So far, none
of the specific dietary factors has been shown to be an
unequivocal risk factor for p-cell-targeted autoim-
mune diseases or T1DM, and their effects have still
been contradictory [102]. It is thus difficult to evaluate
the efficacy of the primary interventions.

Dietary interventions. Cow’s milk: Epidemio-
logical studies and meta-analyses indicated that early
introduction of cow’s milk may be a risk factor for the
development of T1IDM [103, 104]. In 1995, a pilot
study was initiated to evaluate in babies, who have
high genetic risk markers of T1IDM, about whether
weaning replacement with a formula based on casein
hydrolysate instead of cow’s milk might decrease the
development of TIDM [105]. Infants were enrolled in
the study when they had HLA-conferred susceptibil-
ity to TIDM and one or more family members de-
velop TIDM. In the trial, 230 infants were randomly
assigned to receive either a casein hydrolysate for-
mula or a conventional cow’s-milk formula whenever
breast milk was not sufficient during the first 6-8
months of life. Children were followed up for 10 years
to monitor diabetes-related autoantibodies and
T1DM. The study suggested that the risk of the de-
velopment of autoimmune responses to p-cells was
reduced among the group with casein hydrolysate
formula (appearance of at least one autoantibody)
[106].

Bovine insulin: Vaarala and his colleagues
demonstrated that cow’s-milk formula containing
bovine insulin induced autoimmune responses to
insulin [107]. Then, a pilot study named the Finnish
Dietary Intervention Trial for the Prevention of TIDM
[FINDIA] was initiated, whose purpose was to con-
firm whether a formula without bovine insulin might
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reduce diabetes. Compared to the cow’s-milk formula
group, the FINDIA formula group showed a reduced
risk of the development of autoimmune responses to
B-cells (appearance of one or more antibodies) [108].
In the meantime, it might be prudent to encourage
breastfeeding for as long as possible whatever the
outcome of the study.

Gluten: It has been suggested by prospective
observational studies that the age for the introduction
of solid food, for example, gluten-containing foods or
cereals, would have an effect on the development of
anti-islet autoimmune responses in children who are
genetically susceptible to TIDM [109]. A pilot study
showed that the P-cell function of islet autoanti-
body-positive children can be improved by gluten
deprivation for 6 months [110]. Therefore, it might be
safe to delay the exposure of gluten till 12-month of
age. It is, however, likely that the delay of the intro-
duction of solid food fails to achieve substantial re-
duction in the risk of anti-islet autoimmune responses
in genetically susceptible children.

Vitamin D: It has been shown that vitamin D
plays a role in the prevention of insulitis and T1DM in
mouse disease models and vitamin D supplementa-
tion in early childhood may reduce the risk of the
development of T1DM. Retrospective studies also
suggest that regular vitamin D supplementation in
early life shows benefits in reducing the risk of TIDM
in the later lifetime [111]. However, the prospective
Diabetes Autoimmunity Study in the Young (DAISY)
had revealed that the intake of vitamin D during
childhood was not correlated with the risk of anti-islet
autoimmune responses or TIDM [112]. More recently,
a meta-analysis of data indicated that the risk of
TIDM was strikingly decreased by 29% in infants
supplemented with vitamin D, compared to those
who were not supplemented [113]. Controlled studies
with vitamin D performed in new-onset TIDM have
shown mixed outcomes, with one showing benefits
[114] and two others not [115, 116]. A nationwide
study has been proposed in Canada to confirm the
hypothesis that vitamin D supplementation can re-
duce the risk of anti-islet autoimmune responses and
the development of TIDM.

Secondary prevention trials. Secondary preven-
tion is targeted at individuals with persistent islet
autoantibodies. Ongoing trials involve the use of nic-
otinamide or antigen-specific therapies, including
parenteral insulin, oral and nasal insulin or the intra-
dermal administration of proinsulin peptides, and a
vaccine with Glutamic acid decarboxylase (GAD).

Nicotinamide: Nicotinamide, a water-soluble
vitamin (B6) isolated from nicotinic acid, has been
shown to increase insulin synthesis and inhibit the
development of diabetes if administered prior to the

onset of the disease. Early in 1947, nicotinamide was
found to be effective to prevent the development of
diabetes in alloxan-treated rats. Subsequently, it was
indicated that the compound was effective in the
prevention of streptozotocin-induced diabetes and in
the spontaneous development of diabetes in the NOD
mouse [117].

Furthermore, The European Nicotinamide Dia-
betes Intervention Trial (ENDIT) [118] evaluated the
effects of nicotinamide in at-risk relatives of individ-
uals with Type 1 diabetes. ENDIT recruited islet cell
antibody (ICA)-positive individuals aged 5-40 years
old with T1IDM for less than 20 years. The study ran-
domized 552 participants either to nicotinamide (1.2 g
m2 day™) or placebo groups. 35 000 first-degree rela-
tives were screened to identify eligible subjects. After
following up for about 4 years, it was shown that the
rates of TIDM development in nicotinamide and
placebo groups were essentially the same [119]. Nico-
tinamide thus had no effect on the prevention or delay
of TIDM development in at-risk relatives.

Antigen-specific therapy: Antigen-specific ther-
apy, a kind of immunotherapy to prevent TIDM [120],
is based on the concept that the appropriate admin-
istration of a diabetes autoantigen has a potential to
control the autoimmune responses by diverting the
immune system to a protective rather than destructive
response, and potentially to induce or restore toler-
ance. Antigens used for the treatment are safe, as they
are specific for TIDM and are not expected to change
generalized immune responses. Mucosal administra-
tion of autoantigens, such as oral or intranasal im-
munization, was expected to yield protective immun-
ity, and thus has been the route used in some studies.

Because insulin is a B-cell-specific antigen, mul-
tiple approaches have been conducted for the inter-
ventions using insulin. It is quite advantageous to
employ the insulin therapy in individuals with an-
ti-islet autoimmune responses [121]. Firstly, the B-cell
load will be reduced in the state of subclinical TIDM.
Secondly, immunological tolerance is expected to be
induced. In fact, delayed disease progression was
observed in pilot studies of parenteral insulin (sub-
cutaneous or intravenous administration) as prophy-
laxis among first-degree relatives of TIDM patients
with anti-islet cell autoantibodies [122].

Parenteral insulin: In the Diabetes Prevention
Trial Typel (DPT-1) trial, more than 80,000
first-degree relatives of TIDM patients were screened
for anti-islet cell autoantibodies [123]. The interven-
tion included low-dose subcutaneous ultralente insu-
lin twice every day with a total dose of 0.25 units per
kg body weight per day. The result failed to demon-
strate the delay or prevention in TIDM. As only one
dose of insulin was tested and the subjects already
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showed reduced B-cell function in randomization, it
was impossible to evaluate the effect of insulin in the
protection of the P-cells and the induction of im-
munomodulation.

Oral insulin: DPT-1 subjects’ positive for an-
ti-islet cell autoantibodies and anti-insulin autoanti-
bodies without impaired glucose tolerance were ran-
domly allocated to receive oral insulin 7.5 mg per day
or placebo [124]. The original study demonstrated that
there was no delay in the clinical onset of TIDM. A
post hoc analysis indicated that a considerable delay
in the clinical onset of TIDM was achieved in a sub-
group of individuals with high-titer anti-insulin au-
toantibodies. A 13-year follow-up also revealed that
the B-cell function was preserved for so long as the
oral insulin was taken [125]. Currently, TrialNet, an
international network seeking ways for the preven-
tion, delay or reverse of TIDM progression, is re-
cruiting subjects in an attempt to test whether oral
insulin has effect on the prevention of T1IDM in indi-
viduals with T1IDM relatives.

Nasal insulin: Nasal insulin has also been tested
for the induction of immune tolerance. In the In-
tranasal Insulin Trial (INIT), in phase I and II stages, a
double-blind, crossover design was used to examine
Australian individuals with anti-insulin autoanti-
bodies and first-degree relatives with TIDM. INIT-I
showed that there were no significant effects on [-cell
function, but the immune tolerance to insulin was
improved [126]. INIT-II is an ongoing randomized,
placebo-controlled trial with nasal insulin at either 1.6
mg or 16 mg, whose purpose is to evaluate whether
nasal insulin is effective on anti-islet autoimmune
responses. The Diabetes Prediction and Prevention
(DIPP) trial in Finland was a double-blind trial using
nasal insulin in children with genetic risk of T1IDM
who were positive for islet cells and anti-insulin au-
toantibodies. The trial showed that the nasal insulin
had no effect on the protection of the disease [127] and
the modulation of the anti-insulin autoantibodies,
indicating that the anti-insulin autoimmunity was
already mature at the start of the intervention [128].
The ancillary or mechanistic studies, however,
showed signs of immune tolerance to insulin after
administration of nasal insulin, and the INIT and
DIPP trials demonstrated the safety of nasal insulin.
Future studies should include broader dose-response
analyses to determine the association between the
immune responses to autoantigens and the HLA-DQ
genotype of the individuals, because the analysis of
insulin alone might not be sufficient to obtain conclu-
sive results.

Proinsulin peptide(s): The intradermal admin-
istration or a cocktail of proinsulin peptides is an al-
ternative antigen-based therapy which could be used

for the prevention of TIDM. A pilot safety study with
a single proinsulin peptide administration has been
performed in individuals with established T1DM
[129]. The peptides chosen were those with epitopes
which were recognized by HLA-DR4. Recently, sev-
eral trials with various proinsulin peptides are un-
derway.

Glutamic acid decarboxylase: Glutamic acid
decarboxylase (GAD) is another antigen used for the
antigen-specific therapy. Whether a vaccine using
GAD combined with an aluminum hydroxide (alum)
adjuvant can promote the prevention of T1IDM is be-
ing assessed by the Diabetes Prevention-Immune
Tolerance (DIA-PREV-IT) Study in Southern Sweden.
This 50-subject double-masked randomized con-
trolled clinical study is fully enrolled. Eligible chil-
dren are at least 4 years old, have positive anti-GAD
antibodies and one or more additional autoantibodies,
and have not yet developed T1DM [119].

Immunomodulation. A French pilot trial was
conducted focusing on whether immunosuppression
with low-dose cyclosporine in first-degree relatives of
T1DM patients with anti-islet cell autoantibodies re-
duced first-phase insulin responses and impaired
glucose tolerance [130]. Cyclosporine was given at an
initial dose of 7.5 mg kgday! and tapered the first
year later. The subjects in the study included six cy-
closporine-treated individuals and nine historical
controls. Results showed that all of the controls de-
veloped T1DM within 12 months, while two of the
cyclosporine-treated individuals did not develop
T1DM until 47 and 57 months after the initiation of
cyclosporine therapy. This study indicated that im-
munomodulation may delay the development of
T1DM.

Based on the current concept of the immuno-
pathogenesis of the disease, it seems to be possible to
delay or prevent TIDM [131]. There has not been,
however, overt evidence of clinical benefits from any
intervention tested for either primary or secondary
prevention studies so far. For primary prevention
studies, infant formula without cow’s milk proteins in
the Finish TRIGR pilot study and infant formula
without bovine insulin in the FINDIA study appeared
to contribute to the reduction of anti-islet autoanti-
bodies. For secondary prevention studies, a subgroup
identified by post-hoc analyses of the DPT-1 oral in-
sulin trial [124, 132] provided the only evidence of the
delay of the TIDM onset.

Challenges

The most critical step is to identify the process
that initiates the immune system to attack
self-pancreatic pB-cells. Without this knowledge, it is
difficult to design a novel strategy for an effective
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prevention or an ultimate cure. Even though we have
the ability of producing p-cells ex vivo with the help
of regenerative medicine or transplanting a large
number of islets, the autoimmune responses may
obliterate the transplanted p-cells.

It is also necessary to design a safe treatment
because the current intervention may elicit both acute
and long-term adverse effects. Recently, JDRF Con-
tinuous Glucose Monitoring Study Group [133]
demonstrated that patients, especially children, are
prone to develop commonly prolonged nocturnal
hypoglycemia and that the alternative route for insu-
lin administration may reduce its frequency. Im-
proved algorithms and mathematical models com-
bined with glucose sensors and insulin pump tech-
nology would provide a reasonable opportunity to
improve life quality and decrease the incidence of
complications. = However, the  problem  of
non-physiologically high insulin levels in the periph-
ery rather than in the portal vein is not solved even if
a well-functioning artificial pancreas appears.

Future directions for treatment of TIDM

For primary prevention of T1DM, it is prerequi-
site to elucidate the mechanism underlying the de-
velopment of anti-islet autoantibodies in infancy, in
which the studies should be focused on individuals
who have high-risk genetic markers without mani-
festation of TIDM. Although most of the studies so far
conducted are dietary manipulation or supplementa-
tion, conclusive evidence has not been obtained. It is
thus important to perform further studies for the
identification of the effective ingredients for the pri-
mary prevention of TIDM. In addition, it should be
clarified which vaccine is the most effective for the
primary prevention-either antigen-specific vaccines,
or vaccines against putative viral or other infectious
factors.

Although a variety of interventions can be de-
signed for the primary and secondary prevention of
T1DM, most of them raise concerns about patient
safety. We have to seek an appropriate balance among
safety, potential efficacy, and the impact of TIDM. It
is likely that antigen-specific vaccines or vaccines
against putative infectious agents can be used for
primary prevention. For secondary prevention, im-
munomodulatory agents may be used for the reduc-
tion of the projected risk of TIDM.

At present, the monotherapy for TIDM is not
satisfactory as a means for a cure or prevention of the
disease: on one hand, the therapy fails to achieve
immune tolerance and preservation of C-peptide
production; on the other hand, patients will eventu-
ally lose the ability to produce endogenous insulin. It
is thus necessary to employ combination therapies or

to explore new treatment strategies, because various
pathways and arms of the immune system can be
targeted [134]. Recently, a research group in Brazil
conducted autologous nonmyeloablative hematopoi-
etic stem cell transplantation to T1D patients [135],
and the results showed that C-peptide levels (an in-
direct measure of viable beta-cell function) increased
significantly and the majority of patients achieved
insulin independence with good glycemic control.
Other alternatives include the combined use of im-
mune suppressive agents such as anti-CD3 monoclo-
nal antibody and an anti-inflammatory agent, and
antigen specific agents such as GAD-Alum and BHT
DNA proinsulin vaccine. The potential mechanism
underlying the tolerance induction might be the de-
velopment of Tregs, leading to an antigen specific
therapy with immune suppression or diminished in-
flammation.

In addition, targeted and specific immune ther-
apies should be considered for the prevention and
ultimate cure of T1D. The trimolecular complexes
comprised of class II major histocompatability (MHC
II) molecules, peptides of autoantigens, and specific T
cell receptors (TCR) are crucial for the tissue specific
targeting therapy for autoimmune diseases. So far, the
trimolecular complex for insulin has been well char-
acterized in NOD mice [136]. MHC class II molecules
serve as a genetic determinant for TIDM [137, 138].
About 90% of T1D patients have HLA-DQS8 or DQ2
alleles. Insulin has been considered as a T1D autoan-
tigen for decades since the discovery of autoantibod-
ies to this molecule in T1D patients [139]. The autoan-
tibodies specific to insulin are often detected prior to
the appearance of anti-islet autoantibodies [140].
Three dimensional structures of the anti-insulin tri-
molecular complex have been solved in the last dec-
ade. Cocrystals of an MHC class II molecule plus
peptide have also been determined, including DQ8
with an insulin B chain peptide, 9 to 23 [141]. Recent
studies suggest that the 9-23 amino acid region of the
insulin B-chain is recognized in an unexpected, low
affinity register [142]. With the understanding of the
structural determinants for autoantigen recognition,
novel therapies can be designed to specifically target
insulin-MHC complexes and the TCRs that recognize
them. Autoantigen presentation or TCR recognition of
autoantigen-MHC complexes might be blocked by
small molecules. Another strategy includes designing
monoclonal antibodies specific to the autoantigen
peptide-MHC complexes in a defined register recog-
nized by autoreactive T cell receptors. These novel
approaches based on structural information may
provide a means to achieve a complete cure or pre-
vention of TIDM.
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