1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2020 June 29.

-, HHS Public Access
«

Published in final edited form as:
Lancet Diabetes Endocrinol. 2019 January ; 7(1): 52-64. doi:10.1016/52213-8587(18)30112-8.

The challenge of modulating p-cell autoimmunity in type 1
diabetes

Mark A. Atkinson?!, Bart O. Roep?3, Amanda Posgail, Daniel C.S. Wheeler?, Mark
Peakman®®

1Department of Pathology, Immunology, and Laboratory Medicine, University of Florida Diabetes
Institute, Gainesville, Florida, USA; ?Department of Diabetes Immunology, Diabetes & Metabolism
Research Institute at the Beckman Research Institute, City of Hope, Duarte, USA; 2Department of
Immunohaematology & Blood Transfusion, Leiden University Medical Center, Leiden, The
Netherlands; “King’s College London Faculty of Life Sciences & Medicine, London, UK; Peter
Gorer Department of Immunobiology, King's College London Faculty of Life Sciences & Medicine,
London, UK; King’s Health Partners Institute of Diabetes, Obesity and Endocrinology, London,
UK

Abstract

With the conceptual advance some four decades ago that type 1 diabetes (T1D) represents an
autoimmune disease, hope emerged that immune-based therapies would quickly evolve as a means
to prevent and reverse the disorder. However, despite dozens of clinical trials seeking to achieve
that purpose, the goal remains unfulfilled, at least in a pragmatic form. With the benefit of
hindsight, multiple reasons are likely to account for this unfortunate situation, and several stand
out: failure to appreciate disease heterogeneity; inappropriate utilization of and insight from rodent
models of disease; inadequacies in addressing the immunologic and metabolic contributions to the
disease; suboptimal trial designs; and lack of a clear understanding of the disorder’s pathogenesis.
This review conveys how recent knowledge gains in these areas, combined with efforts related to
disease staging and emerging mechanistic data from clinical trials, provide cautious optimism that
an immune-based means to prevent the loss of p-cells in T1D will emerge into clinical practice.

Introduction

Dozens of immune-based therapeutic efforts have been directed towards disrupting the type
1 diabetes (T1D) autoimmune process for the purpose of averting symptomatic onset of
disease (hereafter, prevention), preserving the ability to produce C-peptide after diagnosis
(hereafter, preservation), or achieving other clinically meaningful features (e.g., insulin
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independence, improved HbA1c, avoidance of hypoglycaemia) in those with a recent
diagnosis. While advances have certainly been seen towards these therapeutic goals, no
methodological achievements have been extended to a public health care (i.e., non-research
based) setting®. Reasons for this shortcoming are multiple, with many resulting from views
once held as true that are, in fact, erroneous or at least more complex in their reality (Table
1).

Where have we journeyed in immune based therapy for T1D?

The earliest attempts at immune intervention involved generalized immunosuppression (e.g.,
cyclosporine, azathioprine, cyclosporine plus methotrexate)2=5. While partially successful in
improving metabolic outcomes in recent-onset cases of T1D, these interventions were
neither durable, nor were the complications associated with their use considered
demonstrative of adequate equipoise. Hence, clinical trialists largely turned their attention
towards therapeutics targeting specific signalling pathways, molecules, and cell populations
deemed to underlie the disorder’s development.

In the last ten years alone, nearly 70 phase I-111 studies (prevention or preservation) tested
agents with mechanisms largely thought to be directed at immune modulation (Appendix
Page 1), cytokines and inflammation (Appendix Page 2), vitamin D (Appendix Page 3), as
well as immune cell-based strategies (Appendix Page 4-5). Beyond these, numerous
antigen-specific immunotherapies have also been attempted (reviewed separately in Roep et
al. Lancet Diabetes & Endocrinology), and several other T1D trials remain in progress
(Tables 2-3). Past efforts have not always been well “focused” in their approach, and
significant shifts in emphasis clearly occurred during this 10-year period (Figure 1), largely
influenced by issues of drug availability, follow-on from pre-clinical studies, perceived
safety, or enthusiasm regarding an agent’s ability to target a particular immune process
deemed critical to the disorder’s pathogenesis. However, in contrast with other autoimmune
diseases (Appendix Page 6-8), the risk/benefit bar for T1D has been set so high that a
number of drugs (e.g., Alemtuzumab [anti-CD52]) shown to be effective in other disease
areas have not been trialled in T1D for reasons related to safety concerns in pediatric
patients and inflated expectations to prevent or cure the disease.

What have we learned from these studies, and did a positive change occur?

Providing a comprehensive summation of lessons learned from such an impressive level of
clinical trial activity in this field represents a challenge. Against that background, we believe
that the most important conceptual advance is the ever growing body of evidence that
immunotherapy can be effective in altering the course of B-cell functional decline when
commenced at symptomatic diagnosis of T1D.

Building on classical works demonstrating therapeutic efficacy with immune modulating/
non-depleting monoclonal antibodies against CD3 (Otelixizumab, Teplizumab) on T-cells®7,
it is now evident from phase Il/efficacy studies that B cell depletion (Rituximab, anti-
CD20)8, reduction in circulating central and effector memory CD8" T-cells (Alefacept
[LFA3-Fc])?, as well as blockade of co-stimulation (Abatacept [CTLA4-Fc])10 each
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achieved similar levels of p-cell preservation for six to twelve months following disease
onset in a subset of patients for each trial (Appendix Page 9-11). However, not every major
therapeutic initiative proved efficacious: a Thymoglobulin-based effort and a combination
trial utilizing anti-CD25/mycophenolate mofetil both failed to preserve C-peptidel?:12,
Moreover, Rapamycin/low-dose Proleukin (IL-2) demonstrated a temporal but reversible
trend of deterioration of B-cell function13. In comparison, low-dose IL-2 monotherapy14-18
achieved immunomodulatory benchmarks (i.e., increased circulating Treg frequency), but it
is not yet known whether this approach preserves C-peptide. Taken collectively, mechanistic
findings from these studies support a view that agents (alone or in combination) acting upon
both the effector and regulatory immune networks to an equal degree are likely to achieve a
“zero sum game” in contrast with protocols that show greater selectivity for effector
pathways (e.g., Alefacept [LFA3-Fc], Tocilizumab [IL-6 receptor antagonist]). These efforts
afforded insights into potential mechanisms of beneficial therapeutic action, including the
possibility that “exhaustion” of the effector arm and enhancement of the regulatory arm of
the immune response may be associated with a positive outcomel®. Such trials also paved
the way for so-called “responder/non-responder” analysis (described in greater detail below
and Appendix Page 9-11). Finally, seeing multiple therapeutic successes has also allowed
for the design of combination or sequential strategies, with several currently at an early stage
of planning. For now, their actual implementation unfortunately appears to be somewhat
hindered for a number of reasons ranging from preference for conservative approaches to
disputes related to trial design (i.e., drug selection, mechanistic and/or clinical endpoints,
patient populations, stage of disease), and more.

These initial therapeutic successes/failures could increasingly guide the next generation of
trials in patients with recent-onset disease and importantly, provide key information for
efforts targeting disease prevention. But one example for the latter situation involves the
performance of fully powered efficacy studies utilizing immune modulators to prevent
diabetes development in high-risk subjects (i.e., multiple islet cell autoantibody-positive
first-degree relatives, Stage 1-2 disease?9). Indeed, prevention studies using Abatacept, a
particularly well-tolerated immune modulatory fusion protein of CTLA-4 and the human
immunoglobulin Fc region (TN18, NIH TrialNet), as well as anti-CD3 (Teplizumab; TN10,
NIH TrialNet) are now under way. Longer-term data demonstrating improvements in safety
with the latest generation of biologics (reviewed in?1-24) support new trials in children with
recent-onset or early-stage T1D.

Challenges for immune based interventions in T1D.

Knowledge voids, organizational or technological shortcomings, and the pathogenic puzzle
that underlies T1D itself have each contributed to the current limitations of realizing immune
based therapies capable of preventing T1D and/or preserving p-cell function. It is now
recognized that complex and redundant mechanisms of B-cell destruction exist, involving
various cell subsets and soluble factors?®~29 (Table 1; described in Roep et al.). Hence,
previous interventional efforts may have been too simplistic/biased in their adopted mode of
action in order to overcome the redundancy afforded by the immune system in terms of
contributing toward p-cell destruction.
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Misguided utilization of preclinical data to direct clinical trials.

The availability of rodent models of T1D, most notably the non-obese diabetic (NOD)
mouse, should theoretically accelerate efforts to prevent the disease or preserve C-peptide.
However, despite the discovery of numerous immune-based therapeutic agents that initially
demonstrated positive outcomes in NOD mice3° (for both prevention and reversal), such
efforts have not, to a large extent, achieved their translational promise in human T1D31.
Limited translational success32 can be partially ascribed to inappropriate standards for
evaluating therapeutic efficacy in rodents (e.g., group sizes, definition of diabetes, use of
controls), study designs that have no potential for translation due to pragmatic or equipoise
issues, failure to recognize key physiological differences in the immune and metabolic
systems of mice and humans in general and more specifically, in relation to T1D. Without
question, insufficient attention has been paid towards scientific validation of experimental
outcomes in preclinical studies of NOD mice. Indeed, recent highly organized efforts to
replicate therapeutic events in NOD mice across laboratories have proven quite
problematic33:34,

This is not to say preclinical studies have not been useful, the development of anti-CD33°
being perhaps the most noteworthy finding despite variant mechanisms of action between
mice (induction of regulatory T-cells)38 and humans (T-cell depletion)3”. But perhaps, we
have relied too heavily on the NOD with translational outcomes being influenced by a
limited understanding of murine diabetes pathogenesis, the model’s apparent fidelity to the
human condition being misleading, or preclinical success simply representing too low a bar.
Moving forward, with attention towards each of these facets, we must redefine the
appropriate role for animal models in guiding human T1D trials. For example, the
development of TNF-blocking biologic therapies for rheumatoid arthritis (RA) involved 1)
identification of abnormal TNF production within joints of human RA patients, 2) /n vitro
investigation of TNF blocking agents, and 3) /n vivo studies of two different murine RA
models (reviewed in38). While an identical approach may not be possible in T1D, perhaps
greater emphasis should be placed on observations in samples from human subjects (organ
donor pancreas and serum from living patients) with 7n vitro assays, isogenic cellular
systems39, NOD and humanized mouse models*? facilitating proof of concept/mechanism
studies. While a certain degree of preclinical data must lay the groundwork for human T1D
trials, it may be time to revise our position on conflicting NOD data as an uncompromising
roadblock. Ultimately, human mechanistic evidence should trump mouse outcomes,
particularly in situations where pathogenesis/drug action clearly differ between mouse and
man.

Challenge of subject selection.

In settings of RA, multiple sclerosis (MS), psoriasis, Crohn’s disease, or ulcerative colitis,
the therapeutic window extends well beyond diagnosis, and trials are often conducted in
patients with established disease. In contrast, T1D trials are focussed on preserving residual
B-cell mass/function in new-onset T1D, which significantly limits subject availability and
eliminates the possibility of repeat or crossover study design. Further limitations are
imposed by patient demographics wherein at least half of new-onset T1D cases occur in
children and adolescents*1—43,
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Industry support for immune-mediated therapies.

For decades, pharmaceutical companies expressed limited interest in this field, in part, due
to relatively rare occurrence of T1D in the general population*#45, limited knowledge of
human T1D pathogenesis, availability of a treatment deemed adequate by many (i.e.,
insulin), the need to develop safe/effective therapies for use in children, and a lack of
biomarkers that reflect therapeutic success. In addition, competing/complex priorities in
industry sometimes limit dialogue between entities exclusively concerned with metabolic
disease (all forms of diabetes) and immunotherapy (autoimmune/inflammatory conditions,
allergy, asthma, and certain cancers), with T1D straddling the two arms. Navigating this
divide has frustrated many clinician scientists seeking to prevent T1D or preserve p-cell
function.

Despite these historical challenges, two major phase 111 programs were attempted, both
utilizing anti-CD3 monoclonal antibodies (i.e., Otelixizumab, Teplizumab). Sadly, both
failed at the Phase 11 stage, for reasons that appear related to complexity and inconsistency
of endpoints selection, entry criteria, as well as finding efficacious doses with minimal
toxicity. For example, the DEFEND-1 and DEFEND-2 phase |11 trials*647 involved a 3.1mg
dose of otelixizumab which was well tolerated but failed to preserve C-peptide compared to
the phase Il BDR study*® (48mg otelixizumab) in which patients experienced prolonged C-
peptide secretion and reduced insulin dose but also, cytokine release syndrome and Epstein-
barr virus reactivation (further reviewed in9). Hence, efforts at dose optimization to
minimize side effects resulted in catastrophic failure of a drug with potential for efficacy.
Indeed, we must re-evaluate the acceptable risk/benefit ratio given that certain side effects,
once considered non-starters, may now be considered acceptable with sufficient therapeutic
efficacy.

Access to agents of potential interest is frequently hampered by the well-known vicissitudes
of pharmaceutical company-led drug development. Although the pharmaceutical industry
appears to maintain a watching interest, it is unusual for T1D immunotherapy to be a high
priority area, with progress largely relying on the re-purposing of immune modulators (e.g.,
Rituximab [anti-CD20], Alefacept [LFA3-Fc] and Alemtuzumab [anti-CD52]) effective in
other autoimmune and inflammatory diseases. Furthermore, business needs drove the
decision to discontinue Alefacept production in November of 2011 (https://
www.psoriasis.org/media/press-releases/amevive-alefacept-voluntarily-discontinued-us),
despite its approval for the treatment of Psoriasis and early indications of efficacy for
T1D50.51

Paucity of informative biomarkers.

Apart from the obvious benefits provided by genetic markers of disease (i.e., HLA and risk
alleles identified by genome-wide association studies (GWAS)?2), autoantibodies and C-
peptide represent hallmark indicators of autoimmunity and p-cell function, respectively, and
remain vital tools for determining T1D risk, diagnosis, and most recently, disease stagingZ°.
However, aside from the accelerated decline in C-peptide in the months surrounding
diagnosis®3>4, changes in C-peptide occur slowly within a given individual; hence, trials
aimed at preserving C-peptide are lengthy and involve large cohorts, often requiring at least
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a full year of follow-up. As a result, future therapeutic developments will increasingly
depend upon new/additional surrogates of response enabling rapid, more affordable
screening to identify lead candidates for larger clinical trials.

The list of needs in terms of an idealized panel of biomarkers for T1D is extensive and
includes those capable of guiding attempts to: 1) improve and/or maintain optimal glycaemic
control (following diagnosis); 2) decrease the effector mechanisms underlying p-cell death
and dysfunction; 3) correct inherent defects in immune regulation; 4) quantitate existing p-
cell mass, and 5) directly indicate the degree of p-cell death. With regard to this latter
notion, two recent efforts are especially noteworthy: “B-cell death” assays (i.e., circulating
demethylated insulin transcripts)®®>57 and assessment of circulating proinsulin levels in
association with C-peptide and insulin determinations®8. The ability to separate treatment
failures (i.e., an indicator of failed pathway engagement) from treatment efficacy, in the face
of which a trial participant failed to respond (i.e., clinical non-responder) would be
transformative. Any such biomarkers, if analysed both at baseline and following treatment,
may prove useful for 1) eventual stratification of subjects who may be more likely to
respond to treatment versus those who should be excluded from the study and 2) for
identifying those “non-responders” who need additional treatments, as will be discuss later.

In sum, while the ability of immune-mediated therapies to modulate anti-p-cell
autoimmunity has clearly been established, major voids exist in terms of our having a cadre
of biomarkers capable of providing vital information regarding mechanisms of treatment
efficacy (prevention and C-peptide preservation), effectiveness of a drug in achieving its
desired mechanism of action (particularly in a given individual), as well as information
beneficial to the design of future efforts. We also support biomarker evaluation with an eye
to their use in other immune-mediated/autoimmune diseases, consideration of best practices,
and in consultation with regulatory agencies. From the latter, advice for phase | or Il trials
that include analyses of immune biomarker identification and mechanism of action should
provide useful information towards trial designs where issues of safety, treatment efficacy,
and meeting desired clinical outcomes are paramount, forming what has been referred to as a
“response signature”.

disease heterogeneity.

Within each of the successful intervention trials conducted to date, it appears that reaching a
primary endpoint (typically measured as preservation of C-peptide secretion) with study-
wide statistical significance usually results from achieving marked efficacy in subgroups of
patients (i.e., responders and non-responders) rather than a consistent, but modest change
across afltreated subjects (Appendix Page 9-11). Thus, as with many complex diseases, this
could reflect patient heterogeneity in terms of the disease itself or, in terms of response to
the therapeutic agent. A stark example of this observation would be the repeated practice of
enrolling subjects across a broad age range, including both young children and adults.
Children developing T1D have higher genetic risk predisposition, a more aggressive disease
presentation, faster clinical progression and a broader autoimmune response, compared to
adults®®. Thus, age of onset is a surrogate of disease heterogeneity, and remarkably, several
immunotherapies appear more effective in the younger subgroup (e.g., Rituximab®, Diamyd
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GAD-alum®?; reviewed in%2.63), However, the notion that particular clinical benefit may
arise in a certain subgroup of patients is not new or restricted to T1D. Indeed, approximately
40% of patients with RA fail to respond to TNF inhibitors64 (Appendix Page 6-8), but the
drugs have regulatory approval and significantly improve quality of life for those patients
who respond to treatment.

In the absence of prior knowledge of specific therapeutic actions in individuals carrying
certain disease variants, selection of a wide range of patients is preferable as long as power
is sufficient to detect subset effects. As discussed above, a greater emphasis on enrolment of
children could reap benefits, but on the whole, given our current understanding, we do not
yet consider subject stratification to be favourable since selection bias may limit the
opportunities for unexpected findings or identification of responder subgroups. However,
perspectives are changing given the improved ability to diagnose disease prior to symptom
onset20. Our focus as a field is turning toward trial efficiency, the goal being to successfully
predict therapeutic response and enrol subjects who are most likely to see benefit from a
given intervention.

Contribution of B-cells themselves to T1D.

The concept that -cells contribute to the autoimmune attack (Table 1) was first heralded in
the classical “Homicide versus Suicide” lecture by the late Dr. Franco Bottazzo in the
mid-1980s% and was recently reconsidered®. Since, we have learned more about the p-cell,
and at least four ways have been put forward, by which they might participate in their own
demise. First, because of their high biosynthetic rate, B-cells may be especially vulnerable to
stress-induced changes during local infections or other inflammatory events, resulting in
production of specific autoantigenic peptides recognized by pathogenic T-cells. Second,
increased p-cell sensitivity to cytokine-mediated killing has been noted. Third, persistent
changes in B-cell physiology once autoimmunity has been initiated may enhance
autoimmune destruction. Fourth and finally, B-cells appear extremely prone to self-directed
cellular destruction, as they are sensitive to multiple forms of endoplasmic reticulum (ER)
stress. Each of these facets finds support from observations made in human T1D donor
tissues (discussed in Roep et al.). Although the inimitable metabolic wiring of the B-cell
works extraordinarily well to control their function under normal conditions, these processes
may contribute to the pathologic circumstances underlying T1D.

p-cell function does not equal p-cell mass.

Recent immune-histopathological studies of the human T1D pancreas point to a
disconnection between B-cell function and mass. Even when circulating C-peptide levels are
very low, significant numbers of insulin-positive islet cells can be detected in a large number
of patients, albeit in declining numbers as time passes after diagnosis2>:67:68, This insight
challenges the dogma that T1D diagnosis reflects the end-stage of disease with little to play
for in terms of B-cell mass. Rather, many remaining B-cells are likely dysfunctional®9.70,
perhaps in a fashion that hides them from immune attack. If this is a non-specific, reversible
consequence of inflammation, there may be more benefit to be gained from a prompt
intervention than previously appreciated. A further complicating factor may be that the
balance between B-cell loss and dysfunction likely differs from patient to patient®’, yet we
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currently have no way to measure B-cell mass in living individuals. Thus, the success of a
particular immunotherapy approach may vary, and our limited ability to monitor the islet
response to autoimmunity/immunotherapy deserves priority attention.

Moving Forward — New Directions

Compared to efforts in other autoimmune disease fields where appreciable headway has
been made bringing immunomodulatory treatments to the clinical space (Appendix Page 6-
8), critical factors have prevented therapeutic progress for T1D: 1) high bar of safety/
efficacy, 2) short intervention window (within 3 months of diagnosis), 3) lack of short-term
surrogate markers of efficacy, 4) insufficient understanding of the complex etiology (i.e., -
cell and immunological contributions), and 4) paucity of biomarkers (beyond
autoantibodies) to predict time to diagnosis and select tailored therapies. To improve on past
efforts seeking to prevent T1D and preserve C-peptide, a series of modifications to immune-
based intervention practices (Figure 2) would potentially prove of high value going forward.

Interventional staging and intervention change after disease progression.

The field has recently seen movements toward reconsidering the definition of T1D as well as
evaluation of therapies at specific, pre-specified stages of the pathological processes. For
example, a recent revision to T1D nosology allows for the presence of multiple (= 2)
autoantibodies in an individual to be considered either Stage 1 disease?? or a manifestation
of an Autoimmune Beta Cell Disorder (“ABCD”)L. This framework offers the potential to
meet the goal of introducing a therapy having the highest capacity for efficacy at the
appropriate stage of disease.

Introducing this concept of staged interventions will not occur without challenges. First and
foremost, will T1D care providers, patients and their families accept a disease diagnosis in
the absence of symptoms? Depending on the particular health care or educational system,
such an action might impart obstacles related to insurance, education, and more. As at least
85% of new T1D cases emanate from the general population (i.e., non-relatives), effective
identification of large numbers of staged individuals will require extensive population-based
screening programmes; an effort that has, until recently, seen limited enthusiasm due to
logistical, technical, and financial challenges. Hence, careful attention must be extended to
increase enthusiasm and application of this staging model, with hope that recent programs
directed at general screening [e.g., Frlda (https://www.typldiabetes-frueherkennung.de/),
ASK (https://www.askhealth.org/)] will provide a pathway for this in the future.

Beyond this, the model for staged interventions should be extended beyond “pre-T1D”. The
vast majority of available agents are first tried as interventions within 100 days after
diagnosis as the setting in which they can show their potential and their safety. As noted, a
limited number of therapies have shown some ability to extend the ability to produce C-
peptide for months following classical diagnosis (Appendix Page 9-11), but this benefit
ultimately wanes for all but a few. Could there be a rationale to test for efficacy at other
stages post-diagnosis such as the “honeymoon” 3-6 months after diagnosis when there is
temporary post-diagnosis recovery of C-peptide secretion (and immunohistochemistry
suggests that as few as 10% of islets are immune infiltrated)? Or, perhaps in a “rolling trials
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model” where, if an individual...throughout the natural history of T1D fails to respond to a
given therapy, they would be afforded the opportunity to receive additional treatments. At
present, there is a paucity of appropriate biomarkers directly related to drug action, but
cautious optimism underlies current efforts to standardise new surrogate markers, such as
immune subset frequency measured by multicolour flow cytometry.

Biomarker improvements — setting the stage for tailored therapies.

Collective observations have essentially formed a metanarrative where metabolic (rate of
decline of C-peptide/loss of B-cell mass), immunologic (inflammatory versus regulatory
signatures), and pathologic (islet infiltration) features of the disease are causally inter-
related. However, neither B-cell mass nor insulitis can currently be visualized in living
patients. Regardless, it is appealing to apply the ever-growing list of confirmed and
increasingly accepted number of immune/metabolic biomarkers combined with
anthropometric features (e.g., age, BMI) to categorise patients into a relatively limited
number of phenotypic bins whereby their response to an intervention strategy will be most
optimal.

New approaches to stratification, including immune and metabolic correlates that signify
heterogeneity and thereby, likelihood of response to treatment, will be required to optimize
therapeutic strategies. To make this first concept a reality will require the ability to detect
distinct immune signatures’2. Studies of pancreatic tissues from T1D patients show that T-
cell autoimmunity to islet antigens, detectable in circulation, might also be found in the
disease lesion; pointing to their potential relevance as (surrogate) measures of insulitis,
disease activity and immunotherapeutic intervention25.73-75, Next-generation
immunosequencing of the T-cell receptor (TCR) repertoire has also demonstrated that CD8*
T-cell clones are less tissue restricted than their CD4* counterparts’® and prone to have
structural features consistent with autoimmune potential”’. Techniques to detect antigen-
specific CD8* T-cells in peripheral blood are well developed and could likely be further
improved by newer high-throughput single cell applications’8. Current T-cell biomarker
assays either require fresh cells (e.g., T-cell proliferation) or are HLA-restricted (e.g., MHC
multimer staining), but efforts are underway to develop immunosequencing-based
biomarkers that can be applied using fresh or frozen samples regardless of HLA (recently
reviewed in”9).

Early evidence emphasizes the value of baseline immune phenotypes to guide treatment
strategies. In islet transplantation, the degree of CD4" T-cell reactivity to GADG5 or 1A-2
predicts clinical outcome80:81, Similar baseline signatures have been established around
CD8* T-cell autoreactivity82: autoimmune signatures can guide selection of T1D patients for
autologous hematopoietic stem cell therapy (aHSCT) with a superior chance of clinical
benefit (i.e., low frequencies of circulating islet autoreactive CD8" T-cells)®3. Finally, since
B-cell function rather than p-cell mass is the typical primary endpoint for intervention trials
in T1D, clinical successes in subgroups of patients may have been missed®2; thus, the T1D
research and care communities must develop better measures of g-cell mass (i.e., imaging in
living patients), homeostasis, resilience and function, so that end-points are better able to
reflect efficacy.
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Team science approach to clinical trials.

These early steps toward tailored therapies (i.e., precision or personalized medicine) for
those with T1D appear encouraging but will require both validation and expansion to other
groups of patients and treatments. This calls for a bolder approach to “Team Science” in
which all clinical trials are embellished with a similar if not cross-referencing suite of
mechanistic assays. Such efforts will require standardization, ideally, in the form of
centralized IRBs and perhaps even the establishment of core laboratories where mechanistic
assays are performed.

Additional consideration must be given to how we define clinical response for consistency
across studies (Appendix Page 9-11), to ensure appropriate categorization of subjects. A
meta-analysis of GAD-alum vaccination studies highlights one negative study as having
more than twice as many placebo “responders” compared to the two studies with positive
outcomes®4. Hence moving forward, there is a need to apply advanced statistical analyses
(e.g., Bayesian Network Analysis) to detect potentially clinically relevant changes in
autoimmunity/immunoregulation as well as metabolic effects of therapy and when possible,
to compare clinical trial data against historical controls.

Trials of other autoimmune diseases grade clinical response by the degree of symptomatic
improvement (e.g., ACR20/50/70 for RAS4; Appendix Page 6-8). We propose the use of
similar metrics for T1D patients (e.g., preservation of baseline 2hr C-peptide AUC to 6, 12,
and 24 months [Cpep6/12/24]). Along with the elucidation of responder and non-responder
phenotypes at the level of C-peptide retention, the same principles may be applied in the
detection of adverse events, such as disease acceleration. Immune and metabolic monitoring
can give early warnings and insights into these mechanisms®6.

Complex mechanisms of T1D raise the need to treat p-cells in combination therapy.

Combination therapies of two immunomodulatory agents may beget excessive
immunosuppressive risk; hence, combinations with agents directed at p-cell function or
regeneration may be preferable. Recent knowledge gains noted above (i.e., heterogeneity in
the extent and composition of the insulitic lesions, metabolic decline2>:67.87.88 circulating T-
cell and autoantibody immune signatures8287, and detectable B-cell function at diagnosis
and in long-standing diabetes) underscore the potential applications for incretin treatments,
which improve capacity for insulin production by residual B-cells and suppress glucagon
secretion, as well as the need for therapeutics to reduce p-cell stress co-administered with
immunomodulatory therapy to reverse autoimmunity in symptomatic T1D. Hence, therapies
once considered only applicable to those with T2D may be of potential benefit for those with
T1D, and their use in appropriate research studies should be encouraged. Indeed,
combinations of these agents, along with those traditionally thought of for treatment of T1D,
are likely warranted for consideration. Finally and realistically, in order to achieve the first
licenced T1D therapy, we must consider that drug development in T1D remains a profitable
enterprise.
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Concluding Thoughts

The suggestions presented herein represent a “roadmap” for the next decade of clinical trials
in T1D, starting with patient selection through to end-points and embedded mechanistic
studies, and as a field, we must shift gears in three key areas. First, rather than classifying
trials as failures or otherwise, they should be viewed as contributing to the canon of
knowledge. Second, dissemination and use of the new Stage 1-320/ABCD"? approach will
yield greater patient engagement and in turn, exert a greater pressure on research funders
(government, charitable and private) and the pharmaceutical industry to lead this effort.
Third and perhaps the greatest “win” will be the opportunity for more coordination of study
templates across networks, investigators and industry. This alignment of exclusion/inclusion
criteria, stratification tools, embedded biomarker studies, outcomes, mechanistic platforms,
sample archiving and long-term follow-up with public availability of data is required to
perform studies as inexpensively and efficiently as possible whilst still acquiring maximum
information. Several networks are already in place to underpin this effort, including Type 1
Diabetes TrialNet and Immune Tolerance Network in the U.S. and the Innovative Medicines
Initiative programme INNODIA in Europe, each of which has strong pharma engagement.
Population screening initiatives for Stages 1-2 disease are paving the way for translation
into public health settings.

These aspirations will need to be tempered with a more realistic handling of expectations
across scientists, clinicians and the lay population. The management of T1D in terms of
treating to glycaemic targets is challenging, with as few as 17% of teenaged patients
achieving target HbA1c levels of <7.5% (58 mmol/mol) and significant proportions
experiencing recent severe hypoglycaemic or diabetic ketoacidotic events8®. Against this
backdrop, achieving modest improvements in C-peptide secretion (known to facilitate blood
sugar control by injected insulin) for a period of months/years in a subset of patients could
be transformative. Indeed, “breakthroughs” in the treatment of other autoimmune diseases
(i.e., MS, RA, Crohn’s disease, ulcerative colitis) have enhanced disease management but do
not represent curative interventions (Appendix Page 6-8). To this end, more emphasis on
T1D patient-proximal outcomes and less on “cure” and “remission” are needed, albeit with
the added challenge of capturing these benefits as robust endpoints that also fit the bill for
drug regulators. Though perhaps less sensational, we believe these objectives to be more
immediately achievable with potential to provide clinically meaningful improvement for
patients living with T1D.
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Key Messages

To date, trials of non-antigen-specific therapies for type 1 diabetes (T1D)
have targeted immunomodulation, cytokines and anti-inflammation, vitamin
D, and cell-based treatment, and 51 trials of non-antigen-specific
immunotherapy trials for T1D are currently awaiting, actively recruiting, or
active/ongoing but not recruiting participants.

Failures to meet trial endpoints and advance therapies into clinical settings
can be ascribed to a series of flawed guiding hypotheses and/or current
unknowns related to possible subcategories of T1D etiologies, potential
impact of environmental, temporal, and demographic/geographic factors,
patterns of loss of B-cell mass/function, our ability to quantify functional and
dysfunctional p-cell mass in living patients; ability of residual p-cells to
compensate for declining B-cell mass/function prior to clinical onset of the
disease, the need for earlier intervention to prevent progression from multi-
autoantibody positivity (Stage 1 disease) to dysglycemia (Stage 2).

Key concepts to improve trials of immune based therapy include mechanistic
data to guide trials and agent selection, treat to mechanistic outcomes,
combination therapies, treat to disease stage based on genetic, immune, and
metabolic data, globally coordinated efforts with standardized SOPs,
enrolment of subjects from the general population in addition to relatives of
TA1D patients, develop protocols that address disease heterogeneity, rolling or
adaptive trial designs.

Emphasis should be placed on patient-proximal outcomes, such as modest
improvements in C-peptide secretion for a period of months/years in a subset
of patients, rather than on sensational outcomes such as “cure” and
“remission.

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2020 June 29.




1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Atkinson et al.

Page 18

Search Strategy and Selection criteria

To identify references for this Review, we searched PubMed for articles published
between January 1, 2007 and February 15, 2018. The search terms used were “immune”
OR “immunomodulat*” OR “immunosuppress*” OR “immuni*” OR “immunologic*”
OR “Immunotherap*” OR “autoimmun*” OR “antibodies” OR “autologous” OR “stem
cell” OR “mesenchymal stromal cell” AND “type 1 diabetes” OR “insulin-dependent
diabetes” OR “IDDM” OR “autoimmune diabetes”. We filtered for studies published in
English, carried out in Humans, and for the article type that included Clinical Study,
Clinical Trial, Clinical Trial Phase I, Clinical Trial Phase Il, Clinical Trial Phase IlI,
Clinical Trial Phase IV, Multicenter Study, and Randomized Controlled Trial. To identify
relevant articles, we reviewed the titles and abstracts of the resultant references for
exclusion, and additionally we included relevant articles cited in the subsequent
publications, and widely cited older publications that we deemed of importance. We
identified relevant recruiting and active clinical trials by searching ClinicalTrials.gov,
most recently on February 15th, 2018. Search results for “Type 1 Diabetes” (Condition/
Disease) results were reviewed and trials of immunotherapies selected; trials of devices,
insulin analogues, and lifestyle adjustments (e.g., exercise) were removed.
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Figure 1. Shifts in T1D clinical research emphasis over the past 10 years.
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Depletion +
ATG + G-CSF - 2016
ATG + G-CSF + Rapamycin + Islet Transplant - 2018
Alemtuzumab + Anakinra + Etanercept + Liraglutide +
Plerixafor - 2021
ATG + G-CSF + Low dose IL-2 + Etanercept +
Exenatide — 2021
Cytokines
Anti-IL-6 (Siltuximab) — 2017
Anti-IL-6 Receptor (Tocilizumab) — 2018
Anti-IL12/IL-23 (Ustekinumab) — 2017
Anti-IL12/IL-23 (Ustekinumab) + INGAP - 2017
Anti-IL21 (NNC0114-0006) + Liraglutide - 2019
Aldesleukin (IL-2) - 2016
IL-2-2017
Low dose rhiL-2- 2018
Low dose Proleukin (IL-2) - 2023
Anti-TNFa (Golimumab) — 2019 + 2021
Teells
IMCY-0098 - 2018
Otelixizumab — 2018
Teplizumab — 2022

s (Autologous Ex Vivo Expanded Polyclonal
Regulatory T-cells) -
CD4*CD127%/CD25* Polyclonal Tregs +IL-2-2021
Unmbilical Cord Blood Tregs + Liraglitude — 2019
Umbilical Cord Blood Tregs — 2019
Tregs + anti-CD20 antibody — N/A
Costimulation
Abatacept (CTLAG-Ig) - 2018

m
4 M S

N

Alpha-1 Proteinase Inhibitor — 2017
PGD2 receptor antagonist MK-1092 - 2018
Autologous Immunoregulatory Dendritic Cells — 2019
Stem Cells
Allogeneic Mesenchymal Stem Cells - 2017
Mesenchymal Stem Cells - 2017
Allogeneic Adipose Mesenchymal Stem Cells with
Bone Marrow Mononuclear Cells — 2018
Stem Cell Educator Therapy — 2019
alD-SCs / CB-MSCs + G-CSF - 2019
Chemotherapeutics
Imatinib — 2019
Neuropeptide
Substance P — 2017
CXCR1/2 Inhibitor
Ladarixin — 2018
Incretin
Sitagliptin — 2017
Exenatide — 2017
Saxagliptin — 2017
Albiglutide — 2017
Vildagliptin -2017
Liraglitude — 2018 + N/A
Rapamycin + Vildagliptin — 2018
B cell Stress
Alphal-Antitrypsin - 2017
Taumursodecxychullc Acid (TUDCA) 2018
rapamil —
Alpha dlﬂuommethvlormthme (DFMO) 2019
Vitamin

Ergocalciferol — 2020
Environmental Factors
Prebiotic Fiber — 2017
Probiotics — 2018
GNbAC1 -2018
Enterovirus vaccination — 2022
BCG vaccination - 2023

Therapeutic agents and target mechanisms/objectives are noted for T1D clinical trials over
the past decade, organized by their year of first publication. Current ongoing studies are

noted with their expected year of completion.
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In addition to disease
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emerging trial designs that
form a platform, allowing
for improved trial
comparison / analysis

Appreciate
Disease
Heterogeneity

Adapt protocols to

emerging data regarding
the influence of race,
genetics, geography, and
biomarkers in clinical trial
design

Concepts to improve

Immune
Based

Therapies
for type 1 diabetes

Figure 2. Considerations to improve T1D immune therapy trials.
Implementing these eight notions may accelerate identification of effective immune

therapies for T1D and application in clinical settings.
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Employ
Combination
Therapies

Based on emerging
pathogenic information and
mechanistic outcomes, select

idealized (safe) agent

combinations

Integrate Disease
Staging into
Trials

Utilize recently proposed
concepts of natural history
stage, based on genetic /
immune / metabolic data,
into trial design and subject
assignment

Enhance Global
Coordination /
Communication
Efforts

Develop communication
networks, uniform SOPs,
adopt data sharing
procedures, and more
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Roadblocks hampering advancement of therapies for type 1 diabetes from research into the public healthcare

setting.

Original Hypothesis

Current / Revised Hypothesis

Current Unknowns

Type 1 diabetes can be divided into
two subsets (immune-mediated,
Type 1A and p-cell-mediated Type
1B)

An environmental trigger is needed
to initiate and/or perpetuate type 1
diabetes in at-risk individuals

B-cell mass declines in a linear
fashion for months or years prior to
diagnosis of type 1 diabetes.

Loss of >85% of B-cell mass
precipitates symptomatic onset of
type 1 diabetes and after diagnosis,
destruction continues until B-cells
are no longer present

C-peptide secretion and insulin
production decline proportionally
to B-cell mass.

Glycemic control is normal until
the onset of overt symptomatic
disease and clinical diagnosis.

B-cell dysfunction and autoimmunity are thought
to occur in all type 1 diabetes cases, though the
extent to which each component contributes likely
varies across individuals

A variety of environmental exposures may
contribute toward risk for disease in susceptible
individuals, but none have been directly
associated with type 1 diabetes, to date

B-cell loss may be attributable to both a decline in
mass as well as dysfunction and may occur in a
non-linear pattern with a sharp decline in the
months immediately prior to type 1 diabetes
diagnosis.

Appreciable heterogeneity exists regarding p-cell
mass in healthy individuals and in those with type
1 diabetes; cells expressing insulin can often be
detected in the type 1 diabetes pancreas for years,
even decades, after diagnosis

B-cell mass/function may decline significantly
prior to detectable deficits in C-peptide
production and impairments in glycemic
regulation

Stage 2 type 1 diabetes is defined by the presence
of multiple disease-associated autoantibodies and
impaired glycemic response to oral glucose
tolerance test despite normal fasting blood
glucose levels and HbAlc

Can type 1 diabetes be further subdivided based on
different etiologies and/or natural histories? Can
these sub-classifications be used to develop tailored
therapies?

Can we identify specific environmental agents with
clear contributions toward type 1 diabetes? What
are the temporal factors and potential interactions
involved? Do they vary by demographic group or
geographic region?

Is the pattern of B-cell loss truly relapsing/
remitting? If so, how can we extend the remission
periods? Are there biomarkers available to track -
cell mass and function in real time?

How can we determine the B-cell mass in living
patients (both functional and dysfunctional but
potential amenable to restorative therapies)? Are
dysfunctional B-cells “hiding” or masking
themselves against the autoimmune attack? What
factors render B-cell resistant to immune-mediated
killing, and how can we provide similar protection
to all B-cells in susceptible individuals?

How long can residual B-cells compensate for
decreasing B-cell mass and how does the increased
insulin demand affect p-cell stress?

How can we prevent progression from Stage 1
(multiple autoantibodies) to Stage 2
(dysglycemia)?

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2020 June 29.



Page 22

Atkinson et al.

SYjuow gt pue g1

(voany)

$Sal1S wnjnanay dlwsejdopug Buronpay
Aq sa1aqelq T adAL Ul [eAIAINS []99-d J11eaI0URd
aoueyug 01 (WDAN.L) P19V 91]0YydAx0aposinoine].

87-98@ ‘9 1e opndad-0 L1IININ p1oy 21j0yoAx0sposInoineL (14 Jo Aoeoly3 Jo uonebnseau| [eatuld 6T98TZZ0LON  Ausianun eiquinjod
SY99M ZFZT
81-08@  ‘T¥p 1eapnded-O LIININ undiiBepiA +/ uroAwedey 09 VdVHONOW 268£0820.LON 0zUa107] puowsald
syuow sLied ap xneyndoH
87-08Q 2T 1e epndad-0 LLININ rAan |l 8T z-navia €5ZTTPZ0LON - anbijgnd souessissy
sajaqelq T adAL
SY9aM TFET 19SUO-MSN UNM SJualred Ul ApniS paj|04)uod-0gade|d
8T-AON 1e apndad-0 LININ uixiepe- 2L ‘pu|g-s|qnoQ ‘paziwopuey ‘usdNINN ‘Z 8seyd v 8E8YTBZ0LON  10o1nadewles gdwoq
snujIeIN selaqeld T 8dAL Y s1oelans ur pue
sAep g¢ s108[qns AyireaH Ul Z60T-MIN 40 SolweuApodewIByd
1e 9)ey UOISNju| 8S09N|9 pue ‘sonauiodewleyd ‘Aijiqessjol ‘A1ayes dio awyoq
81-das [ewixelN pue Ajoges Z60T-MIN 9. aus Apmis 03 [eriL [eatul]d asoq Bulpusasy 81BuIS v ¥¥50.TE0.LON 79 dieys Yo1sIN
SjusIled anagelq
T adAl annisod apndad-9 ul uonoun4 189-g uo
apnn|Beli 1siuoby 101daday T-d19 8yl JO 198443 8y}
syuow 10 Apn1s paJosuods Jojebsenu] ‘paubisaq paja|leled |endsoH
81-dag 2T 1e epndad-0 LLININ apnniGesr 0S 'Pa]103u02-0Ga3e|d Papul|g-a|gnoQ ‘paziwopuey v ¥59/T920.L0ON Ausisnun ejesddn
syjuow
8T-Inr 2T 1e apndad-0 LIININ qewnz||190L LT an3Lx3 L€8€6220.LON NLI
8T-Inr syluow 9 ye A1sjes SONI-ING + SOSIN-AV 0z T 9dAL sni||aIAl S31qeIq Ul S[19D WRIS 40 3sN 8TYOY6Z0LON  ueplor Jo Ausisnun
sajaqeI T adAL 19SUO-MaN YlIM Sluaiied
syjuow ZT e apndad 13]S| J11e3IoUEd URWNH + ul uonejue|dsuel | 131S| [ewiul Jo Aoealyy3 pue Aleyes a|aeyey
8T-AeN -0 LLINN pue Aigjes  urpAwedey + 450-9d + 91V 9 aUp ssassy 03 ApnIS 10]1d [9e[-UadQ ‘OLIUBIOUON VY €6850G20.L0N ueg ajepadso
sajageIq T adAL 18sUQ
-1U829Y JO [BSIANSY 3U} Ul d 8dUelISanS 40 ANAINOY ou|
LT-d8s shep 1z—02 e A1syes d 8ouelsgns 49 [eatBojooeuuteyd pue Alayes Jo Apnis | aseyd v 85G02820.L0N SI1BUID PIO||IUBA
Apnis pajjonuod ogadeld
‘putlg 8|gnoq ‘paziwopuey 10jid v :sdleqerq T adAL
ulnuj:asooniyobo UM UBJPJIYD Ul [013U0D J1WaeIA|S pue Alljigeawiad
,1-unp syuow € 1 JTVaH T:T onoigaid 0 |eunsaiul “e1o1qoIoIA IND U0 3l d1101gald JO 193))3 YSZrr20LON  ArebpeD Jo Alsianun
L SNLVLS SnIJIBIN Sa1aqel T adAL 19SUO-MBN Ul SIaxIR|A
NMONMNN ypuow gT pue g AJorewiwelgul pue uonouny [8o-g fenpisay u ulnsul o|ned 0gs
2LT-FeN ‘9 ‘g Te apndad-O LIININ undiBeppia 4% 0} uo-ppe se (@snafe) undi|fep|iA Jo uolenjeny GZ0BSSTOLON  Jo Ausienun [esspad
sajaqelq T adAL yum sjuaired ul uoneinbay sunww| Aislaniun
LT-JeN $339M 2 ¥ IOVIN undijBexes 8T pue uoienjon|4 8soan|9 uo undijBexes Jo 1983 8y L G6920£20.L0ON [eatpaNl BuifueN
aleq
uonsjdwo)d juswjosu Jaynuap|
parewnsy aWwo02NO Atewiid uonuaAIBIu| parewnsy ETVEN el [eaund Josuods

Author Manuscript

‘syuedionued Buninioas Ajuaing 1o ‘Bunreme are 1ey (o1419ads usbnue-uou) sperny Adesayiounwiwil snijaIA Salaqelq T adAL
‘¢ 9lqel
Author Manuscript

Author Manuscript Author Manuscript

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2020 June 29.


https://clinicaltrials.gov/ct2/show/NCT02307695
https://clinicaltrials.gov/ct2/show/NCT01559025
https://clinicaltrials.gov/ct2/show/>NCT02442544
https://clinicaltrials.gov/ct2/show/NCT02820558
https://clinicaltrials.gov/ct2/show/NCT02505893
https://clinicaltrials.gov/ct2/show/NCT02940418
https://clinicaltrials.gov/ct2/show/NCT02293837
https://clinicaltrials.gov/ct2/show/NCT02617654
https://clinicaltrials.gov/ct2/show/NCT03170544
https://clinicaltrials.gov/ct2/show/NCT02814838
https://clinicaltrials.gov/ct2/show/NCT02411253
https://clinicaltrials.gov/ct2/show/v
https://clinicaltrials.gov/ct2/show/NCT02218619

Page 23

Atkinson et al.

syiuow g pue
8T ‘2T ‘6 '9 ‘¢ 1 apndad

J10jexua|d
+ apnn|Bei + 1daossuelg

snu|BIN salaqelq T adAL
18SUQ MaN Ul 1858y d160jounwiwi| pue (Jogexiia|d)

T2-%8Q -D LININ pue A1feS  + BIUD{eUY + GeLINZNJWa|Y 09 uopezI|IqoN |80 wiels dnslodorewsH snofiojoiny 92vZ8TE0LON  BMBqY J0 Ausisnun
sajaqeIq T adAL onewoydwAs-aid YA
EEI SINPY BUNOA pue Suadsajopy ‘UalpliyD ui Adesay 07171 ‘wawdojanag
Te-Int 8/ pue ‘z§ ‘9z 1e A1ejes qewnwijo9 0¢  (qewnunjon) INOINIS 81enfen3 03 Apms qT 8seyd v 27S862€0.LON 79 Y2Jessay uassuer
T adA] Joy
8oueI9|0L NSIY- 1V SeAIIe|aY Ul Sa1ageld pue 8duels|ol 8soon|9
0¢-NON 8500N|9 [ewiouqy 1daoereqy 902 [BLLIOUQY JO UONUBA3I J0j(1dedereqy) BI-#\v 110 L0LELLTOLON 19N[elL
13]S3210A\\
syuow sa1aqeIq ‘spasnyoessel
oz-Int 2T e apndad-0 L LNIN 1013419[e20613 O TadAL uruonound ||90-e)ag [enpisay pue g UIWEHA L26970€0LON Jo Ayssoaun
saso@ Buipusdsy ajdniny
10 solweuApodewseyd [eniu] pue ‘Aujigelsjol ‘Alayes
3yl ayenjend 0} ApniS | aseyd paj|0Jiuo)-0gade|d
Syjuow 9 Je uole[edIss ‘paxSeIN-9]gnoQ ‘paziwopury Y :sa1aqelq T adAL
6T-%2Q asop yum Aloges aulyyuloAyawoloniya A Uam suosiad ut ON-a Buisn seutweAjod Bunebirel 68878£20.LON Awsismun euelpul
Ajlsianiun yinos
s9lageld saunwwioiny uo sj|ed mm‘_._. poojg piod |eljua) jJo _S_QmoI
6T-AON syiuow g ye A1ojes sfail - aon o [ea1)1qwn Jo s1oay3 onnadessy L pue Apmis Aloges 9282€620.L0N eABuerx puodss
se18qeIq Ajlsianiun yinos
aunwwiony uo apnn|beli snid sj18d L Alorejnbay 1elua) Jo |eydsoH
6T-AON sypuow ¢ 1e Aayes apnn|Besr + sbail - goN or poojg pioD [ealjiquin Jo Adealy3 pue Alajes TZOTTOS0LON eABuelx puosas
syuow 0771 ‘wawdojensg
61-100 1 e opndad-0 LININ gewnwi|o9 8 Y3oTL G7S97820.LON 79 YdJeasay uassuer
JEIUEle}
sajaqelq T adAL ui Adesay] Joyeonp3 [e21paN Alislaniun
6T-unt sypuow zT Je Avges  Adesay L Jojeonp3 180 wals 0T 1190 WaIS JO [enusiod onnadelsy L ays Jo Apms 10j1d v ¥0872920.LON oesusxoeH
se1aqeIq T 9dAL YN Siuslred
ul s|199 anLpuaq Alorejnbaiounwiwi| snobojoiny
syuow 'z pue N[Ele) 10 Aoeaiy3 pue A1ajes 8y Jo ApniS IBAQ-SS01D
6T-uer ZTlespndad-0 LINN  9nupuaq Aloyenbaiounwiw] 74 ‘pa]jonu0D-0092¢]d ‘pullg-a|gnoq ‘paziluopuey v TT6¥SEC0LON "0u] ‘sdeARIQ
Yuow 438D snIjIBIN Sa1aqelq T adAL 4O Juswieal ]
6T-uer T e Juswialinbal urnsuj -9 + SOSIN-9D / SOS-aTe 00T ay 104 S][30 WwAs snobojoiny Jo uoneiuejdsuel | 6S/792010N eIgely S||9D wals
[ellL pa]j01u0D paziwopuey
e - sajaqelq T adAL pasoubelrg AJMeN YU Ualp[Iyd
syuow ¢T pue Ul uonouNA |[39-elag uo ZT 99 Snoe wniialoeqopiig MESIBAN
81-99Q 9 ¥e apnded-0 L LIANIN sofoiqoid 96 pue 99 snsouwreyy sn|[19eqooe JO 10343 YSEZE0E0LON 4O ANsIaniun [ealpa
se1aqelq T 8dAL 18sUQ 1828y YA
SjuaIled Ul 8600-ADINI S.85AoW| J0 sasuodsay aunwiw|
pue A18JeS 8y a1enjeAd 03 |eLl] [ed1ul]D uole|easy
87-08Q $488M 1z 18 Alojes 8600-A0NI oy 8s0Q ‘pu1|g-8]gnoQ ‘pa||041u00-0qade|d | 8seyd v 6922.2€0LON Vs asAowl
a1eq
uonsdwo)d juswijosug Jaynuap|
parewnsy awo02INQ Atewiid uonuaAIBIu| parewnsy 3ML el [eaund Josuods

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2020 June 29.


https://clinicaltrials.gov/ct2/show/NCT03272269
https://clinicaltrials.gov/ct2/show/NCT03032354
https://clinicaltrials.gov/ct2/show/NCT02644759
https://clinicaltrials.gov/ct2/show/NCT02354911
https://clinicaltrials.gov/ct2/show/NCT02624804
https://clinicaltrials.gov/ct2/show/NCT02846545
https://clinicaltrials.gov/ct2/show/NCT03011021
https://clinicaltrials.gov/ct2/show/NCT02932826
https://clinicaltrials.gov/ct2/show/NCT02384889
https://clinicaltrials.gov/ct2/show/NCT03046927
https://clinicaltrials.gov/ct2/show/NCT01773707
https://clinicaltrials.gov/ct2/show/NCT03298542
https://clinicaltrials.gov/ct2/show/NCT03182426

Page 24

Atkinson et al.

"poojg piod [ed1]IqWN=80N ‘PIOY 21|0Y2AX08posInoIne =yOdN L

‘Apnis paziwopuel - Apognue 0zd-nue pue ‘-/z1ad +52aD +rdaD 1190 1 Aloreinbay Ajferonine paiijdwe ay) uo paseq saiagelp T adA) Jo Adesayl [|9D=0"goeABBIL ‘199 1 AloreinBayd=6ai1 ‘z-TI

+ sBal] [euojohjod Buisn Adessypounwiw) INQTL=LTIL ‘se¥8qelq T 8dAL ul S0 |182-9 IS8V 03 @INOJIAIS 40 ApMS Y=4IDT.L ‘SnH|8IN seIeqelq T 8dAL=NaTL ‘seleqeld T 8dA=QT.L ‘Z-uninajisiul
uewiny JueuIqwodal=z-T1y4 ‘saeqelq T adAL Buipuels-6uo ur uipAwedey yupn AdelaylouoN=vdvHONOIW ‘Isiuobejue 101dadal zqg uipuelbelsold awyoq pue dieys %N Z60T-MIN ‘181 adueIa|ol
[e3IN PaXIN=1 LININ ‘U0ISINOXT d1WaeIA|D Jo apniijdwy uesN=39OVIA ‘Auedwod Anjiger] paiwi =TT HI0MIBN 89UBIS|0L sunwiw =N 1| ‘Juejnwns a)LooydwA| | 21x0101AD 8sAQw|=8600-ADNI
‘Z-upinapisiul=g-"T1 ‘OTV ulqo|fowseH=2TVqH 'T-apndad a1|-uobeon|9=T-4719 ‘10310e4 Buienwins Auojod aikooinuel(parejAbed)=150-9(d) ‘seloqeiq T 8dAL 18sU0-MaN Ul qewnzi|20L=aN3 LX3
‘sajagelq T adAL pasoubelp-AjJuaday YA Sluaiied Ul -1yl 8sop-mo1=z-119VvI1a ‘auiynulojAyiswoion|id=0n-qa ‘uijngojbounwiw| uislold pare1dosse-a1kooydwA-1 91x0101AD=6|

-pv1.LD ‘(oAmsod Gz ‘anneBau £ZT ‘aAmsod )uolenuaIBKIA JO JASNO=(+5Z -/2T '+¥)AD ‘119D WalS [eWAYIUISIIA - PAALISP—POOIE PIOD=DSIN-ED ‘|90 JB3JINUOUOIN MOLIBIAl BUOE=DNIN

-G ‘UlgND-apsW(eD SNj|19eg=904 ‘UlINGo|D SKOWAYINUY=D 1V ‘|[8D WaIS — PaALsd-sisalaydexnaT snofiojone=0s-aTe ‘180 [ewolS [ewAyduass|A - paAiap-anssi | 8sodipy=0SIN-AY

AoB'sferneaIulD

01 BUIPI029E ‘210W 10 SIBAA OM] J0J PAIJLISA US3( 10U Sey SNIelS [eL) pue passed sey alep Uoia|dwod ays se ‘Malal siyl Buronpoud Jo 85102 8y JaA0 ,Umousun, o} [eLl} Jo sniels ul abueyd sajousp
x

Ssyuow zT pue 6 sonaqelq T 8dAL pasoubelp 1€-09/¥00-¥T02
V/N  ‘9‘geepndad-O LININ apnnjBesr 1 Ajtes ‘onewoldwAs-uou up Adessyy paseq-unaioul 10eipn3  puejuid ‘ejofian enry
(CoUTE

sajaqelq T adAL
195U0 JU323J YN sualred

ul sBai114jod papuedxa SE-6TEV00-¥T0C Jsuepo
V/N  Buissasse [eu] || 8seyd) Apognue ozao-nue + sfail VIN 0°z9eABalL LorIpng  Jo AusieAun [edIpain
sleak sajagelq T adAL paysijgeis3 lendsoH [elauso
€e-Int G pue ¥'e'g'T 1 OTVAH 90d 0ST JO JuSLIESI | B} 40} SUOIRUINIEA ©DF Jeaday 9¢€T180¢010N snesnyoesseN
sejeqelq T
syuow adA1 pauystigels3 ur Adessyjounwiw| Z-uiajaiu 8soq
€g-uer T e apndad-0 11NN (z-11) upinajoud ¥S  -MOT O [BLIL |1/] 8Seyd ‘pullg 8|qnoq ‘paziwopuey v 8G0EFZEOLON 1WA Jo Ausisaiun
zz-Inc sisoufelgq QT UOITRUIIIBA SNIIA0JSIUT 00TT sa1aqel T 8dAL ul pajedrjdw] SuondeIsIu| SNUIA-8USD G9T70820.LON
sieak ¢ 1e uoniodosd
1¢-99Q BaiL pue Ajoges 211+ sbaiyL 91 1L 6192//.2010N Ausianun afeA
a1eq
uonajdwo) Juswijodug Jsynusp|
palewnsy awo2NQ Arewld uonuanIau| palewnsy 3L leldL [eaund Josuods

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2020 June 29.


https://clinicaltrials.gov/ct2/show/NCT02772679
https://clinicaltrials.gov/ct2/show/NCT02804165
https://clinicaltrials.gov/ct2/show/NCT03243058
https://clinicaltrials.gov/ct2/show/NCT02081326
http://Clinicaltrials.gov

Page 25

Atkinson et al.

sajaqelq T adAlL 19sUQ MaN Ul
(4509) 401084 BuneNWNS AuojoD a1kaonNueID)

8T-PO sypuow T Je opndad-0 LLAIN 450-9d + 91V 8 pae|Aad pue (91v) utngo| alkoowAynuy 0025T220.LON 1BN[elL
SIBBA ¥ UIUMAN S91aqelq T 9dAL 40 18sU0
YUM S1uaied Ul TOVAND a1ebnsanul 03 Apnmis P
g1-dos S3438M 12 18 Alajes TOVAND 09  paJ|0nu0D-0gade|d ‘pullg-31gnoQ ‘pasiwopuey €CV6LTE0LON  ALd ®l[eisny 0InaNeD
sjualred sni|IBIA saleqelq T adAL sunwwioiny
g1-das sypuow g 1oy Aiages qewnzIX1|a10 oy J3SUQ-MBN Ul elnZIX1[310 0 uonebnsanu /T8000Z0.LON AUIMYNWISOXEID
,d3137dNOD salagelq T adAL ul qewixn|is 27171 ‘wswdojanag
4T-08Q  $(98M ZT 18 UoHe|npowounwwj qewIxniis 01 U Butjjeubis €1v.LS J0 uoneInpo 225T¥920.L0N 79 YdJeasay uassuer
(synsa jurodpua
Arewnd gg Yoam
|e1J] 109€ J0U P|NOM
ejep dn-mo| (o) Jonquyul SNM|ISIN saleqelq T adAL
A3LVNINYIL aseusiold 19SUQ-MBN UM s108[qns U1 JoNgiyu| aseursloid
1L1-98Q stpuow gt Je apndad-0 LLNIN ~Teyd|y 9. -Teyd|y paaiag-ewse|d uewnH jo Apms T2Z€60Z0LON  "duj sonnadesay L s|oju
SNUIIBINL QT.L YiMm Spusled Jnpy
»d3131dNGD apndad dvONI Ul SYa9M 2T 10} apindad dVONI 01 qewnuIeIsn
‘LT-MON sypuow 9 1e Aisjes + gewnuiyaisn S Buippy Jo A1ages pue AujigessioL jo Apmis 16E€70ZZ0LON  |eHdSOH [eJauss ysimar
SNM|ISIN S3)e0eld
,d3137dINOD T adA1 19SU0-MBN YnMm $103lgns pajeali-uljnsu|
‘LT-100 sypuow ZT Je spndad-O LIININ 89 ur 0g33e|d snsiaA apnn|BIgIY :€€60TT Apms 600%8220.LON AUIMYNWISOXEID
elqunjod
LT-ung syjuow g1 1 A1ajes gewnuiyaisn 0z artisn G9//TTZ0LON ysnug Jo Ausisaun
sajaqelq T adAL
,d3137dINOD yum s193lgns U1 uo11a19as uljnsu| uo y-asepndad |esed
‘LT-ung sAep 06 1e apndad-0 1 LNIN undi|bens vz |Apndadiq Jo uoniqiyu| pue 8s1018x3 JO s108Y3 /%0/2T20LON ‘lendsoH Ausisniun
syuow ¢ ojjosesag
LT-TeN  pue g ‘T Je ulnsu| 1s8) abus|eyd SOSIN 0T OSN-TLANG 90€€6820.LON 19p pepIsIBAIUN
sLied ap xneydoH
LT-BIN sAep G ye uorodoud BaiL A ve pIUD-2114a 02TZ98T0.LON - anbijgnd soueisissy
salaqelq T-adAL
19SUQO MaN 4O Juawieal] ay) ul [@eisse|9]
»@3137dNOD (1vv) uisdAnnuy T-eyd|y ‘uewnH jo Alejes
‘LT-uep stpuo 2T Je apndad-0 LIIANIN vy 1L pue Agealy3 ays ayenjens o) Apms || aseyd 87850020.LON epewey|
1SnJJ uoKepunoH
SHN s[endsoH
9T-10 $M T Je uotyodoad BaiL unina|saplv 1h% AKousnbayiq 60859220.LON Ansisnun abprgued
areq uonsjdwod juswioau BETITIETo] ]
payewnsy awo021NO Atewlid uonuanIau| payewnsy TR [elil [ealuld Josuods

‘syuedionued Buninidai 1ou Inq aAnJe Ajpualind ae rey (ou19ads uabnue-uou) sern Adelsylounwiwi salegelq T odAL

Author Manuscript

Author Manuscript

‘€ 9lqeL

Author Manuscript

Author Manuscript

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2020 June 29.


https://clinicaltrials.gov/ct2/show/NCT02265809
https://clinicaltrials.gov/ct2/show/NCT02005848
https://clinicaltrials.gov/ct2/show/NCT01862120
https://clinicaltrials.gov/ct2/show/NCT02893306
https://clinicaltrials.gov/ct2/show/NCT02127047
https://clinicaltrials.gov/ct2/show/NCT02117765
https://clinicaltrials.gov/ct2/show/NCT02284009
https://clinicaltrials.gov/ct2/show/NCT02204397
https://clinicaltrials.gov/ct2/show/NCT02093221
https://clinicaltrials.gov/ct2/show/NCT02641522
https://clinicaltrials.gov/ct2/show/NCT02000817
https://clinicaltrials.gov/ct2/show/NCT03179423
https://clinicaltrials.gov/ct2/show/NCT02215200

Page 26

Atkinson et al.

"ATL 19SUQ-MBN UMM SJUBITed U qewnuixaisn 40 [elL [ed1ul]d 101d=AT1SN ‘192 L Alorenfay=6a1L ‘saleqelq

T 9dAL=QT1 '€ uonduosuel L JO J0JeANDY pue Jsonpsuel | [eubIS=g1V.LS ‘1030e4 Buieinwng Auojod alkooinuess parejAbad=450-9d ‘9000—#TT0D SIPJON OAON=9000—FTTOONN ‘@dIAISS UiesH
[eUOIIBN=SHN ‘|180 WalS [eWAYIUSSIN=DSIN ‘1581 39URIS|OL [B8IN PaXIAN=1 LINIA ‘Auedwod A)jiger] pauwi]=)T7 ‘HI0MISN 89UBIS|01 SUNWW|=N 1] ‘UI310.d PaleIdossy SIsauaboaN 18ISI=dVONI
‘Z-upinapalul=g-| ‘ursioid adojaauz ue Buipoous auab SnIIA0LIBY PalRId0SSY-SIS0I]9S aldn|nIAl 1surele Apogiue [euojdouowW pPasiueWNH=TOVYAND ‘siualled onnageid T adAL Jo Juawabeuey

3y Joj uonreAsILIWPY JSIN=JS-TLINQ ‘sa1ageld T adAL ul s|130 1 Aloreinbay uo Aouanbai4 asoq z-T11 40 Apnis anndepy=Aduanbaly 71Q ‘se1eqeld T adAL pasoubeig Ajjuadas yum uaipjiyd

ur 8soQ Moj-ein 38 Z-T11 4o Apms Buipuid 8s0a=p|1yd-z114d ‘€0 S80UBIIS0IG SNLIPEED =£0SFTD ‘UIINGO1D aA00WAYINUY=D 1V ‘[18D WalS [ewAyoussaln snofojoine=0SNe ‘uisdAnnuy T-eydiv=1vv

“aIn1eJaM| 8Y) Ul paliodal 194 10U 81e SNSaI J8ABMOY ‘MaIAaI SIU) Buronpoud Jo 8s1n02 ay) 18A0 ,pale|dwiod, 01 [eL Jo smels Ul abueyd sejousp
*

OSIY-1V,, SeAIIe|aY

zeg-uer sisoubelq QT.L qewnzijdeL 0.T  urssleqeld T adAL Jo uonuanaid oy qewnzijdal T980€0TOLON 1BNeHL
(a1npadoud ainyjno Joy

suolnre|nbal parepdn) Apnis paziwopuey
a3anNadsns papullg v :saleqeld T adAL 4o Juswdolanaq [endsoH
‘0z-Ren stpuow g 1e apndad-0 LLNIN SOSIN® 0 3U} U1 BUBAJ3IU 0} S[9D WIRNS [eWAUDUBSIIN TT2.5020.LON Aussanun eresddn

(Apms xay-1 108l0id
plojues ay]) se1eqelq T adAL 19SUQ Jusday YIm ou|
0¢-teiN sypuow ZT Je spndad-O LIININ €0s910 1T SJUBIS3|OPY Ul £0S9T1D 40 Adeaiy3 pue Aieges L¥2T692010N '$30U8195019 SNLIpe[ed
Sn)|ISIN S8leqeld 00SI0URIH UBS
6T-das sypuow T 1e apndad-0 LLANIN qiuew| 19 T 9dA1 19SUQ 1808y Ul JusWILal | qlurew| G/6T8LTOLON  ‘Bluioped jo Ausienun
sajaqelq T adAL ul Adesay) [eaIAINg weybuiwng
6T-INC sypuow T Je dpndad-0 LLAIN [lwedelsn s 1190 e19g e se |lwedesdA Jo Buisodinday €G22/E€20L0N  1e euweqey Jo Ausisnun

uonoun4

1199-d 40 uoIeAIasald Uuo apnnjbeli] pue 9000

apnniBeli —PTTOONN 40 10943 8y} Bunefinsenu] snijieIN

+/ 9000 se19qeIqQ T 8dAL pasouBelq AjmaN yum sioslans
6T-1dy SH9M G Je opndad-O L LININ —¥TTOONN 70€ UNpY ur ferL 3jdidurid-0-4001d [BIIUIND V¥ GSTEYYZ0LON S/V SIPION OAON

areq uons|dwo)d juswioaug Ja1y1nuap|

parewnsy awo021nQ Atewlid uonuaAIBIu| parewnsy 3ML e eand Josuods

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2020 June 29.


https://clinicaltrials.gov/ct2/show/NCT02443155
https://clinicaltrials.gov/ct2/show/NCT02372253
https://clinicaltrials.gov/ct2/show/NCT01781975
https://clinicaltrials.gov/ct2/show/NCT02691247
https://clinicaltrials.gov/ct2/show/NCT02057211
https://clinicaltrials.gov/ct2/show/NCT01030861

	Abstract
	Introduction
	Where have we journeyed in immune based therapy for T1D?
	What have we learned from these studies, and did a positive change occur?
	Challenges for immune based interventions in T1D.
	Misguided utilization of preclinical data to direct clinical trials.
	Challenge of subject selection.
	Industry support for immune-mediated therapies.
	Paucity of informative biomarkers.
	Remarkable disease heterogeneity.
	Contribution of β-cells themselves to T1D.
	β-cell function does not equal β-cell mass.

	Moving Forward – New Directions
	Interventional staging and intervention change after disease progression.
	Biomarker improvements – setting the stage for tailored therapies.
	Team science approach to clinical trials.
	Complex mechanisms of T1D raise the need to treat β-cells in combination therapy.

	Concluding Thoughts
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.
	Table 3.

