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Summary

Type 1 diabetes (T1D) is one of the most common and severe chronic

diseases affecting both children and adults. The aetiology of the disease

remains unknown, and thus far no ‘true’ cure for those affected is available.

Indeed, exogenous insulin replacement therapy to manage glucose

metabolism to the best degree possible remains the current standard of care.

However, despite a recent array of truly impressive improvements designed

to enhance disease management (e.g. insulin analogues, continuous glucose

monitoring, insulin pumps), it is still difficult for the vast majority of

patients to reach recommended target HbA1C levels (< 7�0%). As a result

of suboptimal disease management, far too many patients with T1D have an

increased risk for disease-associated complications such as nephropathy,

neuropathy and retinopathy, as well as hypoglycaemia. New treatment

modalities are therefore needed urgently to bring a ‘true’ cure (disease

prevention/disease reversal) to patients with T1D. Here we consider issues

that collectively pose a major stumbling block in T1D research with respect

to identifying a means to prevent and/or cure the disease. We begin this

Perspective by discussing new insights emanating from studies of the

pancreas in human T1D; findings which may, at least in part, explain why

previous interventions seeking disease prevention/reversal have yielded

insufficient benefit. We then turn to suggestions that could optimise the

outcome of future clinical trials. Finally, we direct attention to

recommendations for the global T1D research community; messages we

deem to have the potential to improve our chances of finding the elusive

T1D ‘cure’.
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Why have previous interventions seeking disease
prevention/reversal been unsuccessful?

The concept of seeking to reverse autoimmunity by altering

the self-destructive immune response against insulin-

secreting pancreatic beta cells is not new. Indeed, since the

advent of immunosuppression trials with cyclosporin and

azathioprine in the early 1980s, much effort and money,

and the time of many physicians, scientists and patients,

has been devoted to this cause [1]. Unfortunately, despite

considerable investment into this line of research, the

results have, to a large extent, been considered ‘disappoint-

ing’ in terms of their ability to provide durable preservation

of insulin production in patients with new-onset disease.

We are not suggesting that there is no glimmer of hope,

nor that all efforts have proved ineffective in every subject;

far from it. Indeed, a limited number of intervention trials

have shown protection of beta cell function in a subpopula-

tion of subjects, although the results have been viewed

(by some) as suboptimal. As a case in point, serum C-

peptide production (a marker of insulin production and

surviving beta cells) could be preserved temporarily in

certain patients, while in other patients insulin require-

ments were reduced [2–6]. Significant heterogeneity in the

preservation and decline of C-peptide between individuals

in clinical trials is a major issue that may be circumvented

by developing other end-points and biomarkers to predict

disease heterogeneity. However, for the vast majority of
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patients with T1D type 1 diabetes (T1D) durable effects

have not, so far, been achieved [2–6]. This represents an

important predicament, as concerns continue to exist

regarding potential adverse events (e.g. viral reactivation

and oncological events) that are often associated with the

use of immunosuppression and immunomodulation [7,8].

As a result, it is vital for the T1D research community

to question whether short-term preservation of serum

C-peptide production is worth this risk and decide what

level of C-peptide production and for what time-period is,

in reality, significant to the life of the patient.

Given the unfortunate observation that immune inter-

vention (alone) has shown limited success, it is even more

concerning that a facet in research potentially capable

of dramatically improving this situation, namely under-

standing the aetiology of T1D, remains unidentified. If an

inciting or exacerbating agent for T1D were indeed known,

be it dietary or infectious, our approach to this disease, and

perhaps our success rate with treatments, might be quite

different. Currently, we are acting in somewhat of an intel-

lectual vacuum and stumbling in the dark in terms of our

knowledge of the pathogenesis of this disease [9]. Hope-

fully, given the recent well-funded and highly organised

multi-centre, multi-cultural and geographically diverse

efforts designed to identify the aetiology of T1D [e.g. The

Environmental Determinants of Diabetes in the Young

(TEDDY), TrialNet, Daisy, Network for Pancreatic Organ

Donors with Diabetes (nPOD), Persistent Virus Infection

in Type 1 Diabetes Network (PevNet), Diabetes Virus

Detection Study (DiViD)], the detailed pathogenesis and

natural history of this disease will not remain unknown for

much longer.

How can we optimise the outcomes of future
research and clinical trials?

If we are to yield improved results despite the aforemen-

tioned gaps in our knowledge regarding disease aetiology,

as well as seemingly ‘overdependence’ on interventions

seeking immunosuppression, we need to find different

ways of approaching T1D research. Among the first of the

concepts to consider here is one difficult to convey to the

T1D research community without stirring emotions. In

short, perhaps past research into new treatments has relied

too heavily on studies of animal models, in-vitro systems and,

in the case of human research, scrutiny of peripheral blood

rather than the human pancreas. Clearly, this statement has

the potential to be considered inflammatory as so much,

indeed the vast majority, of T1D research over previous

decades has been directed at these efforts.

If one agrees with this premise (and clearly not all will),

it is also wise to suggest that we must now place more

emphasis on studies of human patients throughout the

T1D disease course (i.e. before disease onset, at or near

diagnosis and post-onset), highlighting analyses of the

pancreas combined with lifestyle/environmental encoun-

ters. This notion is a key message of this Perspective. While

we might be tempted to end our argument there, we deem

it vital to explain our rationale further to emphasize this

point, because evidence for this concept has grown dramat-

ically in the last 18 months.

Are autoreactive T cells really the main drivers of
disease?

Recent insights into the immunopathology of T1D at the

level of the pancreas should make us pause and reconsider

the conventional view that this disease is primarily, if not

solely, caused by autoreactive T cells. It is possible that this

assumption may have contributed at least in part to the

aforementioned suboptimal clinical trial results. To be clear

from the beginning, we are not suggesting in any way that

T cells are not of importance to the pathogenesis of the dis-

ease; in fact, genetic studies strongly suggest a role for the

major histocompatibility complex (MHC) class II locus

[10], but rather that other constituents such as beta cells

and exocrine pancreas may also be contributing, perhaps

equally, to disease progression [11].

What draws us to make such declarations? In short, a

series of emerging curiosities regarding the disease. First

among these is the observation that beta cell loss is often

curiously lobular (Fig. 1a,b), suggesting that an external

trigger may render distinct pancreatic lobes susceptible to

immune infiltration and beta cell loss [12]. Beyond this is

the issue of lobular area. Insulitis is discrete, affecting only

a portion of islets. Indeed, in newly diagnosed T1D (i.e.

less than 1 month after onset), a lesion is only present in

approximately half of patients (more in individuals with

young age at disease onset and less in those with adult

onset T1D) [13]. It might therefore be possible that an

external trigger(s) could lead to a relapsing–remitting dis-

ease course, literally flaring up and burning through groups

of islets at a time (Fig. 2).

This finding raises a series of pathogenic curiosities.

Autoantibodies predict the risk for T1D reliably [14], so it

may be that there are periods when there is little or no

insulitis, as well as those when immune-based therapies

would be expected to be ineffective, as depicted in Fig. 2.

Certainly for the prediabetic phase this is not an unreason-

able notion, because after disease onset insulitis is present

more consistently in discrete areas [15]. Given this evi-

dence from pancreatic pathology, prediabetic interventions

should therefore be focused on the phase directly before

diagnosis, when oral glucose tolerance tests become abnor-

mal and one can be sure that immune reactivity is present

(Fig. 2). To use common vernacular, ‘timing is everything’,

and perhaps part of our frustration in seeking to prevent/

reverse the disease is that timings have not been optimal.

Lobular disease could also be anatomical in origin. Islet

blood supply is often described as portal, and immune cells
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may move from islet to islet via blood (or lymphatics)

within a lobule before resolution within that lobule. A bet-

ter understanding of migration and lymphatic drainage

within these areas is needed before we can fully interpret

lobularity. Hence, there exists a great need for further

research in this area.

Given that we do not understand the primary causes and

natural history of T1D, one must consider that the hypoth-

esis ‘T1D is an exclusively T cell-driven autoimmune dis-

ease’ might not be correct. Innate inflammatory factors

may be instrumental for pathogenesis, meaning that the

disease could be a result of infections or a genetically based

dysregulation of the immune system, or a combination of

the two. There is also a growing body of evidence highlight-

ing the importance of beta cells themselves to disease

pathogenesis, which will be discussed in more detail below.

Now for a novel thought: is T1D definitely antigen-
specific?

While not widely considered in discussions of the pathoge-

nesis of T1D, there is an early and substantial effect on the

exocrine pancreas in those with this disease, as evidenced

by pancreatic inflammation [16], as well as a 30% reduc-

tion in total pancreatic volume present at the time of diag-

nosis when compared with non-diabetic individuals [17].

Morphological examinations often show considerable

engagement of the exocrine pancreas with pancreatitis

(sometimes patchy), and focal periductal inflammation

and fibrosis (Fig. 1c,d) [18].

These observations of general inflammation should per-

haps direct us towards the use of non-specific anti-
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Fig. 1. Largely unrecognized pathological features of the endocrine

and exocrine pancreas in human type 1 diabetes (T1D). A common

but widely underappreciated feature of endocrine pancreatic

pathology in T1D involves lobular variance in the presence of (a)

glucagon-positive islets (i.e. devoid of insulin; indicated by double

green arrows) versus (b) islets that contain both insulin- and

glucagon-positive cells. In this case (nPOD 6195), regions in close

proximity clearly demonstrate such marked differences, as

determined by the immunohistochemistry of adjacent pancreatic

sections with anti-glucagon and anti-insulin antibodies, as described

[23]. A second characteristic involves features of the exocrine

pancreas. This case (nPOD 6240) demonstrates, via standard

haematoxylin and eosin (H&E), (c) fibrosis as well as (d) focal

pancreatitis and peri-ductal inflammation (determined by

immunohistochemisty with anti-glucagon and anti-CD3 antibodies,

as described [23]). Finally, for many years it was presumed that the

pancreas of patients with T1D with long-standing disease was devoid

of beta cells, but recent evidence suggests otherwise. The pancreas of

many patients contain (e) insulin-positive cells observed as small

clusters or single cells (double green arrows), as well as (f) islets

devoid of insulin (single green arrow) for years to decades following

the diagnosis of T1D. Shown herein is a pancreatic section of a 60

year-old patient with T1D (nPOD 6042) with disease duration of 59

years. Once again, expression was determined by

immunohistochemistry [23]. Photomicrographs courtesy of Dr

Martha Campbell-Thompson.
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Fig. 2. Model showing potential intervention points and hypothesised

decline of beta-cells as currently seen in type 1 diabetes (T1D) [16].

Four key therapeutic windows of opportunity exist in the natural

history of T1D – :primary prevention (prior to formation of

any T1D-associated autoantibodies); secondary prevention (post-

autoantibody development); secondary prevention with dysglycaemia

(post-autoantibody development with abnormal glucose tolerance);

and finally T1D intervention/preservation (post-hyperglycaemic

onset).
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inflammatory therapies, and may suggest a possible reason

why antigen-specific interventions have been historically

less successful. Collectively, the available evidence suggests

that T1D in humans is a pancreatic disease in toto, perhaps

progressing in a relapsing–remitting fashion, with its main

clinical manifestations emanating from the loss of the

insulin-producing cells. However, even if T1D is not pre-

dominantly antigen-specific, induction of tissue-specific

immune regulation (which would be best achieved by anti-

gen) could still be a great benefit, and a useful way to com-

bat any focal immune response, whatever its driver.

It is possible that different immunopathological proc-

esses may contribute to the development of T1D, carrying

important implications for treatment and prevention strat-

egies. Potentially related islet and blood autoimmune

response phenotypes may coincide with and precede

disease. A study by Arif et al. [19] revealed two distinct

types of insulitic lesions in children/adolescents with newly

diagnosed diabetes distinguishable by the degree of cellular

infiltrate and presence of B cells (termed ‘hyper-immune

CD20hi’ and ‘pauci-immune CD20lo’). Subjects had only

one infiltration phenotype and were partitioned by this

into two equal-sized groups that differed significantly by

age at diagnosis, with hyperimmune CD20hi subjects being

5 years younger.

Interestingly, up-regulation of MHC class I has been

reported to be associated with T1D [20,21]. However, the

issue is by no means straightforward, as expression can be

heterogeneous [20] and up-regulation of MHC RNA is not

necessarily associated with protein up-regulation [22], leav-

ing the possibility that there may be incomplete turnover

of MHC class I molecules on the cell surface. No interven-

tion to date has been able to reverse this key pathogenic

feature, and more attention should be given to this issue.

Resolution may be brought forth most expeditiously by a

highly collaborative approach such as has been spearheaded

by the nPOD consortium [23]. nPOD is an innovative

Juvenile Diabetes Research Foundation (JDRF)-funded

project that provides donated organs from people with

T1D to leading diabetes scientists all over the world for use

in their research studies. It provides researchers with a

unique opportunity to literally see and understand more

clearly the initial steps of T1D and their physiological

impact on the pancreas and immune system.

Is there time to intervene after disease onset?

The T1D research community has, for several decades,

communicated the message that as most beta cells have

already been destroyed by the time of diagnosis, there is no

time to intervene in disease progression. However, we now

know that insulin-positive (albeit perhaps dysfunctional)

beta cells can often be observed many years post-disease

onset (Fig. 1e,f). Thus, if there is sufficient beta cell mass

left after onset in at least some individuals, it might be

conceivable to consider later intervention trials in an

attempt to change the disease course for some of those

already affected. While evidence for this is limited, at least

one recent study [24] noted the ability to intervene posi-

tively in subjects with T1D duration up to 2 years post-

disease onset. Clearly, our views on this subject require re-

evaluation and titration.

Is C-peptide a relevant marker for disease
progression?

Which end-points should be used in clinical trials for T1D?

The end-points currently used in nearly all intervention tri-

als have been focused upon preservation of C-peptide and

secondary mechanistic immunological end-points. If, how-

ever, interventional trials are started later in the disease

course we would have to establish more sensitive outcome

measures than C-peptide, because C-peptide declines more

slowly in adults with established diabetes than in young

children [25]. As definite specific biomarkers for disease

progression are still lacking, a range of alternative analyses

should be considered and developed further, such as pan-

creas size and composition, methylated insulin assays and

beta cell imaging. Such biomarkers should be validated

fully, perhaps utilizing the resources of international work-

shops. In the meantime, perhaps C-peptide is the most

clinically important outcome that we can measure. Indeed,

a recent study examining the association of quantitative C-

peptide concentration with outcomes in the Diabetes Con-

trol and Complications Trial found that across the range of

values, higher amounts of secreted C-peptide were associ-

ated with lower glycated haemoglobin (HbA1c), lower

daily insulin dose, less severe hypoglycaemia and less risk

of retinopathy [26].

Should we enroll children and young adults into
clinical trials?

Because a large fraction of subjects affected by T1D are

children and young adults, careful consideration must be

given to these cohorts in intervention trials. Under what

circumstances is it ethical to include children and young

adults? The declaration of Helsinki and other country-

specific guidelines provide ethical regulations on the

execution of clinical trials in children. However, failures of

some recent investigative trials such as those involving

interleukin (IL)21 blockade have led to rebuttal from

parents that children should only be treated with drugs

that have a proven effect in adults. This is a complicated

dilemma, because there is evidence (for example from stud-

ies of anti-CD3) that some drugs will work in children and

young adults but not in older adults [27]. The reason for

this divergence is unknown, and could point towards dif-

ferent mechanisms of T1D in childhood or simply the fact
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that the effect of the drug is smaller because the disease is

less aggressive in adults.

Moving forward, therapeutic interventions in T1D

should consider the notion of age as a facet for agent selec-

tion. There is a limited but convincing body of data which

suggests that T1D heterogeneity might be influenced by age

and will, in turn, be associated with variations in pathogenic

features of disease development. In the case of the anti-CD3

trials, perhaps there was less dependence on T cells with

increasing age. In any case, we should consider including

individuals with rapidly progressive disease in trials of

immunomodulatory therapies, because otherwise drugs

might be missed that could have benefit solely in paediatric

T1D. As patients with rapid disease progression tend to be

younger children, safety considerations will be paramount.

Safety studies should therefore be carried out in adults, fol-

lowed by efficacy studies in children. In cases where it is

known that there are no side effects [for example, as

expected for antigenic and some glucagon-like peptide 1

(GLP1)-based therapies], paediatric trials could perhaps be

considered before completion of studies in adults.

Should we stratify subjects for clinical trials?

At present, patients are enrolled preferentially into inter-

vention studies as soon as possible after the onset of T1D

(i.e. < 3 months/100 days after onset). Inherent with this

approach, however, is a vast variation in clinical appear-

ance. Some patients will rapidly lose their entire C-peptide

production within a few months, whereas others will

exhibit what is known as an extended ‘honeymoon’ phase

and have preserved C-peptide levels and low requirement

of insulin even at 1 year after diagnosis (Fig. 3). Composite

T1D TrialNet data from an international network of

researchers who are exploring ways to prevent, delay and

reverse the progression of T1D indicate a mean decrease of

only 15% in the area under the curve response to a mixed

meal tolerance test during the first year of T1D in 21–46-

year-old patients [25]. This variation in clinical outcome

increases the power requirement for any interventional

trial, so in the absence of well-established biomarkers

much larger studies are needed. Although partial loss of

beta cell function is the common denominator, it is possi-

ble that the underlying aetiology or severity of immune

attack may vary considerably between individuals. Analysis

of other factors [e.g. insulin resistance, body mass index

(BMI), C-peptide at trial onset and age] could reveal mech-

anisms that will impact significantly the progression of

beta cell loss [25]. It may be possible that enhanced imag-

ing techniques such as non-invasive detection of insulitis

and beta cell mass may uncover suitable biomarkers to pre-

dict the speed of disease progression [28]. Patients with

predicted rapid progression of T1D could be allocated to

interventional trials focusing preferentially on the inhibi-

tion of immune-mediated aetiology. Patients with pre-

dicted slow progression could be invited to participate in

trials at 6 months to 1 year after disease onset, which would

focus on beta cell protective agents, substances triggering

beta cell proliferation or substances preventing superim-

posed gluco-lipotoxicity. Careful stratification of subjects

should therefore enhance the likelihood of finding an effec-

tive means to intervene and halt disease progression.

What steps do the global T1D research community
need to take to achieve the goal of pharmacological
‘cure’?

Why have numerous intervention studies often applying

intensive immunosuppression failed to durably preserve

beta cell function? It could be possible that the level of

immune suppression needed to inhibit the progression of

T1D is simply not ethically justifiable, because it would

lead to extremely undesirable side effects. In addition, the

aetiology of the disease, for example a recurrent infectious

trigger, might erode therapeutic benefits and prevent us

from durably saving any remaining beta cells. One way to
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were a singular disease. However, many pathogenic features differ
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circumvent this issue may be to start combination therapy

with an induction agent that modulates the immune sys-

tem more strongly, followed by a maintenance therapy con-

sisting of antigenic tolerance induction and, for example,

anti-inflammatory drugs or metabolic stabilization, e.g.

drugs that act on GLP-1 [29,30]. This approach may

enhance efficacy while minimizing side effects because of

the lower dose of immune-suppression required. Last, but

not least, adaptive immune memory cells are present in a

certain fraction of patients with T1D, and alefacept [31]

(LFA3 anti-CD2 fusion protein) is one drug which inhibits

these cells while leaving regulatory mechanisms intact.

In conclusion, we should consider the possibility that

T1D is caused by multiple and interlaced mechanisms. It is

not likely to be cured using a single mode of intervention,

and a combinatorial approach is therefore required a pri-

ori. Redirection of the focus of global T1D research from

predominantly T cell-mediated autoimmunity studies to

more comprehensive and wide-ranging strategies may

uncover agents that are able to preserve beta cell mass and

reduce beta cell stress in addition to modulating the adapt-

ive and innate immune mechanisms (Table 1). Combina-

tions of therapies may also be required to allow the use of

lower doses of immunomodulatory agents which would

limit toxicity while achieving additive or synergistic effects

on the disease process.
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