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Abstract
Type 1 diabetes results from the poorly understood process of islet autoimmunity, which ultimately leads to the loss of func-
tional pancreatic beta cells. Mounting evidence supports the notion that the activation and evolution of islet autoimmunity 
in genetically susceptible people is contingent upon early life exposures affecting the islets, especially beta cells. Here, we 
review some of the recent advances and studies that highlight the roles of these changes as well as antigen presentation and 
stress response pathways in beta cells in the onset and propagation of the autoimmune process in type 1 diabetes. Future 
progress in this area holds promise for advancing islet- and beta cell-directed therapies that could be implemented in the 
early stages of the disease and could be combined with immunotherapies.
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Abbreviations
ER	� Endoplasmic reticulum
GADA	� GAD autoantibody
HIP	� Hybrid insulin peptide
SASP	� Senescence-associated secretory phenotype

TEDDY	� The Environmental Determinants of Diabetes in 
the Young

UPR	� Unfolded protein response

Introduction

Type 1 diabetes results from organ-specific autoimmunity, 
which eliminates most of the insulin-producing pancreatic 
beta cells. While the role of islet autoimmunity remains 
unquestioned, the role of the islets as active participants has 
only recently become accepted [1]. It was once believed that 
virtually all beta cells are lost in type 1 diabetes. However, 
it now is clear that there is a range of residual beta cells that 
are dysfunctional in people with newly diagnosed type 1 
diabetes [2]. In addition, alpha cell dysfunction is recognised 
as a prominent feature of the disease [3].

Undoubtedly, sustained efforts by the global type 1 dia-
betes research community to understand the basis of T 
cell-driven autoimmunity in type 1 diabetes have paid divi-
dends. The first US Food and Drug Administration-approved 
immunotherapy for type 1 diabetes, the anti-CD3 antibody 
teplizumab, delays symptomatic type 1 diabetes onset by 
2–3 years [4], opening the door for the future clinical appli-
cation of antigen-specific approaches with potentially supe-
rior immunoregulatory properties [5]. Notwithstanding this 
achievement, we are still far from a nuanced understanding 
of how islet autoimmunity originates and propagates during 
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the development of type 1 diabetes and why it is so het-
erogeneous among individuals. In NOD mice, the follow-
ing observations have been made: development of type 1 
diabetes requires CD4+ and CD8+ T cells; autoreactive T 
cells differentiate into killers by engaging beta cell antigens 
on local antigen-presenting cells; initiating CD4+ T cells 
are insulin-reactive; and CD8+ T cells play a major role as 
beta cell killers [6, 7]. Immunohistopathological studies of 
pancreases from individuals with type 1 diabetes are gener-
ally compatible with these observations made in mice (see 
references below) but have exposed additional phenomena 
peculiar to the natural history of the disease in humans. In 
particular, the dialogue between T cells and beta cells is 
far more complex in humans and recent evidence supports 
potential type 1 diabetes ‘endotypes’ based on age at onset 
[8, 9]. Here, we draw upon studies that have shed light on 
the initiation and progression of islet autoimmunity from the 
point of view of the beta cell. We advance the hypothesis 
that antigen presentation by beta cells, their stress responses 
and functional heterogeneity are critical factors that will pro-
vide clues towards solving the enigma posed by islet autoim-
munity in type 1 diabetes.

How is islet autoimmunity initiated? The 
chicken and the egg

Autoantibody positivity  Central to solving the puzzle as to 
how type 1 diabetes occurs will be to identify the elusive 
cause(s) of initial islet autoimmunity. The concept that islet 
autoimmunity results from genetic susceptibility combined 
with an environmental trigger, first theorised by Eisenbarth 
[10], is now generally accepted [11]. Symptomatic, or ‘stage 
3’ type 1 diabetes, generally occurs following two clinically 
tractable stages consisting of seroconversion and the pres-
ence of two or more autoantibodies, followed by develop-
ment of dysglycaemia [11]. While valuable clinically, the 
model has some limitations, some of which are just emerg-
ing. For example, the single-autoantibody-positive stage 
generally has a significantly lower of risk of progression [12] 
and as such is not considered as the earliest stage of type 1 
diabetes. Nevertheless, recent work has revealed defects in 
glucagon secretion in islets isolated from donors positive for 
a single GAD autoantibody (GADA) [13]. Furthermore, all 
autoantibodies are not equal in terms of risk, and the order 
of autoantibody appearance influences progression to type 
1 diabetes [14]: 22% of single-GADA-positive individuals 
progress to multiple autoantibodies; and about 6% of those 
with multiple antibodies progress to stage 3 symptomatic 
type 1 diabetes [15]. On the other hand, there is heterogene-
ity between those individuals that develop multiple autoan-
tibodies, with many not progressing to type 1 diabetes [16]. 
Regardless, in terms of initiation of islet autoimmunity, the 

model posits an environmental triggering event of some 
kind.

Benign autoimmunity  Although insulin is only one of many 
type 1 diabetes-relevant autoantigens, several lines of evi-
dence suggest that insulin autoreactivity, both in mice and 
humans, plays a key role in the initiation of type 1 diabetes 
[17, 18]. Mounting evidence also suggests that diabetogen-
esis involves CD4+ T cell recognition of hybrid peptides 
generated by fusion of insulin to other autoantigens such as 
chromogranin A and islet amyloid polypeptide (hybrid insu-
lin peptides [HIPs]) [19]. Although it remains unclear why 
and how these T cells become activated, an extra-pancreatic 
priming event triggered by systemic delivery of the beta cell-
generated insulin peptides is a likely possibility [20]. In turn, 
it seems reasonable to propose that priming of the disease-
initiating T cell specificities is preceded by quantitatively 
and/or qualitatively abnormal exposure of these T cells to 
cognate insulin epitopes.

In agreement with these considerations, a growing body 
of evidence supports the view that most if not all people 
harbour autoreactive T cells in the peripheral repertoire, 
regardless of their autoimmune disease proclivity [21]. 
While this is inconsequential in most individuals, beta cell 
insults coupled to genetic predisposition could trigger the 
activation and recruitment of these T cells to target organs, 
such as the pancreatic islets in type 1 diabetes. For example, 
CD8+ T cells recognising epitopes from several beta cell 
autoantigens circulate at similar frequencies in both indi-
viduals with type 1 diabetes and non-diabetic individuals but 
are exclusively recruited to the pancreas in individuals with 
type 1 diabetes, where they exhibit an antigen-experienced 
memory phenotype [22]. Coppieters et al [23] demonstrated 
the presence of various beta cell autoreactive CD8+ T cell 
specificities in pancreases from a subset of individuals up 
until 8 years post diagnosis, highlighting the chronic and 
heterogeneous nature of the autoimmune attack underly-
ing the progression of type 1 diabetes. In a similar study, 
Bender et al [24] used in situ tetramer staining to demon-
strate that preproinsulin-specific CD8+ T cells are found in 
healthy donor pancreas tissue in similar proportions to those 
in autoantibody-positive stage 1–2 donors and donors with 
recent-onset type 1 diabetes. In healthy donor pancreases, 
these self-reactive CD8+ T cells appear to remain in a seem-
ingly dormant state, dispersed in the exocrine compartment. 
However, in pancreases from donors with type 1 diabetes, 
these CD8+ T cells are much more frequently observed in 
contact and proximity with insulin-containing islets and dis-
play features of antigen experience [24]. Similarly, a higher 
frequency of circulating preproinsulin-specific CD8+ T cells 
exhibit an antigen-experienced memory phenotype in recent-
onset type 1 diabetes and in stage 2 autoantibody-positive 
children, as compared with healthy control individuals [25]. 
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Together, these studies suggest that initiation of islet auto-
immunity may require beta cell insults capable of eliciting 
the activation and recruitment of autoreactive T cells to the 
pancreas. Genetically imprinted inter-individual differences 
in the avidity of specific autoreactive T cells, differences in 
absolute autoreactive T cells frequencies, and/or differences 
in T cell activation thresholds, which are impacted by thymic 
selection processes, can help determine the likelihood and 
the extent to which one or more ‘environmental’ triggers’ 
may lead to chronic autoimmunity and eventually beta cell 
destruction [26].

Environmental triggers  Putative environmental triggers 
for islet autoimmunity in type 1 diabetes remain elusive 
(reviewed in [27]) but molecular mimicry between beta 
cell and viral antigens [22, 28] may be a plausible link that 
explains the selective activation of islet-reactive T cells in 
certain individuals. Epidemiological studies of large pro-
spective paediatric cohorts have provided insights into early 
life exposures associated with seroconversion, progression 
to multiple autoantibodies and finally symptomatic type 1 
diabetes [29, 30]. The BABYDIAB and BABYDIET stud-
ies established that in genetically susceptible newborns the 
peak incidence of seroconversion (development of the first 
islet autoantibody) occurs between 9 months and 2 years of 
age [29], and children who develop multiple autoantibodies 
before age 3 years are much more likely to progress to type 1 
diabetes in the ensuing 10 years as compared with those who 
do not [30]. Recent updates from The Environmental Deter-
minants of Diabetes in the Young (TEDDY) study support 
the view that the development of islet autoimmunity is asso-
ciated with chronic enteroviral B infection [31]. New find-
ings from the Diabetes Virus Detection (DiViD) study lend 
further evidence implicating live enteroviruses in new-onset 
type 1 diabetes [32]. In the first study of its kind to demon-
strate live virus in the pancreas of living individuals with 
type 1 diabetes, the authors found that resected pancreas tail 
tissue from 6/6 individuals recently diagnosed with type 1 
diabetes (within 1 month of diagnosis) harboured entero-
virus, whereas only two out of 11 from normoglycaemic/
non-diabetic individuals did [32]. Remarkably, other viruses 
were much less frequently found in the diabetic pancreases 
[32], arguing against a general predisposition to viral infec-
tion in people with type 1 diabetes. While a potential envi-
ronmental triggering event could plausibly consist of persis-
tent enteroviral infection, it is important to note that previous 
studies have not found a correlation between enteroviruses 
and type 1 diabetes (extensively reviewed in [33]) and it is 
unlikely that the ensuing heterogeneity in the progression of 
islet autoimmunity could be explained by a single kind of 
environmental trigger in all cases. Future investigations on 
individuals at early presymptomatic stages of type 1 diabe-
tes will be required to establish whether chronic enteroviral 

infections could selectively promote activation of beta cell-
specific T cell populations. Additional studies should also 
consider events even earlier in life, such as in utero sensitis-
ing events, and their impact during the window of beta cell 
development in the fetus. Indeed, recent evidence from the 
TEDDY study showed a correlation between the number 
and type of islet autoantibody and various forms of maternal 
psychosocial stress during pregnancy [34].

Early life metabolic changes  But is islet autoimmunity 
merely a matter of immune-activating events or do earlier 
clinically tractable events occur in the islets/beta cells? 
A recent study by Warncke et al [35] sheds light on this 
vital question for the first time through a comprehensive 
analysis of pre- and postprandial glucose levels in a large 
cohort of infants prior to seroconversion within the criti-
cal window of islet autoimmunity development. This study 
analysed over 5000 preprandial and over 3000 postprandial 
blood glucose measurements in a prospective cohort of over 
1000 infants and toddlers from 4 months to 3.5 years of 
age as part of the Primary Oral Insulin Trial (POInT) [36]. 
Remarkably, the study demonstrated that there are subtle but 
significant increases in 30 min postprandial blood glucose 
in infants (from 4 months to 1.5 years of age) that experi-
enced seroconversion to single or multiple autoantibodies 
as compared with those that did not [35]. At toddler stages 
(1.5–3.5 years) differences were observed in preprandial 
blood glucose between the groups. Seroconversion was 
detected at a median age of 1.8 years but postprandial blood 
glucose levels did not differ between infants that went on 
to develop islet autoantibodies vs those that did not, just 
up until 2 months prior to seroconversion [35]. Strikingly, 
these data suggest that alterations in glucose metabolism 
and/or beta cell function precede the development of islet 
autoimmunity [35] and it is tempting to speculate that early 
life alterations in beta cell function could play a causal role 
in islet autoimmunity. There are important limitations to 
consider in this study, since at present it is unclear whether 
autoimmune initiation is the same as seroconversion. Nev-
ertheless, this study furnishes a new perspective on the role 
of early postnatal development in shaping the functioning 
and responsiveness of islets and their interactions with the 
immune system in humans. A body of evidence from studies 
in rodents highlights the importance of diet interactions with 
the epigenome in neonatal beta cells (reviewed in [37]) and 
supports the importance of the neonatal period in laying the 
foundations for the long-term health of beta cells in adults. 
As very few studies have interrogated the mechanisms of 
human beta cell development and function in the neonatal 
period [38–40], further work in this area is urgently needed. 
Major consortia, such as the US NIH-funded Human Atlas 
of Neonatal Development & Early Life Pancreas (HAN-
DEL-P) (https://​www.​pancr​eatlas.​org/​datas​ets/​531/​overv​

https://www.pancreatlas.org/datasets/531/overview
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iew, accessed 23 June 2023), have the resources to make 
advances in this field on behalf of the community.

How does islet autoimmunity progress? 
A role for antigen presentation by beta cells

Beta cells and the progression of islet autoimmunity  The 
initiation of islet autoimmunity is likely to involve both 
early life developmental changes in beta cells as well as 
environmental exposures but what factors drive the further 
progression and development of islet autoimmunity? Islet 
autoimmunity dynamically evolves and expands during the 
progression from stage 1 to stage 3 type 1 diabetes, as evi-
denced by the presence of increasing numbers of autoanti-
bodies and autoreactive T cells specificities. Islet-reactive 
T cells recognise an increasing number of beta cell antigens 
and epitopes as the disease progresses, consistent with both 
antigen and epitope spreading [41]. Thus, dynamic antigen 
presentation by beta cells may be a driving factor in the pro-
gression of islet autoimmunity (reviewed in [42]). It is well 
established that human islets overexpress HLA Class I mol-
ecules during early stages of type 1 diabetes [43]; however, 
studies now report expression of HLA Class II molecules 
on beta cells in type 1 diabetes as well [44, 45]. Elegant 
immunopeptidomics of HLA Class I from human beta cell 
lines and tetramer staining confirms that beta cells present 
both conventional and modified antigens to islet-infiltrating 
CD8+ T cells [46, 47]. Likewise, studies of human islet-
reactive CD4+ T cells have shown that at least some of the 
beta cell-derived epitopes that are targeted by diabetogenic 
CD4+ T cells arise from alternative splicing of antigen-cod-
ing mRNAs or from the post-translational fusion of frag-
ments of insulin and other secretory granule hormones, the 
so-called HIPs [48, 49]. T cells recognising these antigenic 
targets would readily escape central tolerance, and hence 
play a more significant, albeit not exclusive, role in diabe-
togenesis owing to their higher avidity for cognate peptide 
major histocompatibility complex (pMHC) (in the absence 
of thymic censorship). One of the main take-home messages 
from this body of work is that conventional and typically 
processed autoantigens only represent the tip of the iceberg 
in terms of antigen complexity during the progression of 
islet autoimmunity. Preproinsulin and insulin (or derivatives) 
are major antigenic targets of the human autoreactive T cell 
repertoire that infiltrate islets in type 1 diabetes [17, 50]. 
Post-translational modification, alternative splicing, hybrid-
fusion, defective ribosomal products and other unconven-
tional beta cell antigens have all been shown to underlie the 
activation of at least some autoreactive T cells responses. 
These unconventional beta cell autoantigens are collectively 
referred to as ‘neoantigens’ (reviewed extensively elsewhere 
[28]), since they comprise immunologically novel sequences 

or structures that are selectively expressed (and exposed to 
autoreactive T cells) in the islet niche. As antigen presen-
tation by beta cells is greatly altered by various forms of 
stress (reviewed in [51] and further detailed below), stress 
pathways operating in beta cells are a major cause of neo-
antigen formation.

Beta cell death and islet autoimmunity  Another major unan-
swered question concerns the relationship between beta cell 
death and islet autoimmunity progression. As the mode and 
kinetics of beta cell death during the presymptomatic stages 
of type 1 diabetes clearly vary between people, how this 
influences the evolution of antigen presentation and neo-
antigen formation remains to be determined. Neiman et al 
[52] measured cell-free beta cell DNA (identified by its beta 
cell-specific methylation profile at key genes) as a surrogate 
for beta cell death in a cohort of autoantibody-positive indi-
viduals (n=32), individuals with very recent-onset type 1 
diabetes (<4 months n=92), individuals with long-standing 
type 1 diabetes (>4 months, n=38) and normoglycaemic/
healthy control donors. The authors surprisingly found no 
significant differences in circulating beta cell DNA in the 
autoantibody-positive donors vs donors with type 1 diabe-
tes relative to controls [52]. Despite some limitations with 
the sensitivity of the assay and the cross-sectional nature of 
the study, a significant difference in cell-free beta cell DNA 
was found in donors who had received an islet transplant 
compared with healthy donors, likely reflecting the extensive 
beta cell death that frequently occurs post transplant [52]. 
Thus, whatever conclusions can be drawn from this study 
concerning the mode or kinetics of beta cell loss during type 
1 diabetes (whether it is progressive, relapsing–remitting, 
etc.), beta cell death during the early and symptomatic stages 
of type 1 diabetes is unlikely to release large quantities of 
cell-free DNA or antigens, as occurs during islet transplanta-
tion. It therefore remains to be determined how the mode and 
kinetics of beta cell death affect the evolution of beta cell 
antigenicity and neoantigen formation during the develop-
ment of type 1 diabetes.

Lessons from mouse models  The view that antigen pres-
entation by beta cells is critical for progression of islet 
autoimmunity has been supported by mechanistic studies 
manipulating genes in beta cells in the NOD mouse model. 
Conditional knockout of the unfolded protein response 
(UPR) mediator Ire1α (also known as Ern1) in young 
beta cells of NOD mice leads to a dedifferentiated pheno-
type, which alters antigen presentation and halts disease 
progression [53]. Adoptive transfer of cytotoxic T cells 
from mice with beta cell-specific Ire1α deletion failed to 
induce diabetes in recipient mice [53], revealing a funda-
mental phenotypic change in autoimmunity precipitated by 
the alterations in the beta cells. Similarly, mutation of the 

https://www.pancreatlas.org/datasets/531/overview
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type 1 diabetes genome-wide association study gene Rnls, 
which controls UPR signalling, led to reduced recognition 
of NIT-1 insulinoma beta cells by polyclonal autoreactive 
T cells from diabetic NOD mice, without affecting MHC 
class I or II expression [54]. Enforced early proliferation 
of young beta cells in NOD mice by liver insulin receptor 
knockout (LIRKO) before immune cell infiltration led to 
profound changes in antigen presentation concomitant with 
a diminution of autoreactive T cell activity [55]. NOD mice 
harbouring Ins1-Cre or a reduced dose of insulin genes show 
a lower diabetes penetrance but no major changes in autoan-
tibodies or insulitis [56], and swapping the mouse Ins1 gene 
for the human INS gene also has a protective effect in NOD 
mice [57]. Given the role of insulin as a major autoantigen 
in type 1 diabetes, the findings from these latter studies are 
also consistent with altered/reduced presentation of insulin 
antigens, leading to slower autoimmunity progression and 
lower type 1 diabetes penetrance in NOD mice. While care 
should be taken in extrapolating the relevance of results in 
NOD mice to humans, this work highlights the dynamic 
relationships between antigen presentation by beta cells and 
autoimmunity and in particular the significance of beta cell 
maturation stage.

Beta cell stress responses and islet 
autoimmunity

A growing number of studies support the view that beta 
cell stress responses, including the UPR, type I IFN 
response and senescence, contribute to the progression 
of islet autoimmunity and type 1 diabetes (reviewed in 
[58]). Each of these stress responses occur in human beta 
cells in type 1 diabetes as shown by immunohistological 
studies on donor pancreas [59–61]. Furthermore, drug-
based interventions that mitigate each of these stress 
responses appears to be sufficient to halt diabetes progres-
sion in NOD mice (reviewed in [62]). Moreover, results 
from clinical trials targeting the UPR in individuals with 
new-onset type 1 diabetes [63, 64] provide support for 
the translational potential for targeting beta cell stress in 
humans. Below, we detail each of these stress pathways 
and what has been learned about their relationships with 
islet autoimmunity (Fig. 1).

Beta cell UPR  Beta cells are prone to endoplasmic reticulum 
(ER) stress as a general consequence of their professional 
secretory functions [65]. ER stress activates the UPR, a 

UPR Type I IFN Senescence

SASP

IFN-α, IFN-β
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HLA II

Neoantigens

β β

JAK JAK
P P
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?

?

IRE1α/XBP1s JAK/STAT p53/p21

Fig. 1   Human beta cell stress responses during the development 
of type 1 diabetes and effects on antigen presentation. (a) ER stress 
activates the UPR, which either restores homeostasis (adaptive) or 
initiates apoptosis (terminal). Activation of the UPR may alter anti-
gen presentation via changes in HLA Class I and II expression and 
formation of neoantigens. (b) Type I IFN response is triggered by 
cytokines IFN-α and IFN-β and leads to activation of JAK/STAT 
signalling. The IFN response upregulates HLA Class I and II expres-
sion and could also lead to the formation of neoantigens via effects 

on alternative splicing, among other mechanisms. (c) Senescence is a 
stress response characterised by DNA damage, activation of the p53/
p21 pathway and an inflammatory secretome (SASP). It is currently 
unclear how senescence could alter human beta cell antigen presenta-
tion but evidence from NOD mice [61] suggests an impact on Class 
I and II expression, antigen processing machinery and potential for 
neoantigen formation. β, beta cell. Created with BioRender.com. This 
figure is available as part of a downl​oadab​le slide​set

https://static-content.springer.com/esm/art%3A10.1007%2Fs00125-023-05970-z/MediaObjects/125_2023_5970_MOESM1_ESM.pptx


1976	 Diabetologia (2023) 66:1971–1982

1 3

three-branch signalling cascade that functions to re-estab-
lish cellular homeostasis and alleviate ER stress. The three 
main UPR sensors are inositol requiring enzyme 1 (IRE1), 
protein kinase R-like endoplasmic reticulum kinase (PERK) 
and activating transcription factor 6 (ATF6). According to 
the canonical model of the UPR system in beta cells, if the 
adaptive UPR fails to reduce chronic ER stress, a terminal 
UPR occurs, which triggers apoptosis [66]. Activation of 
UPR either via chemical stressors or inflammatory cytokines 
upregulates HLA Class I and II expression, alters antigen 
presentation by beta cells and elicits neoantigen formation 
in both mouse and human islets/beta cells [45, 46, 67]. In 
addition, UPR activation with thapsigargin increases human 
induced pluripotent stem cell beta cell HLA Class I antigen 
presentation to type 1 diabetes donor T cells in vitro in an 
autologous co-culture system [68]. Most of our knowledge 
of the UPR in beta cells during type 1 diabetes and its rela-
tionship with antigen presentation comes from work on the 
IRE1α/spliced x-box binding protein 1 (XBP1s) signalling 
arm [66] (Fig. 1a), where changes in this pathway have been 
linked with altered antigen presentation [53, 67]. However, it 
is not entirely clear whether other UPR mediator(s) also play 
a role and how sustained the effects on antigen presentation 
are; the balance between adaptive and terminal UPR may 
play a significant role.

Beta cell type I IFN response  The type I IFN response is a 
broadly acting cellular antiviral defence. IFN-α and IFN-β 
activate janus kinase/signal transducers and activators of 
transcription (JAK/STAT) pathway signalling leading to 
a variety of different outcomes, including IFN-stimulated 
gene expression, ER stress, HLA Class I overexpression and 
eventual beta cell apoptosis in human donor islets ex vivo 
and in the human beta cell line EndoC-βH1 [69]. This stress 
response also shows a number of genetic associations with 
type 1 diabetes [70]. Although upregulation of HLA Class 
I is observed throughout the islet in type 1 diabetes [43], 
other markers of the IFN response occur preferentially in 
islets with remaining beta cells and insulitis in autoantibody-
positive pancreas donors and those with type 1 diabetes 
[71]. While treatment with inflammatory cytokines IFN-γ, 
IL-1β and TNF-α also triggers HLA Class II upregulation 
in human islet beta cells [45], whether a similar response 
occurs following IFN-α or IFN-β stimulation has not been 
addressed (Fig. 1b). Interestingly, the RNA editing enzyme 
adenosine deaminase RNA specific 1 (ADAR1) is upregu-
lated in response to IFN-α but antagonises the IFN pathway 
by A-to-I editing and alternative splicing of human beta 
cell mRNAs, thereby altering the transcriptome and poten-
tially leading to neoantigens [72]. These results highlight 
the diverse mechanisms by which type I IFN signalling can 
impact antigen presentation by beta cells and thus could 
influence progression of islet autoimmunity.

Beta cell senescence  In contrast to both UPR and type I 
IFN responses both of which can trigger apoptosis, beta cell 
senescence is a stable anti-apoptotic stress response that 
involves growth arrest and a proinflammatory secretome 
termed the senescence-associated secretory phenotype 
(SASP) [62]. Single-cell RNA-seq suggested that senescent 
beta cells in NOD mice upregulate a variety of antigen pro-
cessing and presentation genes, including MHC I and II [61], 
but whether these changes are reflected at the protein level 
was not determined. Similarly, it has not been determined 
whether senescence in human islet beta cells elicits changes 
in HLA Class I or II expression or antigen presentation 
(Fig. 1c). Due to SASP and apoptosis resistance, senescent 
beta cells could persist to continue a long-lasting dialogue 
with the immune system. Though key details remain to be 
explored, further investigations into how beta cell senes-
cence alters antigen presentation are clearly warranted.

Do individual beta cells differ in their 
susceptibility to islet autoimmunity?

Beta cell heterogeneity and islet autoimmunity  The notion 
of beta cell functional heterogeneity is increasingly accepted 
as a natural and biologically relevant feature of islet archi-
tecture and health [73, 74]. Salomon and Meda first dem-
onstrated the existence of rodent beta cell populations with 
differing secretory activities [75] and a few years later, 
Pipeleers and others [76, 77] showed beta cell subpopula-
tions that varied in their metabolic responses to glucose. 
Transcriptomic and other data (reviewed in [78]) have now 
reinforced this view.

An important feature of heterogeneity in islet function 
is the connectivity between individual beta cells, resulting 
at least in part from the existence of gap junctional cou-
pling. Supporting the importance of this process, inactiva-
tion of the gap junction protein connexin 36 (encoded by 
Gjd2) in beta cells results in defective insulin secretion and 
glucose tolerance in mice [79, 80]. Additionally, highly con-
nected ‘hubs’, representing ~5% of beta cells, that host a 
disproportionate number of connections to other cells [81] 
are involved in the transmission of Ca2+ signals across the 
mouse islet. These phenomena are predicted by modelling 
to play an important role in islet cell physiology [82, 83] and 
appear also to be important in human islets [82]. Of note, 
different islets display discrete wave types and behaviours, 
with ‘hub’ behaviour most prominent in islets displaying 
more rapid Ca2+ oscillations [84]. At least for the function-
ally defined leader and hub beta cells, respectively, the exist-
ence of discrete transcriptomes [84] and of protein markers 
including glucokinase [81] argues that these reflect stable 
subsets of cells rather than stochastic, functional ‘states’. 
The relevance of this inter-islet heterogeneity to both normal 
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insulin secretion and type 1 diabetes pathogenesis, is diffi-
cult to study given the challenges of interrogating the func-
tion of multiple islets while preserving their spatial inter-
relationships simultaneously within the intact pancreas but 
may be achievable in pancreatic slice preparations, at least 
over relatively short ranges (a few mm). Genes involved in 
modulating beta cell function may also contribute to the 
hub/leader–follower dynamic. Of particular interest in this 
context are those genes implicated, through genetics, in the 
pathogenesis of both type 1 diabetes and type 2 diabetes 
[85], such as human GLIS2 and PTPN2, as well as genes 

shown in our mouse studies to be enriched (Gck) or depleted 
(Ins) in hub cells, or to be enriched (e.g. ADCY6) in leader 
cells [84]. Single-cell RNA-seq data from individuals with 
type 1 diabetes and non-diabetic control individuals from 
the Human Pancreas Analysis Program (HPAP) reveal 
changes in transcript levels in both beta and alpha cells, with 
immune-related genes strongly represented in both cell types 
[86].

Whether leader or hub (or other) specialised beta cells, 
or islets enriched in these ‘regulatory’ cell types, are pref-
erentially targeted in type 1 diabetes is not known (Fig. 2). 
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Type 1 diabetes-related stressors, such as cytokine treat-
ment, lower the apparent number of hubs in mouse islets 
[87] but whether this reflects loss or dysfunction of these 
cells or weakening of the connections between these and 
subservient followers is unclear. Likewise, it is unknown 
whether these specialised beta cell subtypes have any 
relationship to beta cells that undergo stress responses, 
such as UPR or senescence, during type 1 diabetes. In any 
case, preferential loss of leaders or hubs may conceiv-
ably lead to islet dysfunction (where a significant number 
of ‘dormant’ beta cells remain [88]), in addition to beta 
cell death, in type 1 diabetes [89]. Future studies to test 
this hypothesis will involve quantifying leader and hub 
cell numbers during the natural history of type 1 diabe-
tes. This may involve live cell analysis in vitro (e.g. using 
pancreatic slice preparations) or in vivo after engraftment 
into the anterior eye chamber of immune-compromised 
mice. An alternative and attractive possibility given their 
availability (e.g. through the Network for Pancreas Organ 
Donors with Diabetes, nPOD), is the analysis of fixed sam-
ples from individuals with type 1 diabetes. Examination of 
the mechanisms involved in any selective cell loss, such 
as preferential expression of conventional or neoantigens, 
might then be facilitated by prospective studies in vivo 
[90, 91].

Alpha cells and the initiation 
and progression of islet autoimmunity

Alpha cells in the human islet are much more abundant than 
in rodents (30–50% of the islet, a value which approaches 
or may even exceed that of beta cells in some islets) [92]. 
During the natural history of type 1 diabetes, alpha cells 
develop dysfunction including failure of high-glucose-
mediated suppression and poor response to low glucose 
(hypoglycaemic blindness) induced by iatrogenic insulin 
administration [93]. It was initially thought that the alpha 
cell becomes dysregulated only in later stages of type 1 
diabetes when loss of beta cell mass (leading to deficient 
insulin and unrestrained somatostatin secretion) perturbs 
paracrine modulation of glucagon release (reviewed in [94]) 
[95]. However, reports have shown early loss of the glucagon 
response to hypoglycaemia in type 1 diabetes [96]. In fact, 
the beta cells of islets isolated from single GADA-positive 
normoglycaemic donors [13], and those surviving in type 
1 diabetes, have remarkably preserved secretory responses 
[97]. In contrast, alpha cells from islets isolated from nor-
moglycaemic GADA-positive donors and donors with type 
1 diabetes show impaired suppression of glucagon secretion 
by glucose [13, 97]. This would indicate that both intrinsic 
and extrinsic defects affect the alpha cell in type 1 diabetes.

Alpha cells and the progression of islet autoimmun-
ity  Whereas T cell-mediated destruction of beta cells is 
well-studied, the collateral damage of this process on alpha 
cells in the islet microenvironment is poorly understood. A 
subset of islet-infiltrating T cells recognise peptides derived 
from proglucagon, and serum autoantibodies to glucagon 
have been reported in the NOD mouse model [98], although 
current evidence has shown this does not occur in humans 
[17]. Regardless of the possible mechanisms involved, it is 
becoming clear that approaches to restore alpha cell func-
tion have a beneficial effect on beta cell health and survival 
in type 1 diabetes. Recent studies targeting glutamate [99] 
and glucagon [100] receptors have demonstrated remarkable 
efficacy on human type 1 diabetes pancreas slices and type 
1 diabetes mouse models in normalising glucagon secretion 
and improving beta cell mass, respectively. Future studies 
are required to delineate how aberrant alpha cell function 
early in type 1 diabetes might influence the progression of 
the autoimmune attack on beta cells and whether targeting of 
alpha cell dysfunction could be a viable therapeutic option 
to ameliorate the progression of islet autoimmunity and/or 
to preserve beta cell mass and function in humans.

Conclusion

In conclusion, there are many remaining questions surround-
ing the origins of islet autoimmunity and how it develops 
during type 1 diabetes. We are only beginning to appreciate 
the roles of islets and of beta cells themselves in autoimmun-
ity. Early beta cell development as well as the metabolic, 
phenotypic, transcriptomic and epigenetic reprogramming 
that beta and alpha cells undergo during diabetogenesis 
remain poorly understood in humans. Studies within the 
critical window when seroconversion frequently occurs in 
infants with high genetic risk will provide key mechanistic 
insights. We still have much to learn about how beta cell 
antigen presentation, stress pathways, functional heterogene-
ity and alpha cells shape the autoimmune response in type 
1 diabetes. Sustained progress in this area will reveal the 
mechanisms underlying heterogeneity in islet autoimmunity 
and guide our efforts to move clinical interventions in type 
1 diabetes towards precision medicine.

Supplementary Information  The online version contains a slideset 
of the figures for download, which is available to authorised users at 
https://​doi.​org/​10.​1007/​s00125-​023-​05970-z.

Acknowledgements  We apologise to colleagues whose work could not 
be cited due to space limitations.

Funding  PJT was supported by CIHR (PJT-479641), a new investi-
gator operating grant from Research Manitoba (5351), an operating 
grant from the Health Sciences Centre Foundation Winnipeg and an 
End Diabetes 2022 Award from Diabetes Canada (OG-3-22-5694-PT). 

https://doi.org/10.1007/s00125-023-05970-z


1979Diabetologia (2023) 66:1971–1982	

1 3

GAR was supported by a Wellcome Trust Investigator Award 
(212625/Z/18/Z), UK MRC Programme grant (MR/R022259/1), Dia-
betes UK Project grant (BDA16/0005485), CRCHUM start-up funds, 
an Innovation Canada John R. Evans Leader Award (CFI 42649) and 
NIH-NIDDK (R01DK135268) project grant. HYG was supported by 
CIHR (PJT-159741 and PJT-148652) and the Canada Research Chairs 
Program. PS was supported by CIHR (FDN-353029, PJT-479040, 
PJT-479038, FRN-168480 [with JDRF], DT4-179512), Genome 
Canada (GAPP program), the Praespero Foundation, the Alberta Dia-
betes Foundation, the ISCIII and FEDER (PIE14/00027, PI15/0797), 
MINECO (PID2021-125493OB-I00), Generalitat de Catalunya (SGR 
and CERCA Programmes) and Red Española de Supercomputación 
(RES, providing CSUC resources). All investigators were supported 
by a CIHR-JDRF team grant (CIHR-IRSC TDP-186358 and JDRF 
4-SRA-2023-1182-S-N).

Authors’ relationships and activities  GAR has received grant funding 
from, and is a consultant for, Sun Pharmaceuticals Inc. PS is founder, 
scientific officer and stockholder of Parvus Therapeutics. He is inventor 
on patents on pMHC-based nanomedicines and receives funding from 
the company. The other authors declare that there are no relationships 
or activities that might bias, or be perceived to bias, their work.

Contribution statement  All authors conceived of the manuscript and 
provided contributions. PJT and PS wrote the sections on islet auto-
immunity initiation, antigen presentation and early life exposures. JP 
wrote the section on beta cell stress pathways with guidance from PJT. 
GAR wrote the section on beta cell functional heterogeneity. HYG 
wrote the section on alpha cell dysfunction. All authors edited and 
approved the final version of the manuscript.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References
	 1.	 Mallone R, Halliez C, Rui J, Herold KC (2022) The β-cell in 

type 1 diabetes pathogenesis: a victim of circumstances or an 
instigator of tragic events? Diabetes 71(8):1603–1610. https://​
doi.​org/​10.​2337/​dbi21-​0036

	 2.	 Sims EK, Mirmira RG, Evans-Molina C (2020) The role of beta-
cell dysfunction in early type 1 diabetes. Curr Opin Endocrinol 
Diabetes Obes 27(4):215–224. https://​doi.​org/​10.​1097/​MED.​
00000​00000​000548

	 3.	 Hughes DS, Narendran P (2014) Alpha cell function in type 1 
diabetes. Br J Diabetes Vasc Dis 14(2):45–51. https://​doi.​org/​10.​
15277/​bjdvd.​2014.​014

	 4.	 Herold KC, Bundy BN, Alice Long S et al (2019) An anti-CD3 
antibody, teplizumab, in relatives at risk for type 1 diabetes. N 
Engl J Med 381(7):603–613. https://​doi.​org/​10.​1056/​NEJMo​
a1902​226

	 5.	 Serra P, Santamaria P (2019) Antigen-specific therapeutic 
approaches for autoimmunity. Nat Biotechnol 37(3):238–251. 
https://​doi.​org/​10.​1038/​s41587-​019-​0015-4

	 6.	 Santamaria P (2010) The long and winding road to understand-
ing and conquering type 1 diabetes. Immunity 32(4):437–445. 
https://​doi.​org/​10.​1016/j.​immuni.​2010.​04.​003

	 7.	 Tsai S, Shameli A, Santamaria P (2008) CD8+ T cells in type 
1 diabetes. Adv Immunol 100:79–124. https://​doi.​org/​10.​1016/​
S0065-​2776(08)​00804-3

	 8.	 Carré A, Richardson SJ, Larger E, Mallone R (2020) Presump-
tion of guilt for T cells in type 1 diabetes: lead culprits or partners 
in crime depending on age of onset? Diabetologia 64(1):15–25. 
https://​doi.​org/​10.​1007/​s00125-​020-​05298-y

	 9.	 Battaglia M, Ahmed S, Anderson MS et al (2020) Introducing the 
endotype concept to address the challenge of disease heterogene-
ity in type 1 diabetes. Diabetes Care 43(1):5–12. https://​doi.​org/​
10.​2337/​dc19-​0880

	 10.	 Eisenbarth GS (1986) Type I diabetes mellitus. N Engl J Med 
314(21):1360–1368. https://​doi.​org/​10.​1056/​NEJM1​98605​22314​
2106

	 11.	 Insel RA, Dunne JL, Atkinson MA et al (2015) Staging pre-
symptomatic type 1 diabetes: a scientific statement of JDRF, 
the Endocrine Society, and the American Diabetes Associa-
tion. Diabetes Care 38(10):1964–1974. https://​doi.​org/​10.​
2337/​dc15-​1419

	 12.	 Yu L, Zhao Z, Steck AK (2017) T1D autoantibodies: room for 
improvement? Curr Opin Endocrinol Diabetes Obes 24(4):285–
291. https://​doi.​org/​10.​1097/​MED.​00000​00000​000348

	 13.	 Doliba NM, Rozo AV, Roman J et al (2022) α Cell dysfunction 
in islets from nondiabetic, glutamic acid decarboxylase autoan-
tibody–positive individuals. J Clin Invest 132(11):e156243. 
https://​doi.​org/​10.​1172/​JCI15​6243

	 14.	 Vehik K, Bonifacio E, Lernmark Å et al (2020) Hierarchical 
order of distinct autoantibody spreading and progression to type 
1 diabetes in the Teddy study. Diabetes Care 43(9):2066–2073. 
https://​doi.​org/​10.​2337/​dc19-​2547

	 15.	 Bingley PJ, Boulware DC, Krischer JP (2016) The implications 
of autoantibodies to a single islet antigen in relatives with normal 
glucose tolerance: development of other autoantibodies and pro-
gression to type 1 diabetes. Diabetologia 59(3):542–549. https://​
doi.​org/​10.​1007/​s00125-​015-​3830-2

	 16.	 Jacobsen LM, Bocchino L, Evans-Molina C et al (2020) The risk 
of progression to type 1 diabetes is highly variable in individuals 
with multiple autoantibodies following screening. Diabetologia 
63(3):588–596. https://​doi.​org/​10.​1007/​s00125-​019-​05047-w

	 17.	 Anderson AM, Landry LG, Alkanani AA et al (2021) Human 
islet T cells are highly reactive to preproinsulin in type 1 diabe-
tes. Proc Natl Acad Sci U S A 118(41):e2107208118. https://​doi.​
org/​10.​1073/​pnas.​21072​08118

	 18.	 Nakayama M, Abiru N, Moriyama H et al (2005) Prime role for 
an insulin epitope in the development of type 1 diabetes in NOD 
mice. Nature 435(7039):220–223. https://​doi.​org/​10.​1038/​natur​
e03523

	 19.	 Delong T, Wiles TA, Baker RL et al (2016) Pathogenic CD4 T 
cells in type 1 diabetes recognize epitopes formed by peptide 
fusion. Science 351(6274):711–714. https://​doi.​org/​10.​1126/​
scien​ce.​aad27​91

	 20.	 Wan X, Zinselmeyer BH, Zakharov PN et al (2018) Pancreatic 
islets communicate with lymphoid tissues via exocytosis of insu-
lin peptides. Nature 560(7716):107–111. https://​doi.​org/​10.​1038/​
s41586-​018-​0341-6

	 21.	 Umeshappa CS, Mbongue J, Singha S et  al (2020) Ubiqui-
tous antigen-specific T regulatory type 1 cells variably sup-
press hepatic and extrahepatic autoimmunity. J Clin Invest 
130(4):1823–1829. https://​doi.​org/​10.​1172/​JCI13​0670

	 22.	 Culina S, Lalanne AI, Afonso G et al (2018) Islet-reactive CD8+ 
T cell frequencies in the pancreas, but not in blood, distinguish 
type 1 diabetic patients from healthy donors. Sci Immunol 
3(20):1–16. https://​doi.​org/​10.​1126/​sciim​munol.​aao40​13

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2337/dbi21-0036
https://doi.org/10.2337/dbi21-0036
https://doi.org/10.1097/MED.0000000000000548
https://doi.org/10.1097/MED.0000000000000548
https://doi.org/10.15277/bjdvd.2014.014
https://doi.org/10.15277/bjdvd.2014.014
https://doi.org/10.1056/NEJMoa1902226
https://doi.org/10.1056/NEJMoa1902226
https://doi.org/10.1038/s41587-019-0015-4
https://doi.org/10.1016/j.immuni.2010.04.003
https://doi.org/10.1016/S0065-2776(08)00804-3
https://doi.org/10.1016/S0065-2776(08)00804-3
https://doi.org/10.1007/s00125-020-05298-y
https://doi.org/10.2337/dc19-0880
https://doi.org/10.2337/dc19-0880
https://doi.org/10.1056/NEJM198605223142106
https://doi.org/10.1056/NEJM198605223142106
https://doi.org/10.2337/dc15-1419
https://doi.org/10.2337/dc15-1419
https://doi.org/10.1097/MED.0000000000000348
https://doi.org/10.1172/JCI156243
https://doi.org/10.2337/dc19-2547
https://doi.org/10.1007/s00125-015-3830-2
https://doi.org/10.1007/s00125-015-3830-2
https://doi.org/10.1007/s00125-019-05047-w
https://doi.org/10.1073/pnas.2107208118
https://doi.org/10.1073/pnas.2107208118
https://doi.org/10.1038/nature03523
https://doi.org/10.1038/nature03523
https://doi.org/10.1126/science.aad2791
https://doi.org/10.1126/science.aad2791
https://doi.org/10.1038/s41586-018-0341-6
https://doi.org/10.1038/s41586-018-0341-6
https://doi.org/10.1172/JCI130670
https://doi.org/10.1126/sciimmunol.aao4013


1980	 Diabetologia (2023) 66:1971–1982

1 3

	 23.	 Coppieters KT, Dotta F, Amirian N et al (2012) Demonstra-
tion of islet-autoreactive CD8 T cells in insulitic lesions from 
recent onset and long-term type 1 diabetes patients. J Exp Med 
209(1):51–60. https://​doi.​org/​10.​1084/​jem.​20111​187

	 24.	 Bender C, Rodriguez-Calvo T, Amirian N, Coppieters KT, von 
Herrath MG (2020) The healthy exocrine pancreas contains 
preproinsulin-specific CD8 T cells that attack islets in type 1 
diabetes. Sci Adv 6(42):1–10. https://​doi.​org/​10.​1126/​sciadv.​
abc55​86

	 25.	 Yeo L, Pujol-Autonell I, Baptista R et al (2020) Circulating β 
cell-specific CD8+ T cells restricted by high-risk HLA class I 
molecules show antigen experience in children with and at risk 
of type 1 diabetes. Clin Exp Immunol 199(3):263–277. https://​
doi.​org/​10.​1111/​cei.​13391

	 26.	 Bender C, Rajendran S, von Herrath MG (2021) New insights 
into the role of autoreactive CD8 T cells and cytokines in human 
type 1 diabetes. Front Endocrinol (Lausanne) 11(January):1–6. 
https://​doi.​org/​10.​3389/​fendo.​2020.​606434

	 27.	 Norris JM, Johnson RK, Stene LC (2020) Type 1 diabetes—early 
life origins and changing epidemiology. Lancet Diabetes Endo-
crinol 8(3):226–238. https://​doi.​org/​10.​1016/​S2213-​8587(19)​
30412-7

	 28.	 Rodriguez-Calvo T, Johnson JD, Overbergh L, Dunne JL (2021) 
Neoepitopes in type 1 diabetes: etiological insights, biomarkers 
and therapeutic targets. Front Immunol 12(April):1–10. https://​
doi.​org/​10.​3389/​fimmu.​2021.​667989

	 29.	 Ziegler AG, Bonifacio E (2012) Age-related islet autoanti-
body incidence in offspring of patients with type 1 diabe-
tes. Diabetologia 55(7):1937–1943. https://​doi.​org/​10.​1007/​
s00125-​012-​2472-x

	 30.	 Ziegler AG, Rewers M, Simell O et al (2013) Seroconversion to 
multiple islet autoantibodies and risk of progression to diabetes 
in children. JAMA 309(23):2473–2479. https://​doi.​org/​10.​1001/​
jama.​2013.​6285

	 31.	 Vehik K, Lynch KF, Wong MC et al (2019) Prospective virome 
analyses in young children at increased genetic risk for type 1 
diabetes. Nat Med 25(12):1865–1872. https://​doi.​org/​10.​1038/​
s41591-​019-​0667-0

	 32.	 Krogvold L, Genoni A, Puggioni A et al (2022) Live entero-
viruses, but not other viruses, detected in human pancreas at 
the onset of type 1 diabetes in the DiViD study. Diabetologia 
65(12):2108–2120. https://​doi.​org/​10.​1007/​s00125-​022-​05779-2

	 33.	 Nekoua MP, Alidjinou EK, Hober D (2022) Persistent coxsacki-
evirus B infection and pathogenesis of type 1 diabetes mellitus. 
Nat Rev Endocrinol 18(8):503–516. https://​doi.​org/​10.​1038/​
s41574-​022-​00688-1

	 34.	 Johnson SB, Lynch KF, Roth R et al (2021) First-appearing 
islet autoantibodies for type 1 diabetes in young children: 
maternal life events during pregnancy and the child’s genetic 
risk. Diabetologia 64(3):591–602. https://​doi.​org/​10.​1007/​
s00125-​020-​05344-9

	 35.	 Warncke K, Weiss A, Achenbach P et al (2022) Elevations in 
blood glucose before and after the appearance of islet autoan-
tibodies in children. J Clin Invest 132(20):e162123. https://​doi.​
org/​10.​1172/​JCI16​212310.​1172/​JCI16​2123

	 36.	 Ziegler AG, Achenbach P, Berner R et al (2019) Oral insulin 
therapy for primary prevention of type 1 diabetes in infants with 
high genetic risk: the GPPAD-POInT (global platform for the 
prevention of autoimmune diabetes primary oral insulin trial) 
study protocol. BMJ Open 9(6):1–9. https://​doi.​org/​10.​1136/​
bmjop​en-​2018-​028578

	 37.	 Abderrahmani A, Jacovetti C, Regazzi R (2022) Lessons from 
neonatal β-cell epigenomic for diabetes prevention and treat-
ment. Trends Endocrinol Metab 33(6):378–389. https://​doi.​org/​
10.​1016/j.​tem.​2022.​03.​002

	 38.	 Kassem SA, Ariel I, Thornton PS, Scheimberg I, Glaser B (2000) 
β-Cell proliferation and apoptosis in the developing normal 
human pancreas and in hyperinsulinism of infancy. Diabetes 
49(8):1325–1333. https://​doi.​org/​10.​2337/​diabe​tes.​49.8.​1325

	 39.	 Meier JJ, Köhler CU, Alkhatib B et al (2010) Β-cell development 
and turnover during prenatal life in humans. Eur J Endocrinol 
162(3):559–568. https://​doi.​org/​10.​1530/​EJE-​09-​1053

	 40.	 Köhler CU, Olewinski M, Tannapfel A, Schmidt WE, Fritsch 
H, Meier JJ (2011) Cell cycle control of β-cell replication in 
the prenatal and postnatal human pancreas. Am J Physiol Endo-
crinol Metab 300(1):E221-30. https://​doi.​org/​10.​1152/​ajpen​do.​
00496.​2010

	 41.	 Claessens LA, Wesselius J, van Lummel M et al (2020) Clinical 
and genetic correlates of islet-autoimmune signatures in juvenile-
onset type 1 diabetes. Diabetologia 63(2):351–361. https://​doi.​
org/​10.​1007/​s00125-​019-​05032-3

	 42.	 Li Y, Sun F, Yue T-T et al (2021) Revisiting the antigen-pre-
senting function of β cells in T1D pathogenesis. Front Immunol 
12(July):1–8. https://​doi.​org/​10.​3389/​fimmu.​2021.​690783

	 43.	 Richardson SJ, Rodriguez-Calvo T, Gerling IC et al (2016) Islet 
cell hyperexpression of HLA class I antigens: a defining feature 
in type 1 diabetes. Diabetologia 59(11):2448–2458. https://​doi.​
org/​10.​1007/​s00125-​016-​4067-4

	 44.	 Russell MA, Redick SD, Blodgett DM et al (2019) HLA class II 
antigen processing and presentation pathway components dem-
onstrated by transcriptome and protein analyses of islet β-cells 
from donors with type 1 diabetes. Diabetes 68(5):988–1001. 
https://​doi.​org/​10.​2337/​db18-​0686

	 45.	 Quesada-Masachs E, Zilberman S, Rajendran S et al (2022) 
Upregulation of HLA class II in pancreatic beta cells from organ 
donors with type 1 diabetes. Diabetologia 65(2):387–401. https://​
doi.​org/​10.​1007/​s00125-​021-​05619-9

	 46.	 Gonzalez-Duque S, Azoury ME, Colli ML et al (2018) Con-
ventional and neo-antigenic peptides presented by β cells are 
targeted by circulating naïve CD8+ T cells in type 1 diabetic and 
healthy donors. Cell Metab 28(6):946-960.e6. https://​doi.​org/​10.​
1016/j.​cmet.​2018.​07.​007

	 47.	 Azoury ME, Tarayrah M, Afonso G et al (2020) Peptides derived 
from insulin granule proteins are targeted by CD8+ T cells across 
MHC class I restrictions in humans and NOD mice. Diabetes 
69(12):2678–2690. https://​doi.​org/​10.​2337/​db20-​0013

	 48.	 Arribas-Layton D, Guyer P, Delong T et al (2020) Hybrid insu-
lin peptides are recognized by human T cells in the context of 
DRB1*04:01. Diabetes 69(7):1492–1502. https://​doi.​org/​10.​
2337/​db19-​0620

	 49.	 Guyer P, Arribas-Layton D, Manganaro A et al (2023) Recogni-
tion of mRNA splice variant and secretory granule epitopes by 
CD4+ T cells in type 1 diabetes. Diabetes 72(1):85–96. https://​
doi.​org/​10.​2337/​db22-​0191

	 50.	 Rodriguez-Calvo T, Krogvold L, Amirian N, Dahl-Jørgensen K, 
von Herrath M (2021) One in ten CD81 cells in the pancreas of 
living individuals with recent-onset type 1 diabetes recognizes 
the preproinsulin epitope PPI15-24. Diabetes 70(3):752–758. 
https://​doi.​org/​10.​2337/​DB20-​0908

	 51.	 Piganelli JD, Mamula MJ, James EA (2021) The role of β cell 
stress and neo-epitopes in the immunopathology of type 1 dia-
betes. Front Endocrinol (Lausanne) 11(February):1–10. https://​
doi.​org/​10.​3389/​fendo.​2020.​624590

	 52.	 Neiman D, Gillis D, Piyanzin S et al (2020) Multiplexing DNA 
methylation markers to detect circulating cell-free DNA derived 
from human pancreatic β cells. JCI Insight 5(14):e136579. 
https://​doi.​org/​10.​1172/​JCI.​INSIG​HT.​136579

	 53.	 Lee H, Lee YS, Harenda Q et al (2020) Beta cell dedifferentiation 
induced by IRE1α deletion prevents type 1 diabetes. Cell Metab 
31(4):822-836.e5. https://​doi.​org/​10.​1016/j.​cmet.​2020.​03.​002

https://doi.org/10.1084/jem.20111187
https://doi.org/10.1126/sciadv.abc5586
https://doi.org/10.1126/sciadv.abc5586
https://doi.org/10.1111/cei.13391
https://doi.org/10.1111/cei.13391
https://doi.org/10.3389/fendo.2020.606434
https://doi.org/10.1016/S2213-8587(19)30412-7
https://doi.org/10.1016/S2213-8587(19)30412-7
https://doi.org/10.3389/fimmu.2021.667989
https://doi.org/10.3389/fimmu.2021.667989
https://doi.org/10.1007/s00125-012-2472-x
https://doi.org/10.1007/s00125-012-2472-x
https://doi.org/10.1001/jama.2013.6285
https://doi.org/10.1001/jama.2013.6285
https://doi.org/10.1038/s41591-019-0667-0
https://doi.org/10.1038/s41591-019-0667-0
https://doi.org/10.1007/s00125-022-05779-2
https://doi.org/10.1038/s41574-022-00688-1
https://doi.org/10.1038/s41574-022-00688-1
https://doi.org/10.1007/s00125-020-05344-9
https://doi.org/10.1007/s00125-020-05344-9
https://doi.org/10.1172/JCI16212310.1172/JCI162123
https://doi.org/10.1172/JCI16212310.1172/JCI162123
https://doi.org/10.1136/bmjopen-2018-028578
https://doi.org/10.1136/bmjopen-2018-028578
https://doi.org/10.1016/j.tem.2022.03.002
https://doi.org/10.1016/j.tem.2022.03.002
https://doi.org/10.2337/diabetes.49.8.1325
https://doi.org/10.1530/EJE-09-1053
https://doi.org/10.1152/ajpendo.00496.2010
https://doi.org/10.1152/ajpendo.00496.2010
https://doi.org/10.1007/s00125-019-05032-3
https://doi.org/10.1007/s00125-019-05032-3
https://doi.org/10.3389/fimmu.2021.690783
https://doi.org/10.1007/s00125-016-4067-4
https://doi.org/10.1007/s00125-016-4067-4
https://doi.org/10.2337/db18-0686
https://doi.org/10.1007/s00125-021-05619-9
https://doi.org/10.1007/s00125-021-05619-9
https://doi.org/10.1016/j.cmet.2018.07.007
https://doi.org/10.1016/j.cmet.2018.07.007
https://doi.org/10.2337/db20-0013
https://doi.org/10.2337/db19-0620
https://doi.org/10.2337/db19-0620
https://doi.org/10.2337/db22-0191
https://doi.org/10.2337/db22-0191
https://doi.org/10.2337/DB20-0908
https://doi.org/10.3389/fendo.2020.624590
https://doi.org/10.3389/fendo.2020.624590
https://doi.org/10.1172/JCI.INSIGHT.136579
https://doi.org/10.1016/j.cmet.2020.03.002


1981Diabetologia (2023) 66:1971–1982	

1 3

	 54.	 Cai EP, Ishikawa Y, Zhang W et al (2020) Genome-scale in vivo 
CRISPR screen identifies RNLS as a target for beta cell protec-
tion in type 1 diabetes. Nat Metab 2(9):934–945. https://​doi.​org/​
10.​1038/​s42255-​020-​0254-1

	 55.	 Dirice E, Kahraman S, De Jesus DF et al (2019) Increased β-cell 
proliferation before immune cell invasion prevents progression 
of type 1 diabetes. Nat Metab 1(5):509–518. https://​doi.​org/​10.​
1038/​s42255-​019-​0061-8

	 56.	 Skovsø S, Overby P, Memar-Zadeh J et al (2022) β-cell Cre 
expression and reduced Ins1 gene dosage protect mice from 
type 1 diabetes. Endocrinol (United States) 163(11):1–12. 
https://​doi.​org/​10.​1210/​endocr/​bqac1​44

	 57.	 Elso CM, Scott NA, Mariana L et al (2019) Replacing murine insu-
lin 1 with human insulin protects NOD mice from diabetes. PLoS 
One 14(12):1–13. https://​doi.​org/​10.​1371/​journ​al.​pone.​02250​21

	 58.	 Roep BO, Thomaidou S, van Tienhoven R, Zaldumbide A 
(2020) Type 1 diabetes mellitus as a disease of the β-cell 
(do not blame the immune system?). Nat Rev Endocrinol 
17(3):150–161. https://​doi.​org/​10.​1038/​s41574-​020-​00443-4

	 59.	 Marhfour I, Lopez XM, Lefkaditis D et al (2012) Expression of 
endoplasmic reticulum stress markers in the islets of patients 
with type 1 diabetes. Diabetologia 55(9):2417–2420. https://​
doi.​org/​10.​1007/​s00125-​012-​2604-3

	 60.	 Marroqui L, Dos Santos RS, Op de beeck A et  al (2017) 
Interferon-α mediates human beta cell HLA class I overex-
pression, endoplasmic reticulum stress and apoptosis, three 
hallmarks of early human type 1 diabetes. Diabetologia 
60(4):656–667. https://​doi.​org/​10.​1007/​s00125-​016-​4201-3

	 61.	 Thompson PJ, Shah A, Ntranos V, Van Gool F, Atkinson M, 
Bhushan A (2019) Targeted elimination of senescent beta cells 
prevents type 1 diabetes. Cell Metab 29(5):1045–60. https://​
doi.​org/​10.​1016/j.​cmet.​2019.​01.​021

	 62.	 Brawerman G, Thompson PJ (2020) Beta cell therapies for pre-
venting type 1 diabetes: from bench to bedside. Biomolecules 
10(12):1–20. https://​doi.​org/​10.​3390/​biom1​01216​81

	 63.	 Ovalle F, Grimes T, Xu G et al (2018) Verapamil and beta cell 
function in adults with recent-onset type 1 diabetes. Nat Med 
24(8):1108–1112. https://​doi.​org/​10.​1038/​s41591-​018-​0089-4

	 64.	 Gitelman SE, Bundy BN, Ferrannini E et al (2021) Imatinib 
therapy for patients with recent-onset type 1 diabetes: a mul-
ticentre, randomised, double-blind, placebo-controlled, phase 
2 trial. Lancet Diabetes Endocrinol 9(8):502–514. https://​doi.​
org/​10.​1016/​S2213-​8587(21)​00139-X

	 65.	 Mallone R, Eizirik DL (2020) Presumption of innocence for 
beta cells: why are they vulnerable autoimmune targets in type 
1 diabetes? Diabetologia 63(10):1999–2006. https://​doi.​org/​10.​
1007/​s00125-​020-​05176-7

	 66.	 Sahin GS, Lee H, Engin F (2021) An accomplice more than a 
mere victim: the impact of β-cell ER stress on type 1 diabetes 
pathogenesis. Mol Metab 54:101365. https://​doi.​org/​10.​1016/j.​
molmet.​2021.​101365

	 67.	 Thomaidou S, Kracht MJL, Van Der Slik A et al (2020) β-cell 
stress shapes CTL immune recognition of preproinsulin sig-
nal peptide by posttranscriptional regulation of endoplasmic 
reticulum aminopeptidase 1. Diabetes 69(4):670–680. https://​
doi.​org/​10.​2337/​db19-​0984

	 68.	 Leite NC, Sintov E, Meissner TB et al (2020) Modeling type 1 
diabetes in vitro using human pluripotent stem cells. Cell Rep 
32(2):107894. https://​doi.​org/​10.​1016/j.​celrep.​2020.​107894

	 69.	 Marroqui L, Perez-Serna AA, Babiloni-Chust I, Dos Santos RS 
(2021) Type I interferons as key players in pancreatic β-cell 
dysfunction in type 1 diabetes. Int Rev Cell Mol Biol 359:1–
80. https://​doi.​org/​10.​1016/​BS.​IRCMB.​2021.​02.​011

	 70.	 Størling J, Pociot F (2017) Type 1 diabetes candidate genes 
linked to pancreatic islet cell inflammation and beta-cell 

apoptosis. Genes (Basel) 8(2):1–12. https://​doi.​org/​10.​3390/​
genes​80200​72

	 71.	 Apaolaza PS, Balcacean D, Zapardiel-Gonzalo J et al (2021) 
Islet expression of type I interferon response sensors is associ-
ated with immune infiltration and viral infection in type 1 dia-
betes. Sci Adv 7(9):eabd6527. https://​doi.​org/​10.​1126/​sciadv.​
abd65​27

	 72.	 Szymczak F, Cohen-Fultheim R, Thomaidou S et al (2022) 
ADAR1-dependent editing regulates human β cell tran-
scriptome diversity during inflammation. Front Endocrinol 
(Lausanne) 13(November):1–12. https://​doi.​org/​10.​3389/​
fendo.​2022.​10583​45

	 73.	 Miranda MA, Macias-Velasco JF, Lawson HA (2021) Pancreatic 
β-cell heterogeneity in health and diabetes: classes, sources, and 
subtypes. Am J Physiol Endocrinol Metab 320(4):E716–E731. 
https://​doi.​org/​10.​1152/​AJPEN​DO.​00649.​2020

	 74.	 Chabosseau P, Rutter GA, Millership SJ (2021) Importance of 
both imprinted genes and functional heterogeneity in pancreatic 
beta cells: is there a link? Int J Mol Sci 22(3):1000. https://​doi.​
org/​10.​3390/​ijms2​20310​00

	 75.	 Salomon D, Meda P (1986) Heterogeneity and contact-dependent 
regulation of hormone secretion by individual B cells. Exp Cell 
Res 162(2):507–520. https://​doi.​org/​10.​1016/​0014-​4827(86)​
90354-x

	 76.	 Pipeleers DG (1992) Heterogeneity in pancreatic beta-cell pop-
ulation. Diabetes 41(7):777–781. https://​doi.​org/​10.​2337/​diab.​
41.7.​777

	 77.	 Van Schravendijk CF, Kiekens R, Pipeleers DG (1992) Pancre-
atic beta cell heterogeneity in glucose-induced insulin secretion. 
J Biol Chem 267(30):21344–21348. https://​doi.​org/​10.​1016/​
S0021-​9258(19)​36615-3

	 78.	 Gutierrez GD, Gromada J, Sussel L (2017) Heterogeneity of the 
pancreatic beta cell. Front Genet 8(MAR):1–9. https://​doi.​org/​
10.​3389/​fgene.​2017.​00022

	 79.	 Ravier MA, Güldenagel M, Charollais A et al (2005) Loss of con-
nexin36 channels alters beta-cell coupling, islet synchronization 
of glucose-induced Ca2+ and insulin oscillations, and basal insu-
lin release. Diabetes 54(6):1798–1807. https://​doi.​org/​10.​2337/​
diabe​tes.​54.6.​1798

	 80.	 Benninger RKP, Zhang M, Head WS, Satin LS, Piston DW 
(2008) Gap junction coupling and calcium waves in the pancre-
atic islet. Biophys J 95(11):5048–5061. https://​doi.​org/​10.​1529/​
bioph​ysj.​108.​140863

	 81.	 Johnston NR, Mitchell RK, Haythorne E et al (2016) Beta cell 
hubs dictate pancreatic islet responses to glucose. Cell Metab 
24(3):389–401. https://​doi.​org/​10.​1016/j.​cmet.​2016.​06.​020

	 82.	 Gosak M, Stožer A, Markovič R et al (2017) Critical and super-
critical spatiotemporal calcium dynamics in beta cells. Front 
Physiol 8:1106. https://​doi.​org/​10.​3389/​fphys.​2017.​01106

	 83.	 Dwulet JM, Briggs JK, Benninger RKP (2021) Small sub-
populations of β-cells do not drive islet oscillatory [Ca2+] 
dynamics via gap junction communication. PLoS Comput Biol 
17(5):e1008948. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​10089​48

	 84.	 Chasbosseau P, Yong F, Delgadillo-Silva L et al (2023) Molecu-
lar phenotyping of single pancreatic islet leader beta cells by 
Flash-Seq. Life Sci 316(October 2022):121436. https://​doi.​org/​
10.​1016/j.​lfs.​2023.​121436

	 85.	 Inshaw JRJ, Sidore C, Cucca F et al (2021) Analysis of over-
lapping genetic association in type 1 and type 2 diabetes. 
Diabetologia 64(6):1342–1347. https://​doi.​org/​10.​1007/​
s00125-​021-​05428-0

	 86.	 Bosi E, Marchetti P, Rutter GA, Eizirik DL (2022) Human alpha 
cell transcriptomic signatures of types 1 and 2 diabetes highlight 
disease-specific dysfunction pathways. iScience 25(10):105056. 
https://​doi.​org/​10.​1016/j.​isci.​2022.​105056

https://doi.org/10.1038/s42255-020-0254-1
https://doi.org/10.1038/s42255-020-0254-1
https://doi.org/10.1038/s42255-019-0061-8
https://doi.org/10.1038/s42255-019-0061-8
https://doi.org/10.1210/endocr/bqac144
https://doi.org/10.1371/journal.pone.0225021
https://doi.org/10.1038/s41574-020-00443-4
https://doi.org/10.1007/s00125-012-2604-3
https://doi.org/10.1007/s00125-012-2604-3
https://doi.org/10.1007/s00125-016-4201-3
https://doi.org/10.1016/j.cmet.2019.01.021
https://doi.org/10.1016/j.cmet.2019.01.021
https://doi.org/10.3390/biom10121681
https://doi.org/10.1038/s41591-018-0089-4
https://doi.org/10.1016/S2213-8587(21)00139-X
https://doi.org/10.1016/S2213-8587(21)00139-X
https://doi.org/10.1007/s00125-020-05176-7
https://doi.org/10.1007/s00125-020-05176-7
https://doi.org/10.1016/j.molmet.2021.101365
https://doi.org/10.1016/j.molmet.2021.101365
https://doi.org/10.2337/db19-0984
https://doi.org/10.2337/db19-0984
https://doi.org/10.1016/j.celrep.2020.107894
https://doi.org/10.1016/BS.IRCMB.2021.02.011
https://doi.org/10.3390/genes8020072
https://doi.org/10.3390/genes8020072
https://doi.org/10.1126/sciadv.abd6527
https://doi.org/10.1126/sciadv.abd6527
https://doi.org/10.3389/fendo.2022.1058345
https://doi.org/10.3389/fendo.2022.1058345
https://doi.org/10.1152/AJPENDO.00649.2020
https://doi.org/10.3390/ijms22031000
https://doi.org/10.3390/ijms22031000
https://doi.org/10.1016/0014-4827(86)90354-x
https://doi.org/10.1016/0014-4827(86)90354-x
https://doi.org/10.2337/diab.41.7.777
https://doi.org/10.2337/diab.41.7.777
https://doi.org/10.1016/S0021-9258(19)36615-3
https://doi.org/10.1016/S0021-9258(19)36615-3
https://doi.org/10.3389/fgene.2017.00022
https://doi.org/10.3389/fgene.2017.00022
https://doi.org/10.2337/diabetes.54.6.1798
https://doi.org/10.2337/diabetes.54.6.1798
https://doi.org/10.1529/biophysj.108.140863
https://doi.org/10.1529/biophysj.108.140863
https://doi.org/10.1016/j.cmet.2016.06.020
https://doi.org/10.3389/fphys.2017.01106
https://doi.org/10.1371/journal.pcbi.1008948
https://doi.org/10.1016/j.lfs.2023.121436
https://doi.org/10.1016/j.lfs.2023.121436
https://doi.org/10.1007/s00125-021-05428-0
https://doi.org/10.1007/s00125-021-05428-0
https://doi.org/10.1016/j.isci.2022.105056


1982	 Diabetologia (2023) 66:1971–1982

1 3

	 87.	 Hodson DJ, Mitchell RK, Bellomo EA et al (2013) Lipotoxic-
ity disrupts incretin-regulated human β cell connectivity. J Clin 
Invest 123(10):4182–4194. https://​doi.​org/​10.​1172/​JCI68​459

	 88.	 Oram RA, McDonald TJ, Shields BM et al (2015) Most people 
with long-duration type 1 diabetes in a large population-based 
study are insulin microsecretors. Diabetes Care 38(2):323–328. 
https://​doi.​org/​10.​2337/​dc14-​0871

	 89.	 Benninger RKP, Dorrell C, Hodson DJ, Rutter GA (2018) The 
impact of pancreatic beta cell heterogeneity on type 1 diabetes 
pathogenesis. Curr Diab Rep 18(11):112. https://​doi.​org/​10.​1007/​
s11892-​018-​1085-2

	 90.	 Abdulreda MH, Molano RD, Faleo G et al (2019) In vivo imag-
ing of type 1 diabetes immunopathology using eye-transplanted 
islets in NOD mice. Diabetologia 62(7):1237–1250. https://​doi.​
org/​10.​1007/​s00125-​019-​4879-0

	 91.	 Salem V, Silva LD, Suba K et al (2019) Leader β-cells coordinate 
Ca(2+) dynamics across pancreatic islets in vivo. Nat Metab 
1(6):615–629. https://​doi.​org/​10.​1038/​s42255-​019-​0075-2

	 92.	 Cabrera O, Berman DM, Kenyon NS, Ricordi C, Berggren PO, 
Caicedo A (2006) The unique cytoarchitecture of human pan-
creatic islets has implications for islet cell function. Proc Natl 
Acad Sci U S A 103(7):2334–2339. https://​doi.​org/​10.​1073/​pnas.​
05107​90103

	 93.	 Cryer PE (2012) Minireview: glucagon in the pathogenesis of 
hypoglycemia and hyperglycemia in diabetes. Endocrinology 
153(3):1039–1048. https://​doi.​org/​10.​1210/​en.​2011-​1499

	 94.	 Gaisano HY, MacDonald PE, Vranic M (2012) Glucagon 
secretion and signaling in the development of diabetes. Front 

Physiol 3(September):1–12. https://​doi.​org/​10.​3389/​fphys.​
2012.​00349

	 95.	 Karimian N, Qin T, Liang T et al (2013) Somatostatin recep-
tor type 2 antagonism improves glucagon counterregulation in 
biobreeding diabetic rats. Diabetes 62(8):2968–2977. https://​doi.​
org/​10.​2337/​db13-​0164

	 96.	 Siafarikas A, Johnston RJ, Bulsara MK, O’Leary P, Jones TW, 
Davis EA (2012) Early loss of the glucagon response to hypo-
glycemia in adolescents with type 1 diabetes. Diabetes Care 
35(8):1757–1762. https://​doi.​org/​10.​2337/​dc11-​2010

	 97.	 Brissova M, Haliyur R, Saunders D et al (2018) α cell function 
and gene expression are compromised in type 1 diabetes. Cell Rep 
22(10):2667–2676. https://​doi.​org/​10.​1016/j.​celrep.​2018.​02.​032

	 98.	 Mukherjee G, Chaparro RJ, Schloss J, Smith C, Bando CD, 
Dilorenzo TP (2015) Glucagon-reactive islet-infiltrating CD8 T 
cells in NOD mice. Immunology 144(4):631–640. https://​doi.​
org/​10.​1111/​imm.​12415

	 99.	 Panzer JK, Tamayo A, Caicedo A (2022) Restoring glutamate 
receptor signaling in pancreatic alpha cells rescues glucagon 
responses in type 1 diabetes. Cell Rep 41(11):111792. https://​
doi.​org/​10.​1016/j.​celrep.​2022.​111792

	100.	 Wang MY, Dean ED, Quittner-Strom E et al (2021) Glucagon 
blockade restores functional β-cell mass in type 1 diabetic mice 
and enhances function of human islets. Proc Natl Acad Sci U S 
A 118(9):1–8. https://​doi.​org/​10.​1073/​pnas.​20221​42118

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1172/JCI68459
https://doi.org/10.2337/dc14-0871
https://doi.org/10.1007/s11892-018-1085-2
https://doi.org/10.1007/s11892-018-1085-2
https://doi.org/10.1007/s00125-019-4879-0
https://doi.org/10.1007/s00125-019-4879-0
https://doi.org/10.1038/s42255-019-0075-2
https://doi.org/10.1073/pnas.0510790103
https://doi.org/10.1073/pnas.0510790103
https://doi.org/10.1210/en.2011-1499
https://doi.org/10.3389/fphys.2012.00349
https://doi.org/10.3389/fphys.2012.00349
https://doi.org/10.2337/db13-0164
https://doi.org/10.2337/db13-0164
https://doi.org/10.2337/dc11-2010
https://doi.org/10.1016/j.celrep.2018.02.032
https://doi.org/10.1111/imm.12415
https://doi.org/10.1111/imm.12415
https://doi.org/10.1016/j.celrep.2022.111792
https://doi.org/10.1016/j.celrep.2022.111792
https://doi.org/10.1073/pnas.2022142118

	Islet autoimmunity in human type 1 diabetes: initiation and progression from the perspective of the beta cell
	Abstract
	Introduction
	How is islet autoimmunity initiated? The chicken and the egg
	How does islet autoimmunity progress? A role for antigen presentation by beta cells
	Beta cell stress responses and islet autoimmunity
	Do individual beta cells differ in their susceptibility to islet autoimmunity?
	Alpha cells and the initiation and progression of islet autoimmunity
	Conclusion
	Anchor 10
	References


