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Critical to the success of intervention strategies is the identification of indi- Q2

viduals at risk of developing the disease in an effort to delay or prevent the clini-
cal onset of type 1 diabetes mellitus (T1DM). The ability to predict TIDM
progression with 50% to 80% accuracy is the sine qua non for the accomplish-
ment of successful intervention strategies in relatives of TIDM probands. Even
with this high degree of predictability, the current comfort level with interven-
tion therapies is such that there are still very few clinical trials in the preclinical
phase of TIDM, with most of these trials being conducted in newly diagnosed
T1DM patients.

Prediction of type 1 diabetes
Islet autoantibodies

T1DM is caused by autoimmune destruction or dysfunction of the insulin-
secreting cells within the islets of Langerhans and represents the end point of a
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2 CASU et al

progressive decline in 3-cell function [1,2]. This long prodromic period before
overt TIDM development offers a large window of opportunity not only to
predict the disease onset but also to intervene with safe therapeutic agents [2].
Similar to many autoimmune diseases, TIDM is characterized by humoral and
cellular autoimmune responses directed against multiple target antigens of pan-
creatic islet cells. The immunologic diagnosis of autoimmune diseases relies
mainly on the detection of autoantibodies in the serum of TIDM patients. Al-
though their pathogenic significance still remains unclear, they serve as surro-
gate markers for specific autoimmune responses. Multiple antibodies are present
in most newly diagnosed TIDM patients and their presence is highly predictive
of disease progression in otherwise healthy first-degree relatives. The currently
used markers for prediction studies are islet cell antibodies (ICA), glutamic acid
decarboxylase autoantibodies (GAD65 AA), tyrosine-phosphatase—like protein
TA-2 autoantibodies (IA-2/ICA512 AA), and insulin autoantibodies (TAA).

During the past decade, the use of islet-related autoantibodies has allowed
major advances in prediction studies. All of these studies have suggested that
a combination of humoral immunologic markers detecting autoantibodies to
these islet antigens, rather than any single test, gives a high predictive value for
T1DM in first-degree relatives, and great sensitivity without significant loss of
specificity [3—7]. The detection of GAD65 AA, 1A-2/ICA512 AA, and TIAA is
now a clear prerequisite for identifying individuals at risk of developing insulin-
requiring diabetes. In particular, the presence of two or more of these auto-
antibodies to islet antigens is now used as entry criteria for intervention trials
aiming at mitigating the deterioration in insulin secretion after TIDM onset or
at preventing the disease process in first-degree relatives of TIDM probands.

ICA were the first disease-specific antibodies identified in patients affected
by T1DM. These antibodies are detected by indirect immunofluorescence using
human pancreatic sections [8]. The Immunology of Diabetes Society has re-
peatedly demonstrated a marked variability between laboratories and even within
the same laboratory performing ICA assays. Nonetheless, the authors pro-
vided evidence suggesting that ICA predict a more rapid progression to insulin-
requiring diabetes in GAD65 AA— and [A-2 AA-positive relatives. Despite
marked wvariability of the ICA assay formats, the authors strongly support the
conclusion that cytoplasmic ICA should remain part of the assessment of TIDM
risk for future intervention trials [9]. Their data also provided indirect evidence
for the presence of an important subset of ICA that apparently reacts with un-
identified islet autoantigens. The general view is that cytoplasmic ICA represents
a heterogeneous group of immunoglobulins that specifically react with a family of
autoantigens on frozen pancreatic sections. Thus far, the best-characterized subsets
of ICA react with GAD and IA-2 [10-13].

The availability of molecularly characterized islet autoantigens represents an
unlimited source of reagents that are readily used for experimental and diagnostic
purposes. Some of these molecules include GAD65 and IA-2, and they have been
used to optimize fluid-phase radioimmunoassays with much higher reproducibility
as compared with immunofluorescence assays used for ICA detection [14,15].
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ISLET TRANSPLANTATION AND STEM CELL THERAPY 3

The presence of GADG65 and IA-2/ICA512 AA is now a prerequisite to enroll
subjects in prevention trials.

Insulin was the first identified T1DM-related autoantigen [16] and TAA are
detected using a radiobinding immunoassay [17-19]. They have a specificity
almost as high as 100%, but the sensitivity seems to be rather low (compared
with the sensitivity of GAD65 AA), as suggested by the results of proficiency
workshops organized by the Diabetes Autoantibodies Standardization Program
[20]. Nonetheless, IAA are detected in as much as 90% of newly diagnosed
patients below 5 years of age, in 71% between 5 and 10 years, and in 50% of
T1DM patients 10 to 15 years old [21,22].

GAD autoantibodies were identified in 1990 [23] and they are mainly directed
against the 65- kd isoform of this enzyme. They are detected using a semiquan-
titative fluid-phase radiobinding assay, using in vitro transcribed and translated
35S-labeled human recombinant GAD65. The Diabetes Autoantibodies Stan-
dardization Program reported a median specificity of 94% and median sensi-
tivity of 77% [20]. GAD autoantibodies in TIDM seem to be mainly directed
toward disease-specific epitopes, which are localized within the middle region
and the COOH-terminus of the molecule. These epitopes have been identified
by competition assays between GAD65-positive sera and cloned GAD65-specific
recombinant Fab, and the results seem to be useful to improve T1DM prediction.
Some crucial residues for autoantibodies binding to GAD65 have been demon-
strated in the same area as a result of homolog-scanning mutagenesis experi-
ments. These studies suggested that GAD6S5 epitopes are conformational and
that the native molecule is recognized by GAD65-specific antibody responses
[24,25].

The neuroendocrine antigens ICA512 and IA-20 (phogrin) are both targets of
T1DM-related autoantibody responses. A radioligand-binding assay format simi-
lar to that used to-detect GAD65 AA is currently applied to detect autoanti-
bodies to IA-2 and 1A-283. The specificity of this assay approaches 100% with a
sensitivity of nearly 60% [20]. All antigenic constructs used include the intra-
cellular portion of the molecule (IA-2ic aa. 601-979), which contains most of
the immunoreactive epitopes as demonstrated by binding and competition analy-
sis with multiple chimeric ICA512-phogrin constructs [26]. One of the immuno-
dominant TA-2 epitopes, termed “Fragment 1” (aa 761-964), has been proposed
to be one of the most significant IA-2 epitopes. Of note, autoantibodies against
[A-2/Fragment 1 can be detected in 16% of patients that test negative for
TA-2 AA measured by the conventional radioassay [27]. Recent results showed
that the presence of autoantibodies against the [A-2 intracellular domain epi-
topes conferred a cumulative risk of diabetes progression significantly higher
than the one in relatives with no detectable AA against Fragment 1 and IA-2ic.
Because the group of relatives with detectable autoantibodies against Fragment 1
and TA-2ic did not have different titer or prevalence of GADG65, TAA, and
ICA when compared with negative subjects, this means that only the presence of
antibodies against one of the two IA-2 epitopes conferred the increased risk
[28]. These data suggest that biochemical assays detecting autoantibodies against

Master Proof pcl344.pdf



114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134

4 CASU et al

IA-2 intracellular domain epitopes enhance not only sensitivity but also identify
rapid progressors of TIDM onset as compared with conventional markers alone.
First-degree relatives carrying [A-2ic and Fragment 1 AA should be included in
the highest TIDM risk category and in the inclusion criteria for enrollment in
intervention trials aimed at preventing TIDM.

Autoantibodies against more than 20 putative targets of islet autoimmunity
have been identified in TIDM patients, but they are less well characterized.
Those include ICA69, carboxypeptidase H, CD38, glima 38, the glucose trans-
porter 2 the islet ganglioside GM2-1, heat shock protein 60 kd, ICA12/SOX13
[12,29-31], and a number of other molecules.

Many well-defined epidemiologic studies are currently ongoing in the United
States and around the world, such as the Bart’s Windsor, Joslin, Denver, Pitts-
burgh, Seattle, Gainesville, BabyDiab in Germany, and other studies [32-36].
These studies provide the groundwork to understand the natural history of the
disease process and to improve prediction of TIDM in first-degree relatives of
T1DM probands and ultimately in the general population [21,37-40]. There is a
high degree of concordance among these groups that multiple autoantibodies to
islet autoantigens confer a cumulative risk of developing diabetes of 75% to 90%
during 5 to 10 years of prospective follow-up in first-degree relatives (Fig. 1)
[3,5,41-43]. The antibody titer also seems to be an important predictive risk
factor, in that higher autoantibody titers are associated with a higher risk of de-
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Fig. 1. Progression to insulin-requiring diabetes among first-degree relatives (N=>500) in relation to
the number of autoantibodies (Ab) to insulin, GAD65, 1A-2, and ICA. Relatives who are positive for
three or four Ab are at much greater risk of developing diabetes compared with relatives with
two Ab alone. Log rank: P=.0096 and .001, respectively. (From Pietropaolo M, Becker DJ, LaPorte
RE, et al. Progression to insulin-requiring diabetes in seronegative prediabetic subjects: the role of
two HLA-DQ high-risk haplotypes. Diabetologia 2002;45:66—76; with permission.)
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ISLET TRANSPLANTATION AND STEM CELL THERAPY 5

veloping the disease [4,44—46]. TIDM risk can be further stratified by taking into
consideration a high titer of IA-2 AA and IAA [46]. In particular, first-degree
relatives with titers of [A-2 AA in the upper three quartiles have significantly
higher diabetes risk than relatives with their IA-2 AA titer in the lowest quartile.
Similar results were obtained for IAA but not for GAD65 AA. High titer of
IA-2 AA and TAA seems to be a strong predictor of TIDM development [46].
To assess the predictive role of the islet-related AA, a number of studies
have been undertaken in the general population, particularly in schoolchildren
[21,37-40]. These studies concluded that ICA or other islet AA in subjects with
no family history of disease conferred an increased risk of TIDM development. It
must be emphasized that the predictive value of islet-related AA is lower in the
general population compared with that in first-degree relatives [21,37-39]. This
is because of a low prevalence of the disease in the general population. For
uncommon diseases like TIDM (eg, prevalence of 1.2—1.5 per 1000 in the United
States) [47,48], a large proportion of individuals with positive screening test
results, including multiple autoantibodies to islet antigens, will inevitably be
found not to develop the disease. According to Bayes’ theorem, the positive
predictive value of screening tests varies dramatically based on the prevalence of
the disease in a given population [49,50]. For example, because the prevalence of
T1DM is quite low, the positive predictive value of GAD AA and [IA-2 AA alone
or in combination is also likely to be quite low, even when using assays with high
sensitivity and specificity. Until proved otherwise, the only intervention strategy
for TIDM that should be proposed in the general population is an innocuous
nutritional or vaccination program, because the presence of positive markers,
such as ICA, does not guarantee progression to clinical disease. By contrast, with
a disease such as polio, it is not necessary to identify individuals at risk for the
development of the disease, because the benefits of a safe massive vaccination
program outweigh by far the devastating risk of poliomyelitis for the society [49].

The role of major histocompatibility complex in type 1 diabetes mellitus
prediction studies

The role of HLA in TIDM susceptibility remains unquestionable, because
there is convincing evidence that inherited susceptibility to TIDM is primarily
associated and linked with genes within the major histocompatibility complex
[51-53]. The HLA locus is termed /IDDM]I according to a more recent nomen-
clature [54]. Genome-wide scans in TIDM have identified over 18 putative loci
of statistical significance but only linkage to HLA seems incontestable.

Early studies found that HLA-DR3 and -DR4 alleles were strongly associated
with TIDM susceptibility [51,55]. Approximately 95% of patients with TIDM
were heterozygous for DR3/4 or expressed at least one of these alleles, and
heterozygous individuals seemed to be more susceptible to the disease than the
homozygous ones. Restriction fragment length polymorphism analysis of DNA
from T1DM patients and nondiabetic controls showed an even stronger associa-
tion between the HLA-DQ locus and disease susceptibility. Analysis of the DQ3
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6 CASU et al

chain showed that a negatively charged aspartic acid at position 57 correlated
with resistance, whereas non—aspartic acid at position 57 correlated with suscep-
tibility [56,57]. Also, it was shown that arginine at position 52 of the DQa chain
correlated with disease susceptibility. The ability of HLA-DQ molecules to in-
fluence susceptibility or resistance to the disease is explained by the different in-
teractions between DQ molecules, antigens, and T-cell receptors. The presence of
susceptible HLA alleles also correlates with the presence of islet autoantibodies.

The addition of HLA-DQ genotypes to screening strategies does not in-
crease sensitivity of combined autoantibody assays. Unidentified autoimmune
phenomena may well be present in seronegative relatives who eventually develop
insulin-requiring diabetes if they possess two HLA-DQ high-risk haplotypes
(Fig. 2) [58,59].

Although HLA is not the optimal primary screening tool for TIDM and it is
not sufficient alone to predict the disease onset, the evaluation of HLA geno-
typing in relatives with ICA positivity can significantly improve the ability to
predict TIDM progressors versus nonprogressors [60—62]. In seronegative rela-
tives who developed insulin-requiring diabetes, the presence of two HLA-DQ
high-risk haplotypes conferred an increased cumulative risk of developing insulin
requirement (see Fig. 2) [58].

The prevalence of HLA-DR2 is decreased in patients with TIDM, and in
many populations the DQB1*0602 allele is rarely found among patients with
T1DM. This suggests that this allele may play a protective role in the disease

1.00

0.90

of Type 1 diabetes-free
0.80

Cumulative Proportion

0.70

Follow-up (years)
Number of HLA-DQ High Risk Haplotypes

Oor1: 221 149 110 36
2 3 21 14 6

Fig. 2. Progression to insulin-requiring diabetes for seronegative relatives (N=252) who carry two
compared with zero or one HLA-DQ high-risk haplotypes. Two HLA-DQ high-risk haplotypes
conferred a cumulative risk of insulin-requiring diabetes of 27% after a follow-up of 12.5 years,
compared with a risk of 6% for relatives who had zero or one HLA-DQ high-risk haplotypes (log rank
P=.01) or two HLA-DQ high-risk haplotypes. (From Pietropaolo M, Becker DJ, LaPorte RE, et al.
Progression to insulin-requiring diabetes in seronegative prediabetic subjects: the role of two HLA-DQ
high-risk haplotypes. Diabetologia 2002;45:66—76; with permission.)
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ISLET TRANSPLANTATION AND STEM CELL THERAPY 7

process. At present, carrying a protective DQB*0602 allele is considered a
criterion of exclusion for enrolling first-degree relatives of diabetic patients in
clinical trials, such as the Diabetes Prevention Trial 1 (DPT-1) or the TrialNet,
which is being performed in the United States. These trials have been designed to
use any effective therapeutic regimen that could delay and ultimately prevent
the clinical onset of type 1 diabetes in individuals considered at high risk of
developing the disease.

Other genes

Several studies revealed an association between the disease and 18 chromo-
somal regions other than major histocompatibility complex that may contain
susceptibility loci. Some of those associations were not confirmed in subsequent
studies. The main non—-major histocompatibility complex loci related to TIDM
are the insulin gene region (INS) known as /DDM?2, the immunoglobulin heavy
chain genes (IDDM11), and CTLA-4 (IDDM12). To date, none of them has been
shown to have any role in the prediction of TIDM [51].

Pancreatic f-cell function

In individuals with islet antibodies, the first-phase insulin response (FPIR)
after an intravenous glucose tolerance test predicts time to diabetes onset
[50,63—68]. The FPIR is determined as the first plus third minute plasma insulin
concentration (milliunit per liter) after the midpoint of intravenous injection of
0.5 g of glucose per kilogram body weight with a maximum of 35 g. Oral glu-
cose tolerance is not impaired until the FPIR is less than the first percentile
(<50 mU/L in prepubertal children and <100 mU/L in older individuals) on
two occasions 3 to 6 months apart, which corresponds to a very late stage of
the natural history of the disease [50].

A low FPIR underlies an advanced autoimmune process and is the outcome
of a profound reduction in 3-cell function. A FPIR less than the first percentile is
associated with an estimated risk of diabetes of 100% within a 4-year follow-up,
regardless of the presence of one or more islet autoantibodies [5].

Proposed guidelines for screening

The Immunology of Diabetes Society has proposed a number of guidelines
for screening and assessing diabetes risk in unaffected first-degree relatives of
T1DM probands. According to these guidelines, testing for GAD65 AA, 1A-2/
ICAS512 AA, and TAA can identify approximately 85% of either newly diagnosed
or future TIDM cases. To maximize sensitivity, IAA testing should be included
as primary screening strategy for children <10 years of age. Cytoplasmic ICA
should be included as a secondary screening methodology, because it increases
the predictive value of combined biochemical autoantibody markers. As a general
rule, subjects that are positive for one or more islet autoantibodies should be
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8 CASU et al

further evaluated by using other markers (genetic and metabolic) to define the
risk more precisely. Participation of laboratories in workshop or proficiency
programs is strongly advised. HLA class II typing may be useful in identifying
infants who would be subsequently followed to document closely the occurrence
of islet autoantibodies and ultimately to recruit them into intervention trials. The
FPIR assessment is generally used to identify a subgroup of individuals with the
highest risk of developing diabetes within a short period of time. Findings from
studies in first-degree relatives should not be assumed to apply to the general
population [21,37-39,69] because the predictive value obtained in this population
is lower than those obtained for first-degree relatives. At this stage, all prediction
should be considered as investigational but not yet applicable to the general
population or general physician.

Prevention strategies

The rationale for undertaking prevention studies in humans stems from the
evidence that in animal models of autoimmune diabetes, such as the nonobese
diabetic (NOD) mouse and the biobreeding rat, the disease process can be
prevented using many different therapeutic approaches.

Prevention strategies can be classified into three categories based on the
timing of intervention: (1) primary prevention, aimed at preventing the disease
in high-risk populations before any serologic evidence of islet autoimmunity;
(2) secondary prevention, aimed at delaying and, possibly, suppressing (3-cell
damage in euglycemic subjects with evidence of islet autoimmunity; and
(3) tertiary prevention, initiated after diabetes onset, aimed at inducing prolonged
remission or 3-cell regeneration. This also seems to be useful in preserving the
remaining (3-cell function, which has been correlated with a reduced incidence of
chronic complications [70-72]. First-degree relatives of patients with TIDM
represent an accessible and highly motivated population, for the most part, to
be screened and included in primary and secondary prevention trials, whereas
newly diagnosed diabetic patients are included in tertiary prevention strategy.

Several drugs, such as cyclosporine [73,74] and azathioprine [75-77], have
been used to preserve (3-cell function after TIDM onset. These immunosup-
pressive therapies were administered in newly diagnosed TIDM and yielded a
transient beneficial effect in terms of maintaining higher C-peptide levels over
time compared with the placebo-treated patients. Because of the development of
serious side effects, these therapeutic regimens are no longer considered
appropriate treatments for TIDM. Other approaches have also been proposed
in humans (Table 1).

Primary prevention

Only one primary prevention trial is ongoing and it is based on the possible
role of cow’s milk proteins in inducing diabetes. Cow’s milk protein have been
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Table 1

Prevention trials in type 1 diabetes

t1.3 Name of the study Strategy Type of study Agent Population Result
t1.4 TRIGR Primary prevention Randomized, placebo-controlled, Hydrolyzed cow’s FDR at high genetic risk  Ongoing
double-blind milk formula
t1.5 ENDIT Secondary prevention Randomized, placebo-controlled, Nicotinamide High-risk FDR: ICA+ No prevention
double-blind

t1.6 DPT-1 parenteral Secondary prevention Randomized, no placebo Parenteral insulin High-risk relatives No prevention
z DPT-1 oral Secondary prevention Randomized, placebo-controlled, Oral insulin Moderate-risk relatives Reduced incidence of TIDM
o t1.7 double-blind in relatives with JAA >80 U
“a Cyclosporine Tertiary prevention Randomized, placebo-controlled, Cyclosporine New-onset TIDM Temporary remission of
@ 1.8 double-blind patients TIDM
e t1.9 Azathioprine Tertiary prevention Randomized, placebo-controlled, Azathioprine New-onset TIDM No effect
= double-blind patients
8 Azathioprine, Tertiary prevention Randomized, unblind Azathioprine, prednisone  New-onset TIDM Partial, temporary remission
™5 11.10 prednisone patients of TIDM
g Anti-CD3 Tertiary prevention Randomized, placebo-controlled hOKT3~(Ala-Ala) New-onset TIDM Prevention of loss of
ey t1.11 treatment patients C peptide
I t1.12Anti-CD20 Tertiary prevention Randomized, placebo-controlled  Anti-CD20 monoclonal New-onset TIDM To be started
.-b antibodies patients
"9 t1.13 Thymoglobulin Tertiary prevention Randomized, placebo-controlled ~ Antithymocyte polyclonal =~New-onset TIDM To be started
E“h antibodies patients

t1.14DIPP

t1.15NBI-6024
Neurocrine
Peptor HSP60
t1.16
t1.17BCG vaccination

Secondary prevention
Tertiary prevention
Tertiary prevention

Tertiary prevention

Randomized, placebo-controlled,
double-blind
Randomized, placebo-controlled,
double-blind
Randomized, placebo-controlled,
double-blind
Randomized, placebo-controlled,
double-blind

Nasal insulin

Altered peptide ligand
insulin B:9-23

Heat shock protein 60

BCG vaccine

High-risk subjects

New-onset TIDM
patients
New-onset TIDM
adult patients
New-onset TIDM
adult patients

Ongoing
Ongoing
Ongoing; prevention of loss

of C peptide
No effect

t1.18 Abbreviations: BCG, bacillus Calmette-Guerin; FDR, ; IAA, insulin antibodies; ICA, islet cell antibodies; TIDM, type | diabetes mellitus.
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10 CASU et al

suggested to play a role in TIDM pathogenesis following prospective studies,
which showed that breastfeeding was associated with a somewhat lower inci-
dence of children developing TIDM [78-80] as compared with children who
were exposed to cow’s milk. A role for cow’s milk proteins in diabetes has
also been reported in animal models of TIDM [80-82]. A decreased incidence of
T1DM was found in animals weaned to hydrolyzed proteins instead of intact
foreign proteins. Some evidence now suggests that a similar relationship may
exist in humans [83]. The Trial to Reduce Insulin-dependent Diabetes in
Genetically at Risk (TRIGR) is an ongoing randomized controlled trial aimed at
determining whether the absence of cow’s milk proteins in the diet protects from
T1DM progression in first-degree relatives of TIDM patients carrying high-risk
HLA alleles. This is a primary prevention trial in subjects with no evidence of
autoimmunity. This study will also determine whether or not breastfeeding is
associated with a reduced T1DM risk during a 10-year follow-up. All families
whose offspring are included in the study receive the recommendation to
breastfeed for at least the first 6 months of life in accordance with the World
Health Organization recommendations. If a mother is unable exclusively to
breastfeed before the baby is 8 months of age, her child is randomly assigned to
one of two groups. One group receives breastfeeding supplements of a trial
formula based on extensively hydrolyzed protein whose fragments do not stimu-
late the immune system; the other group receives a trial formula containing in-
tact proteins. This study is designed not to interfere with infant feeding practices,
except to emphasize and encourage breastfeeding. What makes this intervention
attractive is its safety, because hydrolyzed formulas have been used for decades to
treat cow’s milk protein allergies with no occurrence of serious adverse effects.
Theoretically, this intervention may be applied to the general population as a
form of primary intervention.

The results of the pilot study for TRIGR performed in Finland, Estonia, and
Sweden have recently been published [83]. At the end of the 2-year observation
period, the proportion of subjects positive for at least one autoantibody was lower
in the hydrolyzed group compared with the control group. In addition, during a
follow-up of up to 4 years (only for the Finnish subjects), the number of children
who ‘developed overt diabetes was higher in the control group, although this
difference was not statistically significant. The completion of the larger TRIGR
study is needed to confirm the trends shown by the pilot study.

Secondary prevention

Most prevention trials have been conducted in first-degree relatives of T1IDM
patients when many of these subjects have already developed signs of islet
autoimmunity documented by the presence of both humoral immunologic and
metabolic abnormalities. The most important secondary prevention studies are
the European Nicotinamide Diabetes Intervention Trial (ENDIT) and DPT-1.
These results have been recently reported [84,85].
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ISLET TRANSPLANTATION AND STEM CELL THERAPY 11

Nicotinamide (European Nicotinamide Diabetes Intervention Trial)

Initial observations indicated that high doses of nicotinamide could prevent
the development of TIDM in streptozotocin-treated rats. This drug also seems to
prevent or delay the onset of diabetes in NOD mice, possibly preserving (3-cell
function [86]. Initial pilot studies suggested that nicotinamide might prevent
diabetes development in ICA-positive schoolchildren [87]. Following these ini-
tial observations, a double-blind placebo trial was undertaken in first-degree
relatives of T1DM patients carrying ICA autoantibodies [84,85]. More than
30,000 first-degree relatives were screened for cytoplasmic ICA and 552 of
them with ICA titer >20 Juvenile Diabetes Foundation units were randomized
and then nicotinamide or placebo were administered. The sample size was suffi-
ciently large and powered to estimate a reduction in progression to overt dia-
betes from 35% to 21% assuming a 20% drop out rate. These subjects were
followed for 5 years with regular clinical and metabolic assessment, such as
intravenous glucose tolerance test, FPIR, and oral glucose tolerance test. The
results of this study indicated that nicotinamide treatment, at the dose used in
this trial (1.2 g/m? daily up to a maximum of 3 g/d in two doses), did not de-
crease the incidence of TIDM. The mean FPIR was not different between the
two groups, so nicotinamide did not stop the decrease of (3-cell function. Body
weight and height were monitored to ascertain any possible effect of the drug
on growth. No differences were seen with respect to growth and no adverse
events were reported between the two groups [84,85].

Parenteral and oral insulin: Diabetes Prevention Trial Type 1

Thus far, both insulin and proinsulin are considered the only candidate pan-
creatic (3-cell-specific autoantigens. There is evidence in both NOD mice and
biobreeding rats that the administration of insulin can modify the natural history
of autoimmune diabetes in these animals [88—90]. Although a pilot study per-
formed in relatives at risk of developing TIDM showed that parenteral insulin
administration delayed the onset of the disease, this conclusion was not con-
firmed by a more robust recent trial conducted by the DPT-1 diabetes study
group [91,92]. A number of research groups have reported the expression of
islet autoantigens within cells of the thymus and lymphoid organs [93-96] and
in peripheral lymphoid organs [97], two tissues thought to be vital to the main-
tenance of immunologic self-tolerance. One may postulate that disruption of ge-
netic elements regulating transcript and protein expression (ie, insulin) in the
thymus and lymphoid tissues could short circuit mechanisms necessary for
maintaining immune self-tolerance to endogenous antigens, such as insulin. This
hypothesis was corroborated by the demonstration that diabetes development is
accelerated in NOD mice deficient for proinsulin-2 expression within both the
thymus and the (3-cells [98].

The hypothesis was further strengthened by reports that the insulin epitope
has experimentally blocked the development of TIDM in NOD mice and that
oligoclonally expanded T-cells from pancreatic lymph nodes of type 1 diabetic
mice recognized the insulin A:1-15 epitope.
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In the DPT-1 trial, relatives with a risk of developing diabetes >50% in
5 years were enrolled in the parenteral insulin trial and randomized to receive
subcutaneous insulin twice daily (0.125 U/kg of body weight) and intravenous
insulin once a month or observation (a placebo was not administered) [92].
Relatives with projected 5-year risk of 26% to 50% were assigned to an oral
insulin trial, to assess the effect of oral insulin therapy in preventing TIDM
(7.5 mg of insulin crystals per day) [99]. Starting from 1996, more than 84,000
relatives were screened and 339 with a risk of developing diabetes > 50% in
5 years underwent randomization. After a median follow-up of 3.7 years, the
cumulative incidence of diabetes was similar in the two groups as was the
mean C-peptide levels. Similarly, insulin taken orally did not delay or prevent
T1DM in 372 relatives at moderate risk of developing the disease. Compared
with the placebo group, however, a small effect of oral insulin administration
in preventing TIDM was seen in relatives with confirmed high levels of TAA
(>80 nU/mL) (Fig. 3) [99]. It is possible that a more potent beneficial effect
of oral insulin may be present in relatives enrolled in the trial with higher
IAA levels (ie, > 200 nU/mL).

Finally, a trial conducted by a group called Neurocrine, using an altered in-
sulin peptide ligand of insulin B:9-23, is currently underway in humans in which
the peptide is delivered without the use of an adjuvant or other immuno-
modulation [100].
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0.7 y

06{ o e e,

0.51 e
0.4- Control -
P-Value=0.015

0.31 (Log Rank Test)

0.2{ Number at Risk
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0.14 130 122 104 86 66 40 23 Oral Insulin
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Fig. 3. Kaplan-Meier curves showing the proportion of subjects without diabetes during the trial by
treatment assignment for subjects with baseline confirmed IAA >80 nU/mL. The number of sub-
jects at risk in each group at each year of follow-up is enumerated at the bottom of the figure. The log-
rank test was used for comparison between the groups, with the P values as indicated. (From Effects
of oral insulin in relatives of patients with type 1 diabetes: the Diabetes Prevention Trial-Type 1.
Diabetes Care 2005;28:1068-76; with permission).
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ISLET TRANSPLANTATION AND STEM CELL THERAPY 13

Lessons from secondary prevention trials

Both the DPT-1 and ENDIT trials have been instrumental in paving the
way for designing new intervention trials. First, it was learned that large
preventive trials of TIDM are feasible in first-degree relatives. This major
commitment has also contributed in creating a large network of investigators
working cooperatively and collegially. Both trials re-emphasized that diabetes
can be predicted and the natural history of TIDM has been further elucidated.
It is to be noticed that both trials identified high-risk relatives on the basis of
ICA titer and competitive IAA assays, whereas now a better prediction is
achieved by using IA-2/ICA512 AA and GAD AA. A rigorous follow-up of
subjects to be enrolled in these trials permits an earlier diagnosis of the disease
with less frequency of ketoacidosis and implementation of insulin therapy when
higher C-peptide levels still are present. The outcome of these initial trials
raised questions regarding the most appropriate dose of antigen that may be
effective to prevent diabetes.

Tertiary prevention

A different preventive approach can be undertaken in newly diagnosed dia-
betic patients. The aims of tertiary prevention can be summarized as follows.
First, to preserve the remaining (3-cell function. This is associated with better
metabolic control, less hypoglycemic events, and decrease of chronic complica-
tion in diabetic patients [70,101]. Second, to test the safety and efficacy of
preventive strategies in new-onset T1DM patients before moving to high-risk
populations, such as first-degree relatives.

The rationale for conducting these interventions is based on the assumption
that at least 10% of (B-cells are still viable at the onset of the disease, but the
potential for functional recovery could even be greater. Furthermore, The Dia-
betes Control and Complications Trial provided evidence that preservation of
residual insulin production is of clinical value and that it might result in lower-
ing hemoglobin A, levels [70,71]. To date, the quantification of the efficacy
of these therapies, undertaken after the onset of insulin requirement, hinges on
the ‘assessment of baseline and stimulated C-peptide levels. Although there is
concordance in interpreting the metabolic data (ie, C peptide), there is a paucity
of data addressing whether the immunotherapies induce antigen-related or regu-
latory tolerance. In the case of insulin trials started after diabetes onset, immune
responses to insulin, such as IAA (epitope, affinity, immunoglobulin subclasses)
and T-cell responses using the ELISPOT, were evaluated to assess whether this
therapy may induce changes in IAA and cytokine secretion patterns. It is impor-
tant to develop assays to assess whether regulatory tolerance is being generated
as a result of these antigen-based therapies.

For these reasons, the Immunology of Diabetes Society has recently es-
tablished Guidelines for Intervention Trials in Subjects with Newly Diagnosed
Type 1 Diabetes to stratify for disease risk and maximize the information gained
from these studies [102]. The goal for these studies is to preserve 3-cell function.
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Thus far, the only reliable screening marker for 3-cell function is C peptide.
In fact, it is produced by cleavage of the proinsulin molecule to obtain insu-
lin. C peptide is cosecreted along with insulin, but it is subjected to less first-
pass clearance by the liver. Its long half-life is a prerequisite for its accurate
and reproducible detection in the blood. Although hemoglobin A, is a valuable
clinical hallmark of glycemic control, it is an insensitive marker of 3-cell func-
tion. Despite some limitations, C-peptide measurement under standardized con-
ditions provides a sensitive, well-accepted, and validated assessment of (3-cell
function. It represents the most suitable primary outcome for clinical trials aimed
at preserving or improving endogenous insulin secretion in TIDM patients;
even a modest effect on preserving C-peptide secretion seems to impart benefits
in terms of prevention of chronic complications (Fig. 4) [70,71,101].

The benefits of tertiary prevention trials could be transient; also, some
interventions that might be effective if used in the early phase of the disease
might be ineffective in its terminal stage. Of note, nearly all of the prevention
treatments in NOD mice are of no value if started after the clinical onset of
the disease [86]. Treatment with anti-CD3 antibodies represents an exception to
this rule [103,104]. Other possible treatments in newly diagnosed T1DM pa-
tients are under evaluation. The most promising ones seem to be the immuno-
suppressant therapy with mycophenolate mofetil-daclizumab [105,106], the
anti-CD20 antibody, therapy with antithymocyte globulin [107], and the
antigen-based vaccination using the heat shock peptide DiaPep 277 [108]. Large,
multicenter, controlled trials are required to confirm evidence for beneficial
effects in initial pilot studies and to address the potential toxicity and long-
term safety of the agent used.

Anti-CD3 treatment

The rationale for undertaking this approach derives from a study showing
a beneficial effect before and after disease onset in NOD mice treated with
anti-CD3 .antibodies (OKT3) [103,104,109]. The remission seemed to be long
lasting with preservation of the capacity to mount an immune response to
foreign antigens. To be effective, this treatment should be started within 7 days of
the clinical onset, presumably when a sufficient (3-cell mass is still present
[103,104]. Unfortunately, the use of OKT3 in humans was precluded because of
significant side effects as a result of massive cytokine release, particularly tumor
necrosis factor-a. A monoclonal antibody, termed hOKT3gl(Ala-Ala), has been
developed and it contains the binding region of OKT3 in which the CH2 region
has been modified by site-directed mutagenesis to alter FcR-binding activity.
Apparently, this humanized hOKT3gl(Ala-Ala) monoclonal antibody treatment
does not lead to major adverse effects because of release of cytokines by acti-
vated T cells, such as fever, headache, hypotension, and so forth, which are
common following anti-CD3 monoclonal antibody treatment (OKT3). These an-
tibodies have been used successfully for the treatment of acute renal allograft
rejection [110] and psoriasis [111].
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Fig. 4. (4) Cumulative incidence of any three or more step progression of retinopathy among base-
line C peptide responders versus nonresponders in the intensive treatment group of the DCCT.
(B) Cumulative incidence of a sustained three-step or more progression. (From Palmer JP, Fleming
GA, Greenbaum CJ, et al. C-peptide is the appropriate outcome measure for type 1 diabetes clinical
trials to preserve beta-cell function: report of an ADA workshop, 21-22 October 2001. Diabetes
2004;53:250-64; with permission.)

A randomized placebo-controlled phase I-II trial was performed in newly
diagnosed T1DM patients using this drug [112]. Twelve patients were enrolled in
the intervention group and 12 were enrolled in the control group. The treatment
consisted of intravenous infusion of the drug for 14 days (1.42 pg per kilogram of
body weight on day 1; 5.67 pg per kilogram of body weight on day 2; 11.3 pg
per kilogram of body weight on day 3; 22.6 pg per kilogram of body weight on
day 4; and 45.4 pg per kilogram of body weight on days 5 through 14). The
monoclonal antibody treatment resulted in a reduced decline of the C-peptide
response to mixed meal tolerance test in 9 out of 12 patients (Fig. 5) and it lasted
for more than 1 year. This treatment also induced a significant decrease in
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Fig. 5. Changes from study entry to 12 months in the total C peptide response to mixed-meal tolerance
testing. Data from each control and antibody-treated subject are shown. Solid symbols represent
patients who had a sustained or increased C peptide response, and open symbols represent patients
who had a reduced response. (From Herold KC, Hagopian W, Auger JA, et al. Anti-CD3 monoclonal
antibody in new-onset type 1 diabetes mellitus. N Engl J Med 2002;346:1692-8; with permission.)

hemoglobin A, levels along with a significant reduction in daily exogenous
insulin requirement. In the treatment group, patients experienced mild side
effects, such as mild or moderate anemia, nausea, vomiting, arthralgia, headache,
and urticarial rash, but with no evidence of long-term toxic effects [112]. Among
patients who responded to the therapy and those who did not, there was no
substantial difference in terms of clinical presentation, autoantibody titers, isotype
subclasses of the autoantibodies, and HLA-DQA1 and DQBI1 genotypes. No
difference was found between responders and nonresponders to treatment in
terms of frequency of the HLA alleles that are associated with protection or
susceptibility to TIDM [112]. The mechanism of action of this drug is still
unknown. It has been hypothesized that hOKT3g may affect the dynamics of
regulatory T-cell populations, such as selective deletion of activated Thl cells or
activation of Th2 cells and their protective cytokines. Alterations in the number
and function of regulatory cells may contribute to the generation of an auto-
immune state in type 1 diabetes [109,113]. Dysfunction or loss of CD1-restricted
T cells, T cells with ~/6 receptors, CD4" and CD25" T cells, and natural killer
T cells may all theoretically contribute to disease pathogenesis through inefficient
suppression of pathogenic autoreactive T cells. For instance, in monozygotic
twins who are discordant for diabetes, levels of CD1-restricted T cells seem to be
diminished in the affected twin. The antigens that activate regulatory T cells are
unknown, and the mechanisms in which these cells exert their effect on immune
responses still remains unclear. Of note, in vitro studies have demonstrated that
alloantigen tolerance induced by costimulatory blockade is maintained by CD4"
and CD25" T cells [114].
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ISLET TRANSPLANTATION AND STEM CELL THERAPY 17
Antithymocyte globulin

Antithymocyte globulin is being used in organ transplantation and little is
known about its potential beneficial effects in TIDM. Preclinical studies have
shown that antilymphocyte serum treatment in NOD mice with recent-onset
diabetes can induce disease remission. An early study that was performed in
newly diagnosed T1DM patients (using equine antithymocyte globulin) seemed
to prolong the honeymoon phase of the disease. Subsequently, to evaluate both
safety and efficacy of the rabbit polyclonal antithymocyte globulin, a phase II
study has been undertaken in newly diagnosed T1DM patients. This randomized,
placebo-controlled trial should determine whether antithymocyte globulin
(6.5 mg/kg of antithymocyte globulin is administered over 4 days) induces
immunologic tolerance and thereby prolongs endogenous insulin secretion in
adult patients affected by newly diagnosed TIDM. The primary end point is the
presence of residual endogenous insulin secretion at 12-month follow-up.
Metabolic and mechanistic studies will also be conducted over 24-month
intervals. The anticipated outcome is that the treated group will maintain a
sustained endogenous insulin secretion and will exhibit a lower daily exogenous
insulin requirement as compared with the control group. This study is supported
by both the Immuno-Tolerance Network and TrialNet [107].

Anti-CD20

Rituximab, an anti-CD20 monoclonal antibody, has been used for the treat-
ment of 3-cell neoplasia and antibody-mediated autoimmune diseases. A recent
study showed that rituximab is effective in rheumatoid arthritis [115] and other
antibody-mediated autoimmune diseases. It has never been used in autoimmune
diseases that seem to have a cell-mediated pathogenesis. For this reason TrialNet
is evaluating the possibility of starting a trial to determine its safety and efficacy
in preserving C-peptide levels in new-onset TIDM.

Pancreas and islet transplantation

A major goal of clinical investigation in TIDM is to restore a physiologic
insulin secretion after engrafting the pancreas or the pancreatic islets into TIDM
diabetic recipients. Although ectopancreatic transplantation of donor pancreas
has proved fairly effective in normalizing blood glucose levels with partial to
complete restoration of C-peptide production in selected groups of patients, islet
transplantation gave less promising results [116]. It should be noted that pan-
creas and islet transplantation cannot be considered as life-saving procedures,
and the benefit and risk of these procedures must be thoroughly weighed, par-
ticularly if one is dealing with pediatric patients that need long-lasting chronic
immunosuppressant therapy to prevent allorejection of the graft. The improve-
ment of new immunosuppressive regimens is an important objective to achieve
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before considering pancreas and islet transplantation as the standard of care for
TIDM [117].

Over the past few years, Shapiro and coworkers [118] have been able to
reverse T1DM following islet implantation and the success of the Edmonton
protocol has again sparked interest for islet transplantation. Shapiro and co-
workers [118] administered a steroid-free immunosuppression regimen along
with a larger number of transplanted islets compared with previous islet
transplantation protocols; sirolimus (0.2 mg/kg/d orally); low-dose tacrolimus
(<2 mg/d orally); and daclizumab (1 mg/kg intravenously every 14 days), an anti
interleukin-2 receptor antibody [118]. Side effects were those related to trans-
hepatic puncture and intrahepatic infusion and those related to immunosuppres-
sion, such as ulceration of the buccal mucosa, nausea and vomiting, arthralgias,
diarrhea, and anemia. Some of the patients had low white blood cell count and a
rise in serum creatinine. After a median follow-up of 20 months, 11 transplanted
patients were off insulin. According to the American Diabetes Association
criteria for diagnosis of diabetes after oral glucose tolerance test, however, only
two subjects met the criteria for normal glucose tolerance and the remainder had
diabetes [119]. The Edmonton protocol has been widely adopted; however, data
on long-term follow-up are not yet available.

Stem cell therapy, gene therapy, and other therapies

With the initial success of the Edmonton protocol and increased interest for
islet transplantation [118], a number of concerns have arisen, including the
insufficient number of donors to yield a sufficient number of implantable islets
and the need for a life-long immunosuppressive therapy to prevent both allograft
rejection and autoimmunity recurrence. These major obstacles have shifted the
interest to alternative approaches to create less immunoreactive and potentially
endless alternative sources of islet cells, or to regenerate pancreatic (3-cells
(reviewed in [120]). The shortage of implantable islets could be overcome by a
number of new approaches, including transformed insulin-producing cell lines,
transfection of different cell types enabled to produce insulin, in vivo trans-
differentiation of liver cells, and isolation of xenogeneic porcine islets [117,
120,121].

It has been hypothesized that newly formed islets derive from the duct
epithelium [122], or alternatively from the islet cells themselves [123] or from
islet neogenesis, a precursor that may be able to compensate for islet loss. Islet
neogenesis may be the end result of a dedifferentiation of pancreatic epithe-
lial cells, or newly formed islets might originate from common endocrine,
multipotent progenitors. These islet progenitors seem also to be present within the
pancreatic islet microenvironment [124]. It might be easier to derive precur-
sor cells from stem cells, adult or embryonic, and use them to regenerate the
damaged endocrine pancreas. Embryonic stem cell lines might give rise to a
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ISLET TRANSPLANTATION AND STEM CELL THERAPY 19

potentially unlimited source of insulin-producing cells. Even if embryonic stem
cells were soon made available for the scientific community, however, their dif-
ferentiation toward insulin-producing cells would still remain very difficult to
direct. In contrast, achieving transdifferentiation into (B-cells from adult stem
cells obtained from tissues that belong to other lineages might be a more feasi-
ble task. The latter could be an attractive approach to avoid the serious problems
related to allorejection because adult tissues can be obtained from an autologous
living donor. Nevertheless, this approach is not likely to prevent the recurrence of
autoimmunity if it is not combined with immunotherapy.

A similar strategy is based on converting the patient’s nonislet cells of dif-
ferent lineages into insulin-producing cells. This has been accomplished using
gene-engineered hepatocytes that were able to produce insulin after transfecting
them with pdx/ under the control of the rat insulin 1 promoter [125]. Although
not yet confirmed, this observation suggests that engineered surrogate 3-cells or
insulin-producing cells obtained from cells of different lineages could be ex-
ploited to restore insulin secretion.

Other alternative sources of insulin-producing cells include xenogeneic donor
manipulated cells that could provide an indefinite supply of (3-cells for trans-
plantation. In an elegant set of experiments, the generation of a transgenic pig that
was deficient for «(1,3)-galactosyltransferase resulted in the dissipation of the
hyperacute xenograft rejection response. This was a major advance that might
set the stage toward the attainment of the first clinical trial in humans using
xenogeneic islet donors [126—129].

Although many of these approaches seem to hold great promise as alternative
strategies to cure TIDM, it is unlikely that the recurrence of islet autoimmunity
can be prevented without an appropriate immunotherapeutic treatment. In TIDM
patients, the autoimmune process not only damages the pancreatic (3-cells,
leading to the clinical onset of the disease, but also limits the regeneration of
newly formed (3-cells that will eventually replace those cells that are lost. The
recurrence of autoimmunity in combination with allorejection is probably what
differentiates transplanted patients with TIDM from patients who received is-
let autotransplantation and were able to maintain long-lasting glucose homeo-
stasis [117,130]. Strategies aimed at blocking this autoimmune process, or at
manipulating potentially less immunoreactive transplanted cells, should yield
more encouraging results. These strategies include patient’s own cells of differ-
ent lineages converted into insulin-producing cells; xenogeneic donor manipu-
lated cells; and other manipulated insulin-producing cells, which are likely less
immunoreactive. Furthermore, the autoimmune process is successfully averted by
blocking the autoreactive T cells with an anti-T-cell antibody (antilymphocyte
serum) and by inducing a mixed allogeneic chimerism by transplanting bone
marrow from a diabetes-resistant donor [131]. Hematopoietic precursors do not
directly participate in islet cell regeneration, although they might be necessary
to promote an effective regenerative process, which is independent of the ability
to block the autoimmune process [132]. A better understanding of the auto-
immune process and the ability to restrain this process not only could prevent
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the disease, but also help restore residual islet function following islet trans-
plantation or regeneration.

Summary

There is common agreement indicating that the occurrence of multiple
antibodies against islet autoantigens serves as a surrogate marker of disease in
primary or secondary intervention strategies aimed at halting the disease process.
To date, a number of intervention strategies are in the pipeline and some of them
seem promising. These therapies include anti-CD3 humanized monoclonal
antibody; antilymphocyte serum; and a number of antigen-specific therapies,
such as oral insulin. The DPT-1 has recently performed a subgroup analysis
suggesting potential benefit of oral insulin for relatives with high insulin auto-
antibody titers. A trial conducted by Neurocrine using an altered insulin peptide
ligand of insulin B:9-23 is currently underway in humans in which the peptide is
delivered without the use of an adjuvant or other immunomodulation. Many of
these antigen-specific therapies for TIDM and other autoimmune diseases have
not been approved. There is both a growing effort and a large opportunity for
exploring new specific strategies alone or in combination with immunomodu-
lation. It is possible that gene-engineered cell therapeutics if combined with
immunotherapy may effectively replace the pancreatic (3-cell loss in TIDM. The
hope to induce pancreatic islet regeneration and, ultimately, to transplant insulin-
producing cells with a sustained secretagogue capacity propels confidence that
the cure of TIDM is within reach.
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