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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 β-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) setting1. 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-III 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 β-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-cells6,7, 

it is now evident from phase II/efficacy studies that B cell depletion (Rituximab, anti-

CD20)8, reduction in circulating central and effector memory CD8+ T-cells (Alefacept 

[LFA3-Fc])9, as well as blockade of co-stimulation (Abatacept [CTLA4-Fc])10 each 
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achieved similar levels of β-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-peptide11,12. 

Moreover, Rapamycin/low-dose Proleukin (IL-2) demonstrated a temporal but reversible 

trend of deterioration of β-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 outcome19. 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 disease20). 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 in21–24) 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 β-cell function. It is now 

recognized that complex and redundant mechanisms of β-cell destruction exist, involving 

various cell subsets and soluble factors25–29 (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 β-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 mice30 (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-CD335 

being perhaps the most noteworthy finding despite variant mechanisms of action between 

mice (induction of regulatory T-cells)36 and humans (T-cell depletion)37. 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) in vitro 
investigation of TNF blocking agents, and 3) in 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 in vitro assays, isogenic cellular 

systems39, NOD and humanized mouse models40 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 

β-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 adolescents41–43.
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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 population44,45, 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 β-cell 

function.

Despite these historical challenges, two major phase III programs were attempted, both 

utilizing anti-CD3 monoclonal antibodies (i.e., Otelixizumab, Teplizumab). Sadly, both 

failed at the Phase III 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 III trials46,47 involved a 3.1mg 

dose of otelixizumab which was well tolerated but failed to preserve C-peptide compared to 

the phase II BDR study48 (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 in49). 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)52), autoantibodies and C-

peptide represent hallmark indicators of autoimmunity and β-cell function, respectively, and 

remain vital tools for determining T1D risk, diagnosis, and most recently, disease staging20. 

However, aside from the accelerated decline in C-peptide in the months surrounding 

diagnosis53,54, 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 β-cell death 

and dysfunction; 3) correct inherent defects in immune regulation; 4) quantitate existing β-

cell mass, and 5) directly indicate the degree of β-cell death. With regard to this latter 

notion, two recent efforts are especially noteworthy: “β-cell death” assays (i.e., circulating 

demethylated insulin transcripts)55–57 and assessment of circulating proinsulin levels in 

association with C-peptide and insulin determinations58. 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-β-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 I or II 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”.

Remarkable 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 all treated 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 

adults59. Thus, age of onset is a surrogate of disease heterogeneity, and remarkably, several 

immunotherapies appear more effective in the younger subgroup (e.g., Rituximab60, Diamyd 
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GAD-alum61; reviewed in62,63). 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 β-cells themselves to T1D.

The concept that β-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-1980s65 and was recently reconsidered66. Since, we have learned more about the β-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, β-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 β-cell sensitivity to cytokine-mediated killing has been noted. Third, persistent 

changes in β-cell physiology once autoimmunity has been initiated may enhance 

autoimmune destruction. Fourth and finally, β-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 β-cell 

works extraordinarily well to control their function under normal conditions, these processes 

may contribute to the pathologic circumstances underlying T1D.

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

Recent immune-histopathological studies of the human T1D pancreas point to a 

disconnection between β-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 diagnosis25,67,68. This insight 

challenges the dogma that T1D diagnosis reflects the end-stage of disease with little to play 

for in terms of β-cell mass. Rather, many remaining β-cells are likely dysfunctional69,70, 

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 β-cell loss and dysfunction likely differs from patient to patient67, yet we 
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currently have no way to measure β-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., β-

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 disease20 or a manifestation 

of an Autoimmune Beta Cell Disorder (“ABCD”)71. 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., Fr1da (https://www.typ1diabetes-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 β-cell mass), immunologic (inflammatory versus regulatory 

signatures), and pathologic (islet infiltration) features of the disease are causally inter-

related. However, neither β-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 signatures72. 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+ counterparts76 and prone to have 

structural features consistent with autoimmune potential77. 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 applications78. 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 in79).

Early evidence emphasizes the value of baseline immune phenotypes to guide treatment 

strategies. In islet transplantation, the degree of CD4+ T-cell reactivity to GAD65 or IA-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)83. Finally, since 

β-cell function rather than β-cell mass is the typical primary endpoint for intervention trials 

in T1D, clinical successes in subgroups of patients may have been missed62; thus, the T1D 

research and care communities must develop better measures of β-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 

outcomes84. 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 RA64; 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 retention85, 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 mechanisms86.

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

Combination therapies of two immunomodulatory agents may beget excessive 

immunosuppressive risk; hence, combinations with agents directed at β-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 decline25,67,87,88, circulating T-

cell and autoantibody immune signatures82,87, and detectable β-cell function at diagnosis 

and in long-standing diabetes) underscore the potential applications for incretin treatments, 

which improve capacity for insulin production by residual β-cells and suppress glucagon 

secretion, as well as the need for therapeutics to reduce β-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/ABCD71 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 events89. 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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Refer to Web version on PubMed Central for supplementary material.
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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 β-cell mass/function, our ability to quantify functional and 

dysfunctional β-cell mass in living patients; ability of residual β-cells to 

compensate for declining β-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 

T1D 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.
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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 II, Clinical Trial Phase III, 

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.
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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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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Table 1.

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 β-cell-mediated Type 
1B)

β-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

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?

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

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?

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

β-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.

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

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

Appreciable heterogeneity exists regarding β-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

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

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

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

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

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

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 HbA1c

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