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Strategies for clinical trials in type 1 diabetes
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Abstract

During the past one to two decades, substantial progress has been made in our understanding of
the immunopathology of type 1 diabetes (T1D) and the potential for immune interventions that can
alter the natural history of the disease. This progress has resulted from the use of standardized
study designs, endpoints, and, to a certain extent, mechanistic analyses in intervention trials in the
setting of new-onset T1D. To date, most of these trials have involved single-agent interventions
but, increasingly, future trials will test therapeutic combinations that are based on a compelling
scientific rationale and testable mechanistic hypotheses. These increasingly complex trials will
benefit from novel trial designs (such as factorial or adaptive designs), enhanced clinical endpoints
that more directly assess islet pathology (such as B-cell death assays and islet or pancreatic
imaging), improved responder analyses, and sophisticated mechanistic assays that provide deep
phenotyping of lymphocyte subsets, gene expression profiling, in vitro T cell functional
assessments, and antigen-specific responses. With this developing armamentarium of enhanced
trial designs, endpoints, and clinical and mechanistic response analyses, we can expect substantial
progress in better understanding the breakdown in immunologic tolerance in T1D and how to
restore it to achieve significant and long-lasting preservation of islet function.
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1. Introduction

Type 1 diabetes (T1D) is characterized by a progressive loss of p-cell function resulting in
absolute insulin deficiency. Although the precise etiology remains obscure, the pathogenesis
comprises an organ-specific autoimmune process in genetically susceptible individuals
involving activated innate immunity and dysregulated humeral and cellular adaptive immune
responses [1,2].
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The endocrine deficiency in T1D is treated with insulin replacement therapy, which
substantially reduces morbidity and mortality. However, despite modern intensive diabetes
management — including the use of insulin pumps, continuous glucose monitoring, sensor-
augmented insulin pumps, or closed-loop pump-sensor systems (“artificial pancreas”) —
normal or near-normal glycemic control (as measured by glycated hemoglobin (HbA1c) <
5.7%) cannot be achieved [3,4]. Even when glycemic control is “good” by current standards
(HbAlc < 6.9%), patients with T1D, including children, have a 2-fold greater mortality than
their nondiabetic peers [5].

There are currently no disease-modifying interventions for T1D. The restoration of
immunologic tolerance is of considerable interest as a means to arrest and possibly reverse
the autoimmune destruction of 3 cells in the pancreas [6]. During the past three decades,
substantial efforts have been made to evaluate immunosuppressive and immunomodulatory
agents in the clinic [7]. Most T1D trials have been conducted in patients with established or
newly diagnosed disease, and this population will be the focus of this review.

2. Targets for immune intervention in T1D

A review of targets for immune intervention and a systematic analysis of the results of
intervention trials to date is beyond the scope of this report, and the reader is referred to
recent reviews [1,6,7]. Recent decades have witnessed enormous strides in the development
of powerful immunomodulatory drugs, most notably fusion proteins and monoclonal
antibodies that target specific receptors on B and T cells and a range of cytokines [8]. Many
autoimmune disease can now be treated successfully, with evidence of disease modification
and induction of remission. However, disease-modifying interventions in T1D have lagged,
partly because of inaccessibility of the target organ and partly because the autoimmune
process is silent, starting years or decades before diagnosis [9]. Nevertheless, over the past
1-2 decades substantial progress has been made in the design and conduct of intervention
trials in T1D [7].

3. Clinical trial designs in T1D

3.1. Standard trial design

During the past decade, new-onset intervention trials have generally conformed to a
common formula, with similar inclusion/exclusion criteria, endpoints, and duration [10,11].
As shown in Fig. 1, these trials are phase 2 proof-of-concept studies with enrolment goals of
60-80 subjects; patients are randomized within 100 days of T1D diagnosis, are autoantibody
positive, with a peak C-peptide response of > 0.2 pmol/mL during a mixed meal tolerance
test (MMTT), and ages in the range 6-45 years. Eligible patients are randomized 2:1, drug to
placebo, in a double-blind, placebo-controlled, 2-arm design. The primary endpoint is the
change from baseline in the 2- or 4-hour mean C-peptide area under the curve (AUC)
following an MMTT at 12 or 24 months.

This design has served the community well and has generally provided credible evidence for
the presence, or absence, of a signal of efficacy. Nevertheless, this approach has room for
improvement: (a) the process is slow, generally 3-5 years from protocol development to
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completion of the primary analyses; (b) there are a limited number of expert sites and
eligible patients, reducing the number of trials that can be conducted; (c) the selection of
interventions has often been driven by pragmatic considerations and not by a compelling
scientific rationale; and (d) there was often no a priori, testable mechanistic hypothesis and
mechanistic insights into success or failure have been limited.

3.2. Alternative trial designs

Current T1D intervention trials are inefficient with respect to speed, the ability to evaluate
multiple interventions (including novel combinations), dose optimization, and addressing
mechanistic hypotheses. Some of these issues can be addressed by using alternative trial
designs.

3.2.1. Factorial designs—Factorial designs are well suited to exploring novel drug
combinations while limiting total enrolment [12]. Consider the following example: alefacept
can induce partial remission but the effect begins to wane in the 2" year [13]. One
hypothesis is that the induction of tolerance is incomplete but might be augmented by an
agent that blocks costimulation (e.g., abatacept [14]) or by an agent that blocks TNFa, an
inflammatory cytokine (e.g., etanercept [15]), or the combination of all three. Witha 2 x 2
factorial design, there are four treatment groups. One group would receive alefacept alone;
one would receive alefacept plus abatacept; one alefacept plus etanercept; and one alefacept
plus abatacept plus etanercept. For analyzing the effect of abatacept, the response rate for the
two arms which received abatacept are compared to the response rate for the two arms which
did not receive abatacept. Analyzing the effect of etanercept is similar. The factorial design
has efficiency advantages because each drug is evaluated by comparing outcomes for all
patients receiving that drug to outcomes for all patients not receiving that drug [16]. Thus, in
the example above, a 2 x 2 factorial design will require only two thirds the number of
patients as a 3-arm trial (alefacept vs. alefacept plus abatacept vs. alefacept plus etanercept).

A potential concern with factorial designs is that there could be interactions among the drugs
[17]. That is, the effect of abatacept may differ depending on whether or not etanercept is
administered. However, that can be a strength because factorial designs are effective at
screening for combinations that are synergistic for response [16]. A more important concern
is the absence of a placebo group.

There is variability from trial to trial in the rate of C-peptide decline in the placebo group,
which is partly a function of age, time since diagnosis, and residual islet function at baseline
[18]. This concern is lessened when the core drug (in this case alefacept) is known to have
an effect and the primary question in the trial is whether that effect can be enhanced by a
second drug. If a placebo group is considered essential, then this can be achieved by
evaluating only 2 drugs [17], for example alefacept and abatacept, and the four groups are:
alefacept alone, abatacept alone, alefacept plus abatacept, and placebo.

3.2.2. Adaptive designs—Adaptive designs can accelerate the evaluation of novel drug

combinations, the sequencing of drug combinations, and dose optimization. A key feature of
adaptive designs is that they include prospectively planned opportunities to modify specified
aspects of the trial, such as treatment group assignment and overall enrolment [19]. Adaptive
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designs rely on the use of biomarkers that drive decisions on planned trial modifications and
therefore are suitable for interventions with known mechanisms of action.

An example of where an adaptive design may be useful is in the development of low-dose
IL-2 as a tolerogenic intervention (Fig. 2). While IL-2 promotes both Teff and Treg cells
[20], Tregs are exquisitely dependent on IL-2 for growth and stability, and therefore low-
dose IL-2 may selectively stimulate and expand Tregs [21]. However, the IL-2/Rapa trial
gave mixed results: Tregs were robustly expanded and activated and yet islet function
transiently declined, possibly because of unintended expansion of NK cells and eosinophils
[22]. The dose used in the IL-2/Rapa trial was probably not low enough. A recent trial
explored doses that were even lower [23], but further dose optimization is required to find a
dose that selectively targets Tregs with no activation of effector cells.

The ITN has proposed an adaptive trial design for dose optimization using the continual
reassessment method [10]. In this design (Fig. 2), subject assignment to one of 5 dose
groups is continually updated based on flow data (Treg, Teff and NK cell frequencies and
activation, measured by pSTAT5 levels), such that most subjects are randomized to the
effective doses and randomization to ineffective doses is minimized. Based on trial
simulations, this design is very efficient, yielding an optimal dose with < 15 subjects [10].
Independently, a group based in Cambridge, UK has reported the designs of two adaptive
trials (DILT1D and DILfrequency) that are being conducted to determine the optimal dose
and frequency of IL-2 that will expand Tregs without activating Teff populations in T1D
[24,25].

Adaptive designs require biomarkers as short-term readouts that can drive trial adaptations,
but reliable biomarkers are not generally available for new interventions whose efficacy in
T1D is unknown. However, as we better understand the immunologic correlates of response
it is conceivable that we will have mechanistic surrogates (e.g., Treg/Teff ratio changes by
flow or T cell gene expression changes by RNAseq) that can serve as biomarkers in adaptive
trials.

4. Trial endpoints

4.1. Clinical endpoints

The earliest T1D trials focused on clinical endpoints, including glycemic control and
reduction or elimination of exogenous insulin therapy (clinical remission). However, it soon
became clear that induction of remission is difficult and is complicated by the natural
remission that is often observed in the first 6-12 months (“honeymoon period™). Thus,
clinical endpoints are blunt tools because (a) it is unknown whether arresting the
autoimmune process merely preserves residual islets or leads to restoration of islet cell mass,
(b) direct effects on islets versus effects on the metabolic milieu, including insulin
sensitivity, cannot be distinguished, and (c) no information is provided on the question of
stopping p-cell killing versus reviving 3 cells that are dysfunctional or dormant. A recent
example that illustrates the difficulty of using clinical endpoints was the Protégé study, a
phase 3 clinical trial of teplizumab (anti-CD3 mAb) in new-onset T1D. The primary
endpoint in Protégé, a composite of glycemic control (HbAlc < 6.5%) and reduced
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exogenous insulin use (< 0.5 units/kg/day), was not met and hence the trial was declared a
failure [26], even though C-peptide secretion was significantly preserved in drug-treated
patients at 2 years [27].

Nevertheless, clinical variables remain useful as secondary endpoints and add confidence
that a therapeutic intervention can confer a clinically meaningful benefit. Intervention trials
generally include intensive diabetes management (using ADA-recommended glycemic
targets) for all participants regardless of treatment assignment because it is believed that
good glycemic control reduces glucotoxicity and improves the prospects for 3-cell recovery
following immune intervention. Because of this design feature, assessment of differences in
glycemic control between treatment arms is not generally a useful outcome (and, arguably,
represents a failure of trial conduct). Nevertheless, between-group differences in HbAlc
levels can emerge if the investigational drug results in rapid and significant preservation of
B-cell function compared to the control group. This was observed in the rituximab [28],
abatacept [14], and AbATE (teplizumab) trials [29], in which C-peptide secretion was
significantly preserved by the intervention.

A more useful measure of drug efficacy against a background of standardized diabetes
management is a reduction in exogenous insulin use, which requires the use of patient
diaries to log daily insulin use. The utility of this approach was shown in the TLDAL
(alefacept) trial, in which insulin use was significantly lower in the treatment arm vs.
placebo at both 12 and 24 months despite similar levels of glycemic control, consistent with
the significant preservation of C-peptide secretion induced by the drug [13,30]. Exogenous
insulin use was also significantly decreased at some time points or in aggregate by treatment
with rituximab, abatacept, and teplizumab [14,27-29].

Another clinical measure that correlates with islet function is frequency of hypoglycemic
events. The Diabetes Control and Complications Trial (DCCT) clearly demonstrated that
higher levels of C-peptide secretion resulted in a lower frequency of hypoglycemic events
[31]. Until recently it was unclear what effect preservation of C-peptide by an immune
intervention would have on hypoglycemia rates: preservation of islet function may decrease
hypoglycemia by improving metabolic control and reducing insulin requirements; or,
improved islet function may increase rates of hypoglycemia if insulin dose adjustments are
not made rapidly enough. The T1DAL trial is the first intervention trial in new-onset T1D
that clearly demonstrated a significant reduction in rates of major hypoglycemia in the
alefacept group vs. placebo [13,30]. These results provide proof of concept that drug-
induced preservation of islet function (vs. differences in natural rates of decline) can reduce
hypoglycemia events in the context of intensive diabetes management. This was achieved by
providing identical glucometers to all randomized subjects and downloading and recording
standardized glucometer data at every clinic visit.

In addition to home glucometers, an approach that should also be evaluated is continuous
glucose monitoring (CGM) using subcutaneous sensors that measure interstitial fluid (ISF)
glucose. Although changes in ISF glucose levels lag behind changes in blood glucose [32],
CGM has the advantage that it can provide a continuous readout over long periods, giving a
more complete picture of the number of hypoglycemic events during defined intervals [33].
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CGM has been evaluated in patients with established T1D and is approved as an adjunct to
blood glucose monitoring. Prospective studies are needed to establish the utility of CGM in
the setting of investigational immune interventions in new-onset T1D.

4.2. Measures of islet function

The hallmark of T1D is the progressive loss of endogenous insulin production due to
autoimmune inflammation in pancreatic islets called insulitis. Death or functional
impairment of f cells can be assessed by measuring endogenous insulin secretion,
specifically by measuring C-peptide secretion in response to a stimulus, typically glucagon
or a mixed meal (MMTT) [34,35]. The MMTT procedure has been standardized, is safe, and
shows acceptable between-test reproducibility [36]. Implementation of standardized
MMTTs has facilitated cross-trial comparisons of drug efficacy and has significantly
advanced the field.

Meal-stimulated C-peptide responses =0.2 pmol/mL result in significant reductions in
progression of retinopathy, nephropathy, and rates of hypoglycemia [31]. Additional
analyses have revealed that the benefits of residual C-peptide secretion extend below the 0.2
pmol/mL threshold and that there is virtually a linear correlation between C-peptide levels
and risk for microvascular complications and hypoglycemia [37,38]. Thus, preservation of
stimulated C-peptide secretion is a legitimate primary outcome for intervention therapies
[35] and a case can be made that this endpoint should serve as the basis for approval for an
intervention therapy in T1D.

However, use of stimulated C-peptide secretion as an endpoint has its limitations. First, the
procedures present a burden to patients and clinic staff because of requirements for fasting,
lengthy visits, need for IV catheters, occasional intolerance of the liquid mixed meal or
glucagon injection, or problems with hypoglycemia. Second, the procedures do not give a
true estimate of total insulin secretory capacity. Third, the C-peptide response is dependent
on metabolic factors such as insulin sensitivity, prior exercise, or carbohydrate loading.
Fourth, the C-peptide response does not distinguish between -cell killing and functional
impairment (B cells are viable but dormant).

4.3. Measures of B-cell death

To overcome the limitations of tests for stimulated C-peptide secretion, there is interest in
assays that can directly assess p-cell death. Significant progress has been made with assays
that measure plasma levels of demethylated insulin gene DNA, thought to derive from §
cells [39-43], or circulating micro-RNAs specific for islets [44,45]. The reader is referred to
other articles in this issue for detailed discussion of these approaches.

4.4. Pancreatic imaging

The histopathology of human T1D is not well understood because the affected organ is
largely inaccessible to routine biopsies. There has been a limited series (n=29) of
laparoscopic pancreatic biopsies in patients with recent-onset T1D [46], in which
histopathological findings generally matched those found in post-mortem specimens [47].
However, the laparoscopic biopsies generate small tissue samples, resulting in low yield of
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affected tissue due to the lobular nature of the disease [46]. Recently, pancreatic tail
resections were performed laparoscopically in patients with new-onset T1D, but this study
had to be curtailed because of unacceptable complication rates [48]. Therefore, alternatives
to tissue biopsies are needed, such as pancreatic imaging.

Pancreatic inflammation is a hallmark of the disease [47,49] and potentially amenable to
high-resolution imaging. Various pancreatic and -cell imaging approaches are under
development, with validation in rodent models and in the clinic [50-56]. The next step is to
apply these techniques in the setting of intervention trials in new-onset T1D to determine
whether pancreatic inflammation is reduced in patients who demonstrate treatment-related
islet preservation as determined by stimulated C-peptide secretion; such a trial (the IMAGE-
TAD trial) is currently in progress (ClinicalTrials.gov NCT01521520).

4.5. Immunologic surrogates of efficacy

Treatment effects on immune system function are an important outcome of investigational
studies, especially immunologic effects that can be correlated with the primary outcome
measure (C-peptide). However, progress has been hampered by lack of direct access to the
site of pathology, limitations of peripheral blood assays, and non-standardized immunologic
assessments. Nevertheless, results from recent trials indicate that improved technologies and
use of standardized mechanistic assessments can yield new insights into the pathology,
progression, and treatment of T1D [7,57]. Fig. 3 illustrates a standardized sample collection
and mechanistic assay scheme for use in new-onset T1D trials.

4.5.1. Flow cytometry—Flow cytometry is the workhorse in intervention trials and
benefits from (a) cryopreservation of PBMCs, enabling all trial samples to be analyzed
together at the conclusion of the study, and (b) the advent of 12- and 18-color flow, enabling
deep phenotyping of all relevant mononuclear cell subsets. Further, standardization of
phenotypic markers has facilitated cross-trial comparisons [58]. These advances were
highlighted in the TLIDAL trial investigating the effects of alefacept, an LFA3-1g fusion
protein that binds to CD2-expressing cells. The TIDAL trial revealed that alefacept
preferentially depleted CD4+ and CD8+ effector memory T (Tem) and central memory
(Tem) cells, while sparing naive (Tn) and regulatory T cells (Tregs); these effects led to a
favorable change in the Treg/Tem ratio. These changes were concordant with preservation of
B-cell function in alefacept-treated subjects and provided mechanistic support for the
hypothesis that targeting memory T cells while sparing Tregs can slow down or halt
autoimmunity in T1D and preserve residual f§ cells [13,30].

Support for a role for memory T cells in T1D was also provided by flow analysis of samples
from trials evaluating abatacept and teplizumab. Abatacept significantly slowed down the
decline in C-peptide secretion [14] and flow analysis of PBMCs revealed that the drug
significantly depleted CD4+ Tcm cells, which correlated with C-peptide preservation at
certain time points [59]. In the AbATE and Delay trials, in which teplizumab preserved C-
peptide secretion [29,60], flow analyses revealed that there was a decrease in CD4+ and
CDB8+ Tem cells immediately after therapy followed by an increase in the proportions of
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CD8+ Tcm cells with a regulatory phenotype at the 2- and 3-month time points in
responders [61].

Based on these recent successes and the emergence of common themes, the ITN has
developed standardized 12- and 18-color flow panels that will be used in all ongoing and
future T1D trials in order to facilitate cross-trial comparisons and search for overarching
mechanisms of immune tolerance.

4.5.2. In vitro T cell responses—Use of cryopreserved PBMCs for in vitro responses to
cytokines, antigens, etc., opens up new avenues for testing mechanistic hypotheses related to
immune interventions [62]. An example of this is the ITN IL-2/Rapa trial, described earlier,
in which there was a transient accelerated decline in C-peptide, despite significant increases
in Treg frequencies and no changes in Tcm and Tem cells. In vitro studies of thawed PBMCs
revealed that stimulation with I1L-2 produced enhanced responsiveness in CD25+ T cells as
evidenced by increases in pSTATS [22]. The functional activation involved Tregs, but likely
also involved activated CD25+ conventional T cells which may have contributed to the C-
peptide decline [22].

In vitro T cell responses to T1D-specific auto-antigens are an area of significant interest.
Assays that reflect antigen-specific activation without the need for HLA restriction or
knowledge of the precise epitopes involved would be valuable [63]. This can be achieved by
using flow to monitor the induction of cell-surface activation markers, such as CD137 on
CD8+ T cells and CD154 on CD4+ T cells, after in vitro incubation with mixtures of
antigenic peptides or protein lysates [64,65]. Antigen-specific CD154 activation assays have
been used successfully in allergy studies [66] and there are ongoing efforts to optimize these
approaches for use in autoimmunity, especially T1D, in which the auto-antigens are known
[63].

4.5.3. In vitro T cell suppression—T1D is thought to result, in part, from defects in
Treg function or frequency, or from effector T cell (Teff) resistance to Treg-mediated
suppression [67-69]. In vitro T cell suppression assays can be performed with previously
frozen, CFSE-labeled Teff cells from T1D patients co-cultured with Tregs from healthy
controls followed by flow cytometry to quantitate CFSE dye dilution (a marker of cell
proliferation) in CD4+ CD25- T cells [68]. This approach can be adapted for use with
PBMCs harvested during a clinical trial, and is planned as one of the mechanistic assays for
the EXTEND trial (tocilizumab, an IL-6 receptor blocker, in new-onset T1D) which is
currently enrolling (ClinicalTrials.gov NCT02293837).

4.5.4. Islet-specific autoreactive T cells—T1D is characterized by the presence of
autoreactive Teff cells specific for -cell antigens. Although autoreactive T cells can also be
detected in the peripheral blood of healthy subjects, the hallmark of autoreactive T cells in
T1D is their memory phenotype [57]. However, frequencies of autoreactive T cells in
peripheral blood are low and available technologies are not sensitive enough to be practical
in the clinical trial setting and blood volume constraints. Nevertheless, improvements in
technology, notably using MHC-peptide multimers (“tetramers”), are bringing these assays
closer to the clinic, particularly for CD8+ autoreactive T cells, which are 10-fold more
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frequent in peripheral blood than CD4+ autoreactive T cells [63]. An example was the use of
CD8+ Qdot technology (a flow-based tetramer assay) in a pilot study of an antigen-specific
immunotherapy. In some groups there was preservation of C-peptide and a significant
correlation with decreased proinsulin-specific, autoreactive CD8+ T cells [70]. This success
may herald the broader use of tetramer technology in T1D intervention trials.

4.5.5. DNA-based assays—T1D susceptibility is strongly influenced by polymorphisms
in HLA class Il and class | alleles, followed by 40 or more other loci [2]. In most
intervention trials, DNA is collected to enable profiling of HLA risk alleles. Although to
date an association between specific HLA alleles and responses to immune intervention
therapies has not been shown, this remains a possibility, but will likely require larger
datasets than currently available. Finding correlations with non-HLA alleles (including the
use of whole genome sequencing) will require even larger datasets and is currently
impractical. Nevertheless, future meta-analyses on pooled trial data may be a possibility.

Also of interest are epigenetic and epigenomic changes that may relate to T1D
immunopathology and responses to therapy. Epigenetic changes (DNA methylation and
histone modifications) affect T cell lineage commitment, progression from naive to effector
and memory compartments, and switching between activated and hypo-functional
phenotypes [71,72]. Treg stability and function depends on expression of the FoxP3 gene,
which is demethylated in a region known as the TSDR (Treg-specific demethylated region)
[73]. An assay for the methylation status of the TSDR is available for use on thawed PBMCs
and was used on samples from the START trial, confirming the finding that antithymocyte
globulin (ATG) therapy led to substantial depletion of Tregs, likely contributing to the lack
of efficacy [74]. The FoxP3-driven transcriptional program in Tregs is dependent on the
epigenetic regulator Ezh2 and Ezh2-deficient mice succumb to autoimmunity in a pattern
similar to FoxP3-deficient mice [75]. Thus, epigenetic changes may be important drivers in
autoimmunity and analyses of whole DNA and chromatin from PBMCs should be
considered for samples from intervention trials.

4.5.6. Serum cytokines and inflammatory mediators—Therapies that block
inflammatory cytokines are successful in diverse autoimmune conditions [76]. However,
assessments of serum cytokines in clinical samples have generally not been fruitful, likely
because of low concentrations near the detection limits of most assays. Nevertheless, there
have been some successes. In the START trial, ATG therapy induced cytokine-release
syndrome in all treated subjects, leading to massive increases in serum IL-6 levels and the
acute-phase reactants SAA and CRP, which may have contributed to unintended immune
activation [70]. Similarly, serum levels of soluble IL-2Ra were significantly elevated in the
IL-2/rapamycin trial and correlated with changes in Treg, NK, and eosinophil frequencies,
suggesting a prominent role for IL-2-driven immune activation [22].

4.5.7. Gene expression analysis—Collection of blood in RNA-stabilizing Tempus or
PAXgene tubes and advances in DNA sequencing have made gene expression profiling in
trial samples a reality. Two technologies in particular have emerged: RNA-seq and
NanoString [62]. RNA-seq (high-throughput parallel sequencing of cDNA fragments
generated from sheared RNA) is an efficient method for transcriptome analyses, with clear
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advantages over gene expression arrays [77-79]. The NanoString nCounter system captures
and counts individual mRNA transcripts, with minimal bias and digital readout, and is more
sensitive than microarrays [80]. NanoString was used to analyze differences in gene
expression between responders and non-responders to teplizumab in patients with recent-
onset T1D, which showed a decrease in genes associated with T cell activation and an
increase in genes associated with T cell regulation in responders [61].

5. Responder analyses

C-peptide outcomes in intervention trials demonstrate considerable heterogeneity in
treatment responses. This was clearly shown in the AbATE trial, in which a responder
analysis revealed that treated subjects who met the criteria for response had robust
preservation of C-peptide at 2 years while non-responders were virtually indistinguishable
from untreated controls [29]. However, there is currently no consensus on a standard
analytical / statistical approach to a responder analysis. Responder analyses are confounded
by considerable variability in the rate of C-peptide decline in the control group (which is
partly a function of age [81]) such that it is difficult to find categorical cutoffs. This suggests
that response / non-response is a continuous rather than binary variable, but a uniform
statistical treatment that can be applied to all intervention trials has yet to be developed.

Nevertheless, it is instructive to consider some of the approaches that have been used. In the
original teplizumab (anti-CD3) trials, “response” was defined as < 7.5% loss of baseline C-
peptide at 12 months, which was based on the interassay CV of the C-peptide assay [82].
This definition was not useful in the AbATE trial and therefore a post hoc analysis was
performed to determine a cutoff that identified drug-treated subjects who were clearly
different from untreated controls (Fig. 4). This analysis revealed that all of the 25 control
subjects lost = 40% of baseline C-peptide at 24 months, and 27 of 49 drug-treated subjects
showed a similar loss of = 40%. In contrast, 22 of 49 of the drug-treated subjects lost < 40%
of baseline C-peptide, and these subjects were designated “responders” [29]. This analysis
proved useful in identifying clinical features that distinguish responders at baseline and is
the basis for ongoing mechanistic analyses to better understand the immunologic basis for
response to anti-CD3.

In the T1DAL trial, 2 thresholds for response were set: complete preservation of baseline C-
peptide AUC values at 2 years (complete responders) and preservation of =250% of baseline
C-peptide AUC values at 2 years (partial responders). In the alefacept group, 87% were
partial responders and 30% were complete responders versus 33% and 8%, respectively, in
the placebo group [13]. This responder analysis is the basis for ongoing studies to determine
the mechanistic basis for response. The complete response criterion for alefacept [13] is
similar to the recent recommendation by the Type 1 Diabetes TrialNet Study Group to define
response as complete preservation of baseline C-peptide at 6 months [83]. However,
complete preservation at 6 months is substantially different from complete preservation at 12
or 24 months, and further work is required to determine how best to apply this criterion.

An alternative approach that treats response as a continuous variable rather than using
specific cutoffs was recently reported for the abatacept trial [59]. Flow revealed a significant
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decrease in CD4+ Tcm cells in the abatacept vs. placebo groups. Based on mixed linear
modeling for longitudinal data, including a “lagging” analysis, the changes in CD4+ Tcm
cells during the preceding visit were significantly associated with C-peptide change at the
current visit, indicating that decreases in CD4+ Tcm correlated with and predicted C-peptide
preservation [59]. This type of analysis revealed that “response” does not have to be treated
as a categorical variable but can be viewed on a continuum and explored for correlations
with plausible immunologic changes. Further analyses will be required to determine whether
this approach can be extended to drugs with different mechanisms of action.

6. Conclusions

During the past 1-2 decades, the introduction of standardized trial designs, uniform clinical
endpoints, and the increasing implementation of advanced mechanistic analyses have
substantially advanced the field. We are now entering the next phase of immune intervention
trials in T1D where the focus will be rational combinations of therapeutics based on a strong
mechanistic rationale for induction of immunologic tolerance. Successful implementation of
novel combination therapy trials will require the exploration of alternative designs that can
improve efficiencies and are better suited to evaluating new combinations and associated
uncertainties around dosing and timing. Such trials will also require further advances and
improvements in B-cell death assays, pancreatic imaging, and mechanistic assessments,
especially antigen-specific assays, to facilitate a deeper understanding of drug response and
enable the use of biomarkers as surrogate endpoints. The stage is set for the next phase in
tackling this hitherto intractable autoimmune disease, and we now have additional tools to
make significant inroads in the search for disease-modifying interventions.
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Highlights
There are currently no disease-modifying interventions for the treatment of T1D.

Standardized trial designs have aided evaluation of immune interventions for
T1D.

Future trials will evaluate therapeutic combinations with testable mechanistic
hypotheses.

We need novel trial designs and endpoints that directly assess p-cell pathology.

Analyses include lymphocyte phenotyping, gene expression, and antigen-
specific responses.
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Fig. 1.

Drug
1 wk =24 mos
1-yr Endpoint 5 2-yr Endpoint
(MMTT) (MMTT)
Placebo
1 wk—24 mos

The standard study design for proof-of-concept trials of novel interventions in new-onset
T1D. This is a randomized, placebo-controlled, double-blind phase 2 design, with 2:1
randomization (drug to placebo). Key inclusion criteria are shown. The primary endpoint,
generally at 1 year, is the change from baseline in C-peptide area under the curve (AUC)
following a mixed-meal tolerance test (MMTT). Secondary endpoints and continued safety
follow-up usually extend to 2 years. Reprinted with permission from Ehlers & Nepom [10].
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Fig. 2.
Proposed adaptive trial design for dose optimization of IL-2 in new-onset T1D. The adaptive

trial is designed to determine an optimal dose using the continual reassessment method.
Subject assignments to one of five IL-2 dose groups is based on ongoing flow cytometric
analyses that quantify the relative expansion or activation of Treg, Teff, and NK cells. This
design leads to significant efficiencies in terms of total recruitment required to determine an
optimal dose. Reprinted with permission from Ehlers & Nepom [10].
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Fig. 3.

Stgndardized sample collection and mechanistic assay scheme to identify Immunologic
surrogates of efficacy in T1D trials. Trials in new-onset T1D conducted by the Immune
Tolerance Network (ITN) employ standardized sample collections (blue boxes: PBMCs,
whole blood DNA, serum, and whole blood RNA), which are then analyzed by standardized
assay procedures (green boxes: flow cytometry, in vitro T cell assays, epigenetic assays and
genotyping, ELISAs and multiplex assays, and RNA-seq or NanoString analyses). Some of
the expected outcomes of these assays are shown in the grey boxes.
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Responder analysis performed in the AbATE trial to identify clinical responders to
teplizumab (anti-CD3 mAb). A. The cumulative frequency of subjects and distribution of
percentage decrease from baseline C-peptide AUC at month 24. The arrow shows the
smallest percentage loss of C-peptide AUC in the control group. All control subjects (in
blue) lost = 40% of their baseline C-peptide secretion; drug-treated subjects (in red) to the
left of the arrow lost < 40% of baseline C-peptide and were designated “responders,” while
drug-treated subject to the right of the arrow were designated “non-responders.” B. The C-
peptide AUC at each time point (means + 25th and 75th percentiles) is shown for the
responders (red line) and non-responders (green line) in the drug-treated group and for the
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control subjects (blue line). ***P <0.001 between responders and non-responders at each
time point based on ANCOVAs. Reprinted with permission from Herold et al. [29].
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