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Very recently one of the largest type 1 diabetes prevention
trials using daily administration of oral insulin or placebo
was completed. After 9 years of study enrollment and
follow-up, the randomized controlled trial failed to delay
the onset of clinical type 1 diabetes, whichwas the primary
end point. The unfortunate outcome follows the previous
large-scale trial, the Diabetes Prevention Trial–Type 1
(DPT-1), which again failed to delay diabetes onset with
oral insulin or low-dose subcutaneous insulin injections in
a randomized controlled trial with relatives at risk for type 1
diabetes. These sobering results raise the important ques-
tion, “Where does the type 1 diabetes prevention field
move next?” In this Perspective, we advocate for a para-
digm shift in which smaller mechanistic trials are con-
ducted to define immune mechanisms and potentially
identify treatment responders. The stage is set for these
interventions in individuals at risk for type 1 diabetes as
Type 1 Diabetes TrialNet has identified thousands of rel-
atives with islet autoantibodies and general population
screening for type 1 diabetes risk is under way. Mecha-
nistic trials will allow for better trial design and patient
selection based upon molecular markers prior to large
randomizedcontrolled trials,moving towardapersonalized
medicine approach for the prevention of type 1 diabetes.

TYPE 1 DIABETES IS PREDICTABLE

Before a disease can be prevented, it must be predicted. The
ability to assess risk for developing type 1 diabetes (T1D) has
been well documented over the last two decades (1). Using
geneticmarkers, human leukocyte antigen (HLA) DQ andDR
typing (2), islet autoantibodies (1), and assessments of glu-
cose tolerance (intravenous or oral glucose tolerance tests)
has led to accurate prediction models for T1D development
(3). Prospective birth cohort studies Diabetes Autoimmunity
Study in the Young (DAISY) in Colorado (4), Type 1 Diabetes
Prediction and Prevention (DIPP) study in Finland (5), and
BABYDIAB studies in Germany have followed genetically

at-risk children for the development of islet autoimmunity
and T1D disease onset (6). These studies have been instru-
mental in understanding the natural history of T1D and
making T1D a predictable disease with the measurement of
antibodies in the peripheral blood directed against insulin and
proteins within b-cells (glutamic acid decarboxylase [GAD],
islet antigen 2 [IA-2], and zinc transporter [ZnT8]). Having
two or more islet autoantibodies confers an;85% risk of de-
veloping T1D within 15 years and nearly 100% over time (7).
The American Diabetes Association now recommends screen-
ing islet autoantibodies in relatives of T1D patients through
available clinical research studies (8), which is predominantly
the National Institutes of Health–funded Type 1 Diabetes
TrialNet Pathway to Prevention Study in the U.S. (9).

Efforts are also under way to screen children in the general
population for islet autoantibodies, as approximately 85%
of all diagnosed T1D case subjects lack a family history. In
Bavaria, Germany, the Fr1da study is screening children ages
2–5 years for islet autoantibodies and has already screened
.25,000 children, with 0.4% having multiple islet autoanti-
bodies (10). The study plans to screen 100,000 children.
Another large-scale screening effort is under way in theU.S.; the
Autoimmunity Screening for Kids (ASK) program is screening
children and adolescents in the Denver, CO, metro area for
islet autoantibodies along with tissue transglutaminase auto-
antibodies in celiac disease (gluten sensitivity) (11). In sum, T1D
can be predicted by measuring islet autoantibodies, and thou-
sands of individuals including young children are being iden-
tified through screening efforts, necessitating the need for
treatments to delay and prevent disease onset.

ORAL INSULIN FOR PREVENTION

Antigen-specific immunotherapies hold the promise of po-
tentially inducing tolerance by inhibiting effector T cells and
inducing regulatory T cells, which can act locally at tissue-
specific sites of inflammation (12). Additionally, side effects
are minimal with these therapies. As such, insulin and GAD
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have both been used as antigen-based approaches in T1D
(13). Oral insulin has been evaluated in two large random-
ized double-blinded placebo-controlled trials over the last
two decades. First in the Diabetes Prevention Trial–Type 1
(DPT-1) and then in the TrialNet clinical trials network,
which succeeded the DPT-1 study group (14). The DPT-1
enrolled relatives at increased risk for T1D having islet
autoantibodies, including insulin autoantibodies, and an
intact first-phase insulin response to an intravenous glu-
cose tolerance test to receive 7.5 mg of oral insulin or
placebo (n = 372). After 6 years of treatment, there was no
delay in T1D onset. However, a post hoc analysis revealed
a potential delay in diabetes onset in those relatives with
higher titers of insulin autoantibodies (15), thus prompt-
ing a repeat trial through TrialNet. The TrialNet study
screened, enrolled, and followed 560 at-risk relatives over
9 years from 2007 to 2016, and results have been recently
published (16). Unfortunately, this trial failed to meet the
primary end point of delaying or preventing diabetes onset.
It should be noted that there were four different strata of
patients included in this trial according to autoantibodies
profiles and first-phase insulin release. In the stratum with
a certain autoantibody profile (confirmed insulin autoanti-
bodies in addition to islet cell autoantibodies or GAD/IA-2)
and a low first-phase insulin release (n = 54), there was
a statistically significant delay in T1D onset (16). Analyzing
the other strata and all participants together revealed no
delay in T1Ddevelopment. Similar to theDPT-1 trial, a subset
of participants responded.

Although there are subtle differences between the DPT-1
and TrialNet oral insulin trials, when comparing the two there
are a number of sobering findings. First, the risk of T1D de-
velopment was nearly identical in the placebo arms of these
two trials even though participants were screened and en-
rolled over a decade apart. Second, the therapy was identical
—7.5mg capsules of human insulin taken orally once a day.
Third, the overall results were the same in terms of not
meeting the primary end point of delaying T1D onset; how-
ever, there were subgroups of responders that were different
in both trials. Thesefindings raise the question, “Is oral insulin
a viable therapy for T1D prevention?” The answer is close to
“no” for the dose and stage of T1D tested in these two trials.

Many factors influence the potency and efficacy of anti-
gen-specific therapy such as dose, frequency of dosing, route
of administration, and, importantly, timing in thediseasepro-
cess. Can oral insulin induce a phenotype of antigen-specific
tolerance in at-risk relatives with insulin and other islet
autoantibodies? This question is being evaluated in a mech-
anistic trial conducted by TrialNet, Immune Effects of
Oral Insulin. This two-arm multicenter open-label study
randomized participants to receive 67.5 mg of oral insulin
daily or 500 mg every other week for 6 months and then
follow-up for 6 months off therapy. The trial rapidly
enrolled children and adolescents (n = 92) within 1 year,
and final results are anticipated in the next year. This study
evaluates two oral insulin dosing regimens at one time in the
disease process.

In children without islet autoimmunity but with HLA-
DQ-DR haplotypes and family history conferring high T1D
risk, the Pre-POINT pilot study evaluated escalating doses of
oral insulin up to 67.5 mg daily, which resulted in protective
immune responses to insulin (17). Proinflammatory IFN-g
CD4 T-cell responses directed to proinsulin were not ob-
served, while there appeared to be an induction of proinsulin-
responsive regulatory T cells. With the ability to induce a
protective immune response toward insulin, a larger primary
prevention trial (individuals without T1D-associated auto-
antibodies) to prevent the development of islet autoanti-
bodies is now under way with a higher dose of oral insulin. It
should be noted that the oral insulin treatment arms in the
Pre-POINT study only included six participants, with only
several individuals per group having insulin autoantibody
and T-cell responses. This raises the question of trial design
and statistical powering for such mechanistic trials.

ADAPTIVE CLINICAL TRIAL DESIGNS

Over the last two decades, most T1D clinical trial designs
have randomized participants 1:1 or 2:1, drug to placebo, in
a double-blind two-arm design, especially those intervention
trials in new-onset T1D (18). Primary end points have been
delay in T1D onset for prevention trials or stimulated C-
peptide area under the curve at 12 months with new-onset
trials. These designs have served the field well and provided
reliable human data for efficacy. However, there are limi-
tations including the speed at which these trials can be
completed, the number of interventions evaluated, dose
optimization, and evaluation of mechanistic hypotheses.

Alternative clinical trial designs, such as adaptive trial
designs using Bayesian statistics, can overcome some of these
issues. Adaptive designs use accumulating data from the trial
to modify certain aspects of the study, such as enrollment
and treatment group assignments. This “learn as we go” ap-
proach relies on biomarkers to drive decisions on planned
trial modifications. One such example is an adaptive dose-
finding trial for low-dose IL-2 therapy, Adaptive Study of
IL-2 Dose on Regulatory T cells in Type 1 Diabetes (DILT1D)
(19). This is particularly pertinent, as a trial using IL-2 and
rapamycin effectively increased regulatory T cells but resulted
in a transient decline in b-cell function (20). The DILT1D
study measured the percentage change in regulatory T cells
(CD3+CD4+CD25hiCD127lo cells) following a single subcuta-
neous injection of IL-2. There was an initial learning phase
from the first five participants, and then subjects were ran-
domized to doses predicted to have a 10% to 20% increase in
regulatory T cells (21). Next steps include identifying the
optimal repeated dosing regimen to increase regulatory
T cells while minimizing effector T-cell activation. One of
the significant limitations for adaptive trial designs in the
T1D field, at the present time, is the lack of validated
biomarkers for short-term readouts to inform trial adapta-
tions. However, large-scale collaborative efforts are ongoing
to define biomarkers of T1D-specific immune dysfunction
and b-cell stress and death (9,22).
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T1D IS A HETEROGENEOUS DISEASE

T1D prevention has proven much more difficult than orig-
inally thought, challenging the paradigm that T1D is a single
disease. T1D is indeed a heterogeneous disease in terms of
age of diagnosis, islet autoantibody profiles, and the rate of
loss of residual b-cell function after clinical onset. Children
have a much more rapid loss of residual insulin production
(measured as C-peptide area under the curve following
a mixed-meal tolerance test) after diagnosis than older
adolescents and adults (23,24), indicating that childhood
and adult-onset T1D are not identical. Further evidence for
subtypes of T1D come from studies of human pancreata of
T1D organ donors in which children (0–14 years of age)
within 1 year of diagnosis had many more inflamed islets
compared with older adolescents and adults aged 15–39
years old (25). Additionally, a younger age of T1D onset
(,7 years) has been associated with higher numbers of
CD20+ B cells within islets and fewer insulin-containing
islets compared with an age of onset$13 years associated
with fewer CD20+ islet infiltrating cells and more insulin-
containing islets (26,27). This suggests a much more ag-
gressive autoimmune process in younger children and dis-
tinct endotypes (a subtype of a condition defined by
a distinct pathophysiologic mechanism), which has recently
been proposed for T1D (27). It is noteworthy that the study
of the target organ, inflamed pancreatic islets, from recent-
onset organ donors led to these insights, and further work
studying antigen-specific immune cells and b-cells within
inflamed islets holds promise for defining pathogenic mech-
anisms, biomarkers, and novel therapeutic targets (28–31).

LESSONS FROM INDUSTRY: DRUG DEVELOPMENT

Safe and specific therapies capable of being used in children
are needed for T1D prevention. The vast majority of drug
development involves small biotechnology companies, spe-
cialty pharmaceutical firms, and large pharmaceutical com-
panies, more so than traditional academia. A large amount of
preclinical and clinical research (phase 1, 2, and 3 studies) are
needed to advance a drug candidate through the develop-
ment pipeline to achieve U.S. Food and Drug Administration
(FDA) approval for a given disease. A recent analysis of over
4,000 drugs from 835 companies in development during
2003–2011 revealed that only 10.4% of drugs that enter
clinical development at phase 1 (safety studies) advance to
FDA approval (32). However, the success rate increases
50% for the lead indication of a drug, i.e., a drug specifically
developed for one given disease (32). Reasons for this include
strong scientific rationale and early efficacy signals such as
correlating pharmacokinetic (drug levels) to pharmacody-
namic (drug target effects) tests for the lead indication. Lead
indications also tend to have smaller, better-defined “ho-
mogenous” patient populations than nonlead indications for
the samedrug. Thiswould imply that the T1Dfield needsmore
companies developing drugs specifically for T1D, not type 2
diabetes or other autoimmune diseases with later testing to
broaden a drug’s indication.

In a similar but separate analysis, selection biomarkers
were found to substantially increase the success rate of drug
approvals across all phases of drug development. Using
a selection biomarker as part of study inclusion criteria in-
creased drug approval threefold from 8.4% to 25.9% when
used in phase 1 trials, 28% to 46% when transitioning from
a phase 2 to phase 3 efficacy trial, and 55% to 76% for
a phase 3 trial to likelihood of approval (33). These striking
data support the concept that enrichment of patient en-
rollment at the molecular level is a more successful strategy
than heterogeneous enrollment in clinical intervention tri-
als. Selection biomarkers in drug development are predictive
biomarkers used to identify an individual more likely to
respond to treatment. A second type of biomarker, a prog-
nostic biomarker, is used to identify the likelihood of a clinical
event or disease progression. Asmentioned earlier, the risk of
T1D development was identical in the placebo arms of the
two large oral insulin trials, indicating that the prognostic
biomarker of islet autoantibodies with normoglycemia is
accurate and reproducible. However, insulin autoantibody
titers did not predict treatment response in the follow-up
TrialNet oral insulin study despite a post hoc analysis from
the DPT-1 trial indicating that this subgroup of patients may
have clinical benefit (15).

Taken together, new drugs designed specifically for chil-
dren at risk for T1D and a biomarker selecting patients for
a treatment response may increase the likelihood for a suc-
cessful prevention trial; however, experimental confirmation
in clinical trials is needed.

PERSONALIZED THERAPIES ON THE HORIZON

To eventually delay and prevent the onset of T1D, a rationale
strategy is needed moving forward. First, more human clin-
ical trials are needed to test therapies, define drug mecha-
nisms, and ultimately understand human T1D pathology.
Second, we advocate testing personalized therapies directed
at specific molecular targets implicated in disease pathogen-
esis with a biomarker-driven and hypothesis testing approach
in early-stage clinical trials. To that end, several therapies
are being developed and investigated in such a manner.
Small molecules, peptide immunotherapy, and autologous
peptide-loaded tolerogenic dendritic cells are all targeting
major histocompatibility complex (MHC) class II molecules
in T1D. HLA class II genes confer significant T1D genetic risk
(34) and encode MHC class II proteins found on B cells,
macrophages, and dendritic cells. Approximately 50–60% of
all patients at risk for and with T1D have theHLA-DR4/DQ8
haplotype, making it an attractive molecular target for
therapeutic intervention.

HLA-DQ8 has been targeted with small “drug-like” mol-
ecules (35), and it was discovered thatmethyldopa (Aldomet)
blocks the ability of DQ8 to present self-peptides, thus
inhibiting CD4 T-cell activation (36). Methyldopa is a
well-known oral antihypertensive agent used to treat both
children and adults for more than 50 years (37); it is
currently indicated for the treatment of pregnancy-induced
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hypertension. The repurposing of methyldopa to engage
DQ8 and specifically block antigen presentation was evalu-
ated in an open-label dose escalation study with recent-onset
T1D patients having the DQ8 allele and residual insulin
production (36). A follow-up multicenter randomized
double-blinded placebo-controlled crossover trial con-
ducted by TrialNet, Methyldopa for Reduction of DQ8 An-
tigen Presentation in At-Risk Subjects for Type 1 Diabetes,
is set to begin enrollment in 2018 (NCT03396484). This
mechanistic trial will evaluate the safety, immunologic
efficacy, and mechanism of action of methyldopa in indi-
viduals at risk for T1D with the primary outcome assessing
the effect of methyldopa versus placebo on the change in
insulin-specific DQ8 antigen presentation. Results from
such a mechanistic trial design can help inform the design
and patient selection for a future trial powered for T1D
prevention.

Peptide immunotherapy, with a peptide of proinsulin
(C19-A3), is also targeting patients with a specific HLA-DR4
molecule, DRB*04:01. The proinsulin peptide was eluted
from antigen-presenting cells with DR4 and shown to elicit
T-cell responses in T1D patients (38). A phase 1 dose-finding
trial assessed intradermal peptide injection in established
T1D patients, showing safety and tolerability. A signal of
immune efficacy was observed in the low-dose group with
the induction of interleukin-10 (IL-10), an anti-inflammatory
cytokine associated with regulatory T cells, upon stimulating
peripheral blood mononuclear cells with proinsulin peptide
(39). A follow-up phase 1b randomized placebo-controlled
trial was conducted in new-onset T1D patients with re-
sidual insulin productionhaving theDR4 allele, again showing
safety and suggestions of an IL-10 response in treatment
responders (40). Six DR4-restricted peptides from proinsulin
and IA-2 have been combined into a single product that will
be administered to new-onset T1D patients in a trial being
developed with the Immune Tolerance Network (ITN); addi-
tionally, a mechanistic trial in those at risk is being considered
in TrialNet.

A third therapeutic approach involves dendritic cells that
function to process and present antigens to activate CD4
T cells; however, these cells also have tolerogenic properties.
Dendritic cells with a regulatory phenotype can suppress
effector T cells, induce regulatory T cells, and provide infec-
tious tolerance (i.e., spreading of tolerance to other antigens
than those carried by the dendritic cell) (41). Early-phase
clinical trials in a number of autoimmune diseases, including
T1D, have isolated a patient’s own dendritic cells, cultured
with factors (such as vitamin D3 and dexamethasone) to
induce a regulatory phenotype and transferred these cells
back into the patient, showing safety (42–44). A mechanistic
trial is now under way in T1D to pulse tolerogenic dendritic
cells with islet peptides known to bind HLA-DR4 prior to
injecting them back into a patient in an attempt to induce
antigen-specific tolerance (45). The primary outcome of the
trial is safety and feasibility, with secondary end points
evaluating T-cell–specific immune responses and stimulated
C-peptide production.

CONCLUSIONS

Despite being predictable, the delay and prevention of
T1D onset has proven a significant challenge. Heterogeneity
exists within T1D, and validated biomarkers are needed
to define disease subtypes, which can allow for patient
selection at a molecular level for intervention trials. A
paradigm shift toward hypothesis testing in biomarker-
driven mechanistic clinical trials holds promise for defining
drug dose and mechanism of action. In this manner, therapy
will be personalized and enhance the chance for successful
T1D prevention in subsequent randomized controlled trials.
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