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Type 1 diabetes remains an enigmatic disease from both a scientific and a clinical viewpoint. The symptoms are widely understood to present when the insulin-secreting beta cells in the islets of Langerhans are destroyed via a process of autoimmunity1,2. For this reason, the immediate therapeutic approach at diagnosis is to supplement the endogenous insulin deficiency with an exogenous supply. This has been the status quo over many years and, for the majority of patients, it provides an appropriate means to stabilise their condition and allows for effective glucose control over the longer term. However, this is not universally true and despite the best efforts to maintain glucose homeostasis, the disease is still associated with significant morbidity and mortality. Therefore, important questions remain about whether alternative therapeutic approaches which prevent rather than treat the condition might be developed in future. 
At present, identifying those individuals who are progressing to type 1 diabetes among the background population is a difficult task because presentation of the disease occurs sporadically and is usually unheralded. It develops most frequently in subjects with a specific genetic predisposition and considerable efforts have been invested to identify the genes involved3. However, this information has not stimulated widespread attempts to screen for such individuals. There are various reasons for this, not least the fact that many members of the general population have the “high risk” genetic profile yet do not develop the disease. Allied to this is a still more basic problem which, in our view, defines the nub of the issue most starkly; namely that we still have only a rudimentary understanding of the processes that cause the disease in the pancreas. 
Background
It may come as a surprise to learn that, since the beginning of the 20th century, the underlying pancreatic pathology of type 1 diabetes has been studied in detail in only about 200 individuals with recent-onset disease, worldwide4-6. Hence, our collective understanding of the progression of the illness at the cellular level derives from a very limited evidence base. As such, this has militated against attempts to develop preventive rather than therapeutic options for type 1 diabetes. Thankfully, this situation is changing and immunotherapeutic trials are already underway in the UK to explore whether disease progression can be halted or slowed to allow the preservation of residual beta cell function in newly diagnosed patients7,8. These trials are important and their outcomes will be awaited with bated breath. However, it remains true that the success of such initiatives depends on the validity of assumptions made about the underlying causes of the disease and the suspicion persists that many of these are still concealed within a black box. 
One reason is that the endocrine tissue within the pancreas is not amenable to interrogation or analysis in living individuals (although efforts are underway to try to solve this problem). Thus, it is a sad fact that the majority of cases which become available for study represent tragic instances in which a patient (usually a child) dies at, or soon after, disease diagnosis9,10. Methods to biopsy the pancreas in living subjects have been developed but are subject to significant constraints. In some cases, needle biopsies 11,12 have been taken but the amount of tissue which then becomes available for study is very limited and may not be representative of the pathology across the wider pancreas. More recently, a laparoscopic procedure has been employed in a Norwegian study and, while this has yielded larger quantities of tissue and important new information, only six patients had been recruited when the trial was discontinued because of unexpected complications associated with the procedure13. Thus, the availability of relevant tissue for study remains a limiting factor.
Despite these impediments, progress has been made in understanding the causes of type 1 diabetes and this is partly because of the establishment of new collections of samples (notably via the network of pancreatic organ donor (nPOD) initiative in the USA14; although this still contains very few cases of recent-onset disease) and partly by the advent of improved methods to study the extant collections10. Together these have yielded new insights and also provided some surprises. 
The state of the art
One of the most important conclusions is that the underlying processes which lead to beta cell death in patients with type 1 diabetes do not occur uniformly across the pancreas. Rather, the disease develops in a lobular manner such that some regions of the gland are affected very profoundly while others, often nearby, appear entirely normal6. The reasons for this remain completely mysterious. A second surprise relates to the process by which the beta cells are destroyed. This involves the influx of specific cells of the immune system which migrate to the islets and then target the beta cells for destruction. It had been assumed that this process (“insulitis”) proceeds in a broadly similar manner in most patients and that the disease is manifest at a point when the majority (70-90% for typical “textbook” figures) of the beta cells have been destroyed. However, new evidence suggests that these conclusions are over-simplified and that the underlying processes vary between patients15. As such, this has important implications for the understanding of the disease and how it might be prevented. 
The process of insulitis involves several different types of immune cell and the key effectors mediating the ultimate demise of the beta cells are a subtype of T-cells known as cytotoxic “CD8+” T-cells16. These are attracted to the islets by mechanisms that are still being debated but, on arrival, they are primed to kill the beta cells. This is analogous to the role played by CD8+ cells in fighting infections elsewhere in the body except that, in the pancreas, the attack is directed against “self-antigens” in a process of autoimmunity. The most recent evidence has confirmed that, while CD8+ T-cells probably play a similar overall role in all patients, the rate at which they kill beta cells and the extent to which they are attracted to the islets, is variable. This is because a second cell type, CD20+ B-cells, also contributes to the inflammatory process (a more unexpected conclusion). By examining the insulitic profiles of islets across a range of individuals who had died very soon after the diagnosis of type 1 diabetes, it became clear that the patients fall into two categories15. Some have a profile of insulitis in which the T-cells are accompanied by significant numbers of B-cells during the islet attack while, in others, B-cells are present in much reduced numbers in the islets (though they may still be present in the pancreatic parenchyma). The significance of this only became clear when the patients were stratified according to their age at diagnosis of type 1 diabetes. Rather than finding a random distribution of the two insulitic profiles among the patients, it was discovered that children who were diagnosed at or below 6 years of age displayed one phenotype, while those diagnosed in their teenage years (or beyond) displayed the other15. In particular, those in whom the insulitic profile was characterised by the presence of significant numbers of both T- and B-cells (“CD20Hi”) developed the disease early in life while those with the alternative profile (T-cells but few B-cells; “CD20Lo”) were older at diagnosis. 
In studying this unexpected phenomenon more closely, it was discovered that a second feature also differentiates the two forms of the disease. In patients with a CD20Hi profile of insulitis, few residual beta cells could be found in the pancreas at disease diagnosis; which is consistent with the accepted wisdom that the clinical symptoms arise once most beta cells are destroyed. However, this dogma was challenged by analysis of the residual beta cells in patients with a CD20Lo insulitic profile (i.e. those diagnosed as teenagers or older). In many such patients, significant numbers of beta cells could still be found at the time of disease diagnosis. This suggests that the destructive process is less efficient in this group than in younger children and that the clinical symptoms arise in the older patients before beta cell destruction is complete15. Thus, in those who were older at diagnosis, beta cell dysfunction might also contribute significantly to the clinical onset of disease. In support of this, it was recently shown that islets isolated from patients who had been newly diagnosed with type 1 diabetes beyond their teenage years contain residual beta cells17. Importantly, however, these islets were largely unresponsive to glucose. Strikingly, when they were cultured ex vivo for a few days, their insulin secretory response to glucose improved; thereby confirming that the beta cells had not been completely destroyed but, rather, they had become refractory to glucose stimulation17. Extending this idea, others have found by using a newly-developed high sensitivity assay for endogenous C-peptide, that some patients who have had type 1 diabetes for many years, still display a meal-induced rise in insulin secretion, implying the sustained persistence of some beta cells18,19. Moreover, examination of the pancreases of patients who died as long as 50 years after diagnosis of type 1 diabetes, has also revealed the presence of islets containing immunoreactive insulin20. Thus, the oft-treasured notion that patients with type 1 diabetes inevitably lose their entire complement of beta cells early during disease progression, appears incorrect. 
Implications for the future
Clearly, these various new insights have important implications for the design of approaches to therapy in the future. Firstly, it remains critical that a still more detailed understanding of the underlying immune cell mediated attack on beta cells is gained since a “one size fits all” approach to therapy is unlikely to be successful. Secondly, it will be necessary to learn more about the role of B-cells as catalysts of the autoimmune attack since this is still not widely appreciated. Of course, it is well understood that islet autoantibodies are found commonly in the blood of patients with type 1 diabetes and that such antibodies are secreted by activated B-cells. However, the B-cells that reside in inflamed islets do not appear to be secreting antibodies and must have a different function. If, as seems likely, they can orchestrate the T-cell mediated attack, then interventions designed to impede this action could be therapeutically effective. The newly published results should inform this debate since they suggest that such interventions are likely to be most effective in younger patients. In support of this, it is noteworthy that, in earlier trials of the efficacy of the anti-B-cell reagent, Rituximab, in patients with new-onset type 1 diabetes, the most promising outcomes were seen in younger patients21,22. Finally, if those who develop type 1 diabetes beyond their earliest years of life, retain a significant beta cell reserve at diagnosis; then therapeutic approaches which aim to enhance the functionality of these cells should also be considered alongside attempts to attenuate the autoimmunity. 
Disclosure and competing interests statements
The authors report no potential conflicts of interest in relation to this article.
Funding
Work in the authors’ laboratory is supported by the European Union's Seventh Framework Programme PEVNET [FP7/2007-2013] under grant agreement number 261441; a JDRF Career Development Award (5-CDA-2014-221-A-N) to S.J.R. and grants from Diabetes UK (12/0004505 and 15/0005156). The research was also performed with the support of the Network for Pancreatic Organ Donors with Diabetes (nPOD), a collaborative type 1 diabetes research project sponsored by the Juvenile Diabetes Research Foundation International (JDRF, JDRF 25-2013-268) and with a JDRF research grants awarded to the nPOD-V consortium, JDRF 25-2012-516 and JDRF 25- 2012-770. 
Author Contributions
N.G.M. and S.J.R wrote and critically reviewed the manuscript.

References
1.	Roep BO, Tree TI. Immune modulation in humans: implications for type 1 diabetes mellitus. Nature reviews. Endocrinology. 2014;10(4):229-242.
2.	Atkinson MA, Eisenbarth GS, Michels AW. Type 1 diabetes. The Lancet. 2014;383(9911):69-82.
3.	Concannon P, Rich SS, Nepom GT. Genetics of type 1A diabetes. The New England journal of medicine. 2009;360(16):1646-1654.
4.	In't Veld P. Insulitis in human type 1 diabetes: The quest for an elusive lesion. Islets. 2011;3(4):131-138.
5.	Campbell-Thompson ML, Atkinson MA, Butler AE, et al. The diagnosis of insulitis in human type 1 diabetes. Diabetologia. 2013;56(11):2541-2543.
6.	Richardson SJ, Morgan NG, Foulis AK. Pancreatic pathology in type 1 diabetes mellitus. Endocrine pathology. 2014;25(1):80-92.
7.	Pozzilli P, Maddaloni E, Buzzetti R. Combination immunotherapies for type 1 diabetes mellitus. Nature reviews. Endocrinology. 2015;11:289-297.
8.	von Herrath M, Peakman M, Roep B. Progress in immune-based therapies for type 1 diabetes. Clinical and experimental immunology. 2013;172(2):186-202.
9.	Gepts W. Pathologic anatomy of the pancreas in juvenile diabetes mellitus. Diabetes. 1965;14(10):619-633.
10.	Foulis AK, Liddle CN, Farquharson MA, Richmond JA, Weir RS. The histopathology of the pancreas in type 1 (insulin-dependent) diabetes mellitus: a 25-year review of deaths in patients under 20 years of age in the United Kingdom. Diabetologia. 1986;29(5):267-274.
11.	Hanafusa T, Miyazaki A, Miyagawa J, et al. Examination of islets in the pancreas biopsy specimens from newly diagnosed type 1 (insulin-dependent) diabetic patients. Diabetologia. 1990;33(2):105-111.
12.	Imagawa A, Hanafusa T, Tamura S, et al. Pancreatic biopsy as a procedure for detecting in situ autoimmune phenomena in type 1 diabetes: close correlation between serological markers and histological evidence of cellular autoimmunity. Diabetes. 2001;50(6):1269-1273.
13.	Krogvold L, Edwin B, Buanes T, et al. Pancreatic biopsy by minimal tail resection in live adult patients at the onset of type 1 diabetes: experiences from the DiViD study. Diabetologia. 2014.
14.	Campbell-Thompson M, Wasserfall C, Kaddis J, et al. Network for Pancreatic Organ Donors with Diabetes (nPOD): developing a tissue biobank for type 1 diabetes. Diabetes/metabolism research and reviews. 2012;28(7):608-617.
15.	Leete P, Willcox A, Krogvold L, et al. Differential insulitic profiles determine the extent of beta cell destruction and the age of onset of type 1 diabetes. Diabetes. 2016;Accepted (20/01/2016).
16.	Willcox A, Richardson SJ, Bone AJ, Foulis AK, Morgan NG. Analysis of islet inflammation in human type 1 diabetes. Clinical and experimental immunology. 2009;155(2):173-181.
17.	Krogvold L, Skog O, Sundstrom G, et al. Function of isolated pancreatic islets from patients at onset of type 1 diabetes; Insulin secretion can be restored after some days in a non-diabetogenic environment in vitro. Results from the DiViD study. Diabetes. 2015.
18.	Oram RA, Jones AG, Besser RE, et al. The majority of patients with long-duration type 1 diabetes are insulin microsecretors and have functioning beta cells. Diabetologia. 2014;57(1):187-191.
19.	Oram RA, McDonald TJ, Shields BM, et al. Most people with long-duration type 1 diabetes in a large population-based study are insulin microsecretors. Diabetes care. 2015;38(2):323-328.
20.	Keenan HA, Sun JK, Levine J, et al. Residual insulin production and pancreatic beta-cell turnover after 50 years of diabetes: Joslin Medalist Study. Diabetes. 2010;59(11):2846-2853.
21.	Pescovitz MD, Greenbaum CJ, Bundy B, et al. B-lymphocyte depletion with rituximab and beta-cell function: two-year results. Diabetes care. 2014;37(2):453-459.
22.	Pescovitz MD, Greenbaum CJ, Krause-Steinrauf H, et al. Rituximab, B-lymphocyte depletion, and preservation of beta-cell function. The New England journal of medicine. 2009;361(22):2143-2152.

