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Life and death of β cells in Type 1 diabetes: a comprehensive 
review

Nicholas S Wilcox, Jinxiu Rui, Matthias Hebrok, and Kevan C Herold
Departments of Immunobiology and Internal Medicine, Yale University, New Haven, CT, and 
Diabetes Center, Department of Medicine, University of California San Francisco, San Francisco, 
CA

Abstract

Type 1 diabetes (T1D) is an autoimmune disorder characterized by the destruction of insulin-

producing pancreatic β cells. Immune modulators have achieved some success in modifying the 

course of disease progression in T1D. However, there are parallel declines in C-peptide levels in 

treated and control groups after initial responses. In this review, we discuss mechanisms of β cell 

death in T1D that involve necrosis and apoptosis. New technologies are being developed to enable 

visualization of insulitis and β cell mass involving positron emission transmission that identifies β 

cell ligands and magnetic resonance imaging that can identify vascular leakage. Molecular 

signatures that identify β cell derived insulin DNA that is released from dying cells have been 

described and applied to clinical settings. We also consider changes in β cells that occur during 

disease progression including the induction of DNA methyltransferases that may affect the 

function and differentiation of β cells. Our findings from newer data suggest that the model of 

chronic long standing β cell killing should be reconsidered. These studies indicate that the 

pathophysiology is accelerated in the peridiagnosis period and manifest by increased rates of β cell 

killing and insulin secretory impairments over a shorter period than previously thought. Finally, 

we consider cellular explanations to account for the ongoing loss of insulin production despite 

continued immune therapy that may identify potential targets for treatment. The progressive 

decline in β cell function raises the question as to whether β cell failure that is independent of 

immune attack may be involved.
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1. Introduction

Despite the success of immune therapies in modifying the short term course of Type 1 

diabetes (T1D), these treatments have not achieved long-term retention of insulin 

production, and their ability to improve clinical outcomes is uncertain. Therapies such as 

teplizumab and otelixizumab, that target the ε chain of the CD3 molecule on T cells, 

abatacept, that blocks CD28 costimulation by binding to B7.1 and B7.2, alefacept (soluble 

LFA3Ig) that binds CD2 and depletes T cells, and rituximab, that binds CD20 and depletes 

B cells have all significantly improved C-peptide responses and even glucose control with 

reduced use of exogenous insulin for 1 to 4 years compared to control groups(1-12). 

However, 6 months to a year after treatment, a decline in C-peptide responses occurred 

despite continuous administration of abatacept or re-administration of teplizumab. One 

possible explanation for the decline is that intrinsic β cellular factors that activate β cell 

death are involved. Previous notions of complete β cell death/ablation have become 

uncertain since a number of recent clinical studies have identified significant residual β cell 

function in individuals with long standing T1D(13; 14). This indicates that in many 

individuals, either β cell killing ceases or β cell recovery occurs. In this review, we consider 

the mechanisms of β cell death in T1D, and changes to the cells that occur during disease 

progression. These mechanisms are relevant to the long term function and survival of β cells.

2. Mechanisms of β cell death in T1D

The ways in which β cells die may determine whether immune responses are activated. 

Necrotic cell death is considered to be a likely mechanism whereby cytolytic T cells, 

including those reactive with diabetes antigens, cause killing (Figure 1). Findings from 

pancreatic biopsies and post-mortem studies of whole organs from islet donors are consistent 

with this mechanism, showing a predominance of infiltrating CD8+ T cells and 

macrophages which mediate necrosis(15). Necrosis can occur following the release of 

cytolytic granules from T cells that contain granzymes and perforin, which act on the β cell 

membrane. Ischemia resulting from impaired vascularity may also lead to necrotic cell 

death, and impaired vascular supply occurs in the islets of prediabetic NOD mice(16). 

Common mediators of necrotic cell death include calcium and reactive oxygen species 

(ROS). In particular, ROS results in mitochondrial injury as well as loss of both cell 

membrane integrity and ion balance through protein damage, lipid peroxidation and 

oxidative DNA damage(17; 18). These factors lead to opening of mitochondrial permeability 

transition pores, which in turn disrupts oxidative phosphorylation and ATP production. DNA 

damage leads to poly (ADP-ribose) polymerase activation and increased NAD consumption 

and thus reduced ATP production (19). The serine/threonine kinase receptor-interacting 

protein 1 (RIP1) is another initiator of necrotic cell death that is induced by ligand-receptor 

interactions. ATP depletion plays a crucial role as an initiating factor in this process(20; 21). 

Other factors including the lyososmal enzyme acid-sphingomyelinase, cytosolic 

phospholipase A(2) and calpains, a Ca2-dependent cysteine protease family, all of which 

contribute to cell membrane destabilization. Necrotic cells release cellular contents 

including factors, such as high mobility group box 1 proteins (HMGB-1), heat shock 

proteins, uric acid and pro-inflammatory cytokines, which lead to recognition and 

engulfment by phagocytes and immunologic activity. Ultimately, necrotic death of β cells 

Wilcox et al. Page 2

J Autoimmun. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



may lead to a “feed-forward” mechanism whereby the released factors stimulate immune 

responses even after tolerance has been established or the immune response has been 

treated(22; 23).

In addition to necrosis, genetic pathway studies have implicated roles for JAK1, JAK2, and 

TYK2, suggesting that apoptosis may also be involved in β cell death (24)(Figure 2). 

Apoptosis of β cells may be initiated by cytokines such as TNF that bind and activate 

TNFR1, TNFR2, or by Fas/FasL activation. When apoptosis is initiated through the BCL-2 

pathway by cytokine deprivation or endoplasmic reticulum stress, BIM, PUMA, and BID 

inhibit the pro-survival proteins of the pathway and activate both BAX and BAK, which in 

turn lead to caspase activation. Apoptosis due to the activity of caspases leads to apoptotic 

cell morphology, nuclear fragmentation, and chromatin condensation. In histologic sections 

from diabetic patients and pre-diabetic NOD mice, evidence for both necrosis and apoptosis 

have been suggested by expression of caspase 3 and TUNEL+ cells. Caspase-induced 

nuclear fragmentation may eliminate nucleic acid trails of β cell destruction (see below).

β cell death most likely involves both mechanisms. Apoptosis and necrosis have been 

observed in cytokine-induced islet cell death, as well as following activation of the death 

receptors FasL and TNF. TNFR1 is expressed by β cells from NOD mice before the onset of 

insulitis and there is a significant increase in Fas and TNFR2 expression with cellular 

infiltrates (25; 26). This apoptotic pathway is active in the islets of NOD mice following 

ligation of Fas/FasL or TNFR1. A dominant negative Fas-associating protein with death 

domain (dnFADD) could prevent apoptosis induced by TNF and IFNγ in NIT-1 cells. In 

addition, studies in non-obese diabetes (NOD) mice suggest that β cells undergo necrotic 

cell death. Cytokines such as IFN-γ and IL-1β can induce nitric oxide, which contributes to β 

cell necrosis(15; 27-29).

3. Visualization of β cell mass and inflammation

The pathologic progression and killing of β cells cannot be appreciated with metabolic 

studies alone. A number of environmental factors are known to modify β cell function, 

including fatty acids, glucose, as well as insulin sensitivity, which changes with 

adolescence(30-32). The acute changes in β cells after onset and with immune therapy have 

been difficult to identify because of the absence of direct measures of inflammation and β 

cell mass. In a study of the islets in NOD mice at the time of onset of hyperglycemia, we 

found that there were many degranulated β cells that could recover their granularity and the 

ability to produce insulin after immune therapy(33).

Islet inflammation has been visualized using MRI-detectable magnetic nanoparticles (MNP) 

as vascular probes(34; 35). Accumulation of the probe in the pancreas was correlated with 

the microvascular changes, including leakage with uptake of the particles by macrophages, 

in addition to monocyte recruitment and activation. When NOD mice were treated with anti-

CD3 mAb, MNP-MRI imaging of pancreatic inflammation, showed reduced leakiness of the 

microvasculature and was able to predict clinical responses in female NOD mice (34). These 

investigators showed a similar proof-of-concept in humans, showing that the accumulation 

of ferumoxytol, an FDA-approved nanoparticle in local macrophages in the inflamed 
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pancreatic lesions. They then used high-resolution 3-dimensional maps to clearly visualize 

differences in whole pancreas nanoparticle accumulation in 11 auto-antibody positive, 

recent-onset T1D patients and 10 healthy controls. The results showed a high degree of 

variability but a statistically significantly higher ΔR2 value in T1D patients relative to 

healthy controls, a metric representing pancreas-wide quantification of nanoparticle uptake.

Accurate quantification of β cell mass that distinguishes between anatomic and functional 

losses is also important. PET imaging of the vesicular monamine transporter (VMAT), 

which is selectively expressed on β cell granules containing insulin, represents one such 

approach(36-39). VMAT2 is stably transcribed in vitro under a range of glucose and lipid 

concentrations. The density of VMAT2 can be quantified using PET imaging, using PET 

tracer ligands such as 18F-FP-(+)-DTBZ that bind to VMAT2 with high affinity. PET 

quantitation of VMAT2 in the pancreas with the tracer 18F-FP-(+)-DTBZ was shown to 

effectively differentiate β cell mass between T1D patients and healthy controls. In addition, 

PET imaging with the dopamine type 2 receptor (D2R), which like VMAT2 is selectively 

expressed on β cells in a pattern that overlaps with insulin staining, has been shown to serve 

as a biomarker of β cell mass in rodents.

Other strategies in development include a radiotracer imaging method for measuring β cell 

mass in mice based on a near-infrared fluorescent imaging agent using a neopeptide (4x12-

VT750), which has binding properties of exendin-4(40). Finally, a distinct approach employs 

magnetic resonance imaging (MRI), which requires the abundant uptake of a β cell-specific, 

non-toxic and stable contrast agent with high intensity. MRI has the potential to differentiate 

pancreatic islets from the surrounding exocrine parenchyma, and this has been tested using 

manganese (Mn2+) as a contrast agent, which enters pancreatic β cells through voltage gated 

Ca2+ channels in a glucose-dependent manner(41).

4. Identifying β cell killing with molecular signatures

Unlike cells that do not transcribe insulin, CpG sites in the INS gene in β cells are generally 

unmethylated(42). We took advantage of this epigenetic feature to identify β cells that had 

died and released their unmethylated INS DNA into the serum. A nested PCR reaction was 

performed in which a sequence from the Ins1 or INS genes was first amplified with primers 

non-specific for CpG sites. Subsequently, the products of this reaction were used as template 

in a second reaction with primers specific for methylated or unmethylated CpG sites. By 

real-time PCR, the relative abundance of the two forms of the DNA was measured.

There was a 45-fold enrichment in the abundance of unmethylated CpG sites in bisulfite-

treated DNA isolated from β cells purified by FACS compared to islet-derived non-β cells. 

The assay was used to measure unmethylated Ins1 DNA in the serum at NOD mice and a 

significant increase was found prior to the onset of hyperglycemia (at 11 and 14 weeks). 

Unmethylated INS DNA was also increased in human islets and in serum from patients with 

new-onset T1D relative to age-matched healthy control subjects (p<0.02). Hussein et al 

developed a similar assay for unmethylated INS DNA that targeted 5 differentially 

methylated sites in the promoter of the human INS gene and showed an increase in 
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unmethylated INS DNA both 1 and 14 days after transplantation of human islets(43; 44), 

when compared to healthy control subjects.

The original nested PCR method was replaced with droplet digital PCR (ddPCR) to improve 

the specificity and sensitivity, and the relative abundance of unmethylated INS DNA was 

expressed as a ratio to methylated INS DNA(45). The probe targeted two methylation 

sensitive sites of the human gene at nucleotides the region +396 and +399 from the 

transcriptional start site. A significantly higher ratio of unmethylated INS DNA to 

methylated INS DNA was found in patients with recent-onset T1D compared to 39 non-

diabetic subjects (P<0.0001). Using a ddPCR assay to target a region of CpG sites in 

preproinsulin, Fisher et al found that the absolute level of unmethylated and methylated INS 
DNA differed between patients with new onset T1D and controls. The levels of methylated 

INS DNA remained elevated at 8 weeks post-onset, but the levels of unmethylated INS DNA 

fell to levels that were similar to controls at 1year post-onset (46).

With these assays, β cell killing during disease development could be studied. The ddPCR 

assay was used to study euglycemic at-risk autoantibody+ individuals, relatives of patients 

with T1D, who did and did not develop T1D (47). Interestingly, while the median ratios 

were increased in those who progressed to T1D compared to non-diabetic control subjects, 

the differences between the at-risk progressors and non-progressors were modest. In 

addition, less than ¼ of the levels in the at-risk progressors were increased above the 95th 

percentile for control subjects over the 3-4 yr observation period. In spite of the low 

frequency, increased levels of unmethylated INS DNA were associated with impaired insulin 

secretion in the at-risk progressors but not the non-progressors.

Additionally, 30 individuals at very high risk were studied. This high-risk status was based 

on the presence of at least 2 autoantibodies and dysglycemia during an OGTT. 

(Approximately 75% of these subjects will develop diabetes within 5 years). The levels of 

unmethylated INS DNA were significantly higher in this group than the levels that had been 

found in individuals studied at earlier time points prior to diagnosis. In these subjects, rapid 

progression to overt diabetes was associated with a functional impairment in insulin 

secretion but the levels of unmethylated INS DNA did not discriminate between those who 

did and did not rapidly progress to overt diabetes suggesting that there was β cell 

dysfunction in the absence of increased β cell killing was involved in the appearance of 

hyperglycemia during the OGTT.

These findings suggest that previous models of diabetes progression may not accurately 

reflect the pathophysiology that is measured with newer techniques. β cell destruction is a 

relatively late event during diabetes progression after the first appearance of autoantibodies. 

Moreover, β cell killing is closely associated with deterioration of glucose tolerance although 

an impaired functional response is the final event leading to overt hyperglycemia (Figure 3).

In addition, this method of detecting unmethylated INS DNA enabled us to determine 

whether successful immune therapies reduce β cell killing. In a study of patients with recent 

onset T1D who had been treated with anti-CD3 mAb (teplizumab), we compared the levels 

of unmethylated INS DNA to those randomized to placebo (48). In the sample of 37 
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patients, there was a significant improvement in C-peptide responses in the drug vs placebo 

treated subjects and a decline in the levels of β cell death. This study suggested that 

successful immune therapy does decrease the rates of β cell killing one year after therapy 

and that the recovery of β cells is not exclusively a functional improvement.

There are limitations to this approach to measure cell death. First, it can only be detected if 

DNA is released into the circulation. Necrotic cell death, which is associated with release of 

cellular contents and activation of an inflammatory response that may further increase cell 

killing, is likely to be detected. However, apoptosis, which does not involve the release of 

DNA into the circulation, may not be detectable. Second, the half-life of DNA in the 

circulation after its release from dying cells is relatively short. In a study of the clearance of 

a region of fetal DNA containing the Y gene, the DNA from the male offspring was 

undetectable by day 1 after delivery. Seven of 12 women had undetectable fetal DNA 2 

hours postpartum. These investigators estimated that the half-life for circulating fetal DNA 

was 16.3 min (49). In our studies, based on the clearance of INS DNA following islet 

autotransplants, we estimated that the half life of the DNA was approximately 120 minutes 

indicating that the measurement of epigenetically modified INS DNA captures ongoing 

events over a brief period of time. Third, the sensitivity of the assay is an important factor 

since histologic studies have repeatedly shown that human insulitis is modest and does not 

have the robust cellular infiltrates and cell killing that characterizes insulitis in the NOD 

model. The ddPCR can measure about 210 copies in an aliquot of 300 μl of serum. 

Assuming a single cell DNA mass of 6.2 ng and that only 1 of the 2 copies of INS DNA are 

unmethylated and available for analysis, there are about 16,500 copies of DNA from all cell 

sources available for analysis (from 33,000 cells) in a 300μl aliquot of serum. Therefore, 

about 1.3% of the total DNA would need to be derived from β cells to be detected in this 

assay. Of note, in our studies of recipients of autologous islet transplants the dilution curve 

suggested that a positive signal could likely be detected from 355 islets but there may be 

INS DNA that is released from β cells that have died in the preparation prior to infusion.

Alternative approaches have been developed. Measurement of microRNAs (miRNA), have 

been studied as potential biomarker for progression of diabetes due both to their differential 

expression in diabetic patients and their stability in circulation. miR-375, which is important 

for normal β and α cell maintenance was investigated as a biomarker in vivo to detect β cell 

death using quantitative real-time PCR in both streptozotocin (STZ)-induced diabetic and 

NOD mouse models(50). In rats with STZ-induced diabetes, protein phosphatase 1 

regulatory inhibitor subunit 1A (PPP1R1A) was depleted from injured insulin-producing β 

cells hours after treatment, which coincided with a maximal peak plasma PPP1R1A level at 

4 hours(51). In 4 human diabetic patients receiving intraportal islet infusion, there was a 

post-transplant increase in plasma levels of PPP1R1A in 3 patients relative to control 

patients with acute damage to exocrine pancreas, brain or kidney. However, a concern with 

these approaches are their relative lack of selectivity, for example, PPP1R1A is also 

detectable at low levels in brain and muscle cells.

Circulating insulin mRNA has also been measured to detect islet cell death after 

transplantation(52; 53). Immediately after islet infusion, all (19) recipients of islet allografts 

showed an initial peak of insulin mRNA, with a mean duration of 4.2 days and amplitude of 
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510 copies/2.5 mL, indicating a release of the mRNA from β cells. However, the amplitude 

and duration of the primary peak neither correlated with the graft size nor the subsequent 

graft function. Secondary peaks of circulating insulin mRNA were observed in the follow-up 

period for 17 islet transplantations correlated with metabolic events. These events reflected 

increasing islet graft dysfunction, including significant increases in HbA1c or doubling of 

exogenous insulin requirements.

Changes in β cells under immune assault

The β cell dysfunction during the progression of T1D implies that there are acquired 

functional changes in the cells, possibly as a result of immunologic stressors or metabolic 

demand. Islet cells from individuals with T1D show a partial ER stress response with 

induction of some components of the unfolded protein response (54). Cytokines such as 

IL-1β, together with TNF and IFNγ have been found to inhibit insulin secretion in 
vitro(55-57). In addition, cytokines released by infiltrating immune cells may affect function 

of β cells. Our studies of insulitis in NOD mice have shown that cytokine transcription 

increased with age, and these cytokines can induce methylation marks in the insulin DNA by 

enhancing expression of DNA methyltransferases (submitted). There is reduced insulin gene 

expression with methylation marks, particularly, in mice, within Ins2exon1. Similar changes 

are induced in human β cells in vitro, with enhanced expression of DNMT3a by cytokines. 

Thus in addition to killing of cells, metabolic disturbances may also be a manifestation of 

functional impairments. Despite these strong preclinical findings, the results from trials of 

IL-1RA and anti-IL-1β mAb (Canakinumab), failed to show improvement in C-peptide 

responses in patients with new onset T1D(58). However, the timing of the intervention with 

the anti-IL-1 agents may have been too late to arrest killing that may be in an aggressive 

phase at onset.

Changes in β cells following immune therapy

Unfortunately, there is relatively little data concerning the mechanisms that are involved in 

the ongoing losses after immune therapy. However, apoptosis has been observed in patients 

with long standing T1D, which, these investigators speculate, is due to ongoing 

autoimmunity or possibly toxicity from external factors such as glucose (59). They also 

point out that in view of the ongoing cell death, there must be ongoing β cell replication. 

These and other observations from clinical trials suggest three hypotheses to explain the 

failure after immune therapy:

1) Loss of the immune responses to treatment—Recurrence of autoimmunity has 

been identified using Class I MHC tetramers in failing islet allografts suggesting that 

immune therapies may not be able to completely and permanently suppress autoreactive 

responses(60). Likewise, following treatment with rituximab and repopulation of peripheral 

immune cells, both autoreactive T and B cells were found(61). In this regard, immune 

suppression with more potent agents for longer duration may be considered but even with 

extensive immune depletion, autoreactive cells may reappear (62). In addition, the 

risk:benefit ratio may not be acceptable. Rather than depleting effector cells, agents that can 

restore immune tolerance may be preferable. Recent studies that enhance the number and 

function of regulatory T cells are examples of that strategy(63; 64).
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2) Individual differences in responses to immune therapies—Post-hoc analyses of 

the clinical responses in trial have identified subgroups of individuals who do and do not 

respond to therapies. In our studies with teplizumab, C-peptide levels in the responders were 

maintained for 2 years after diagnosis. While the differences in effects in responders 

compared to non-responders or controls continued up to 9 years (unpublished observations) 

there was a decline in C-peptide levels in the responder group. Although not certain, early 

evidence suggests that the differences between the subgroups are immunologic in nature and 

identified soon after drug administration(65).

3) β cell failure that is independent of immune attack—The parallel track of decline 

in C-peptide in clinical trials in drug and placebo treated subjects after the initial immune 

response raises the possibility that ongoing β cell loss proceeds independent of the immune 

assault. The cell loss may occur through pathways that have been associated with aging and 

senescence including mitochondrial dysfunction, oxidative stress, kinase pathways, calcium 

dysregulation, inflammation, and protein handling or even involve the unfolding of 

mechanisms leading to cell death that began at the time that the disease was initiated(66). 

The impaired vasculature and other sequelae of the inflammatory events in insulitis may 

contribute to the failure of these normal reparative mechanisms. Studies of tissues from the 

time of diagnosis and afterwards would shed light on these processes. In addition to actual 

cell death, stressors may result in dedifferentiation of β cells. Preclinical data from mice 

lacking FoxO1 in β cells has shown that following physiologic stressors such as multiparity 

and aging, the loss of β cell mass was due to β cell dedifferentiation rather than death(67). 

Similar results have been found in conditions of β cell hypoxia or oxidative stress, indicating 

that loss of β cell identity is a common phenomenon following diverse cellular injury. 

Dedifferentiated β cells reverted to progenitor-like cells and in some cases adopted an α cell 

fate resulting in hyperglucagonemia. These changes have been found in islets from patients 

with T2D in which a decrease in MAFA, NKX6.1, and PDX1 expression was seen in 

comparison to islets from non-diabetic donors(55; 68). It is not clear whether similar 

changes occur in β cells in Type 1 diabetes that are under immunologic stress or in humans 

and whether dedifferentiated β cells are susceptible to the same immune response as those 

targeted in the process that is responsible for hyperglycemia. While these “dedifferentiated” 

cells are a potential source of new β cells evidence for their differentiation into functional β 

cells is lacking.

5. Conclusions

Despite the successes of immune therapies in improving C-peptide responses, permanent or 

even long term maintenance of C-peptide has not been achieved. Our understanding of the 

reasons for this failure has been hampered by the absence of tools to assess the destructive 

process that causes the disease. Novel tools for visualizing and quantifying β mass and 

killing may be useful in determining β cell changes that lead to the disease and following 

immune therapy. Future studies will require analysis of human materials and trials that 

combine agents that can modulate immune responses with those that directly interfere with β 

cell killing as well as augment their responses.
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Highlights for “Life and death of β cells in Type 1 diabetes: a 
comprehensive review”

• During progression of Type 1 diabetes beta cell most likely die from a 

combination of necrosis and apoptosis

• Methods to visualize beta cell inflammation and beta cell mass are being 

developed

• Molecular techniques have been applied to identify beta cell killing in vivo

• Use of these methods suggests revision of previous models of the pathogenesis 

of the disease

• The basis for the long term loss of beta cell remains unclear. It is possible that 

ongoing beta cell destruction is intrinsic.
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Figure 1. 
Pathways of necrotic β cell death. Please see text for details
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Figure 2. 
Pathways of apoptotic β cell death. Please see text for details.
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Figure 3. 
Modified model of the natural history of T1D. Studies of β cell death and metabolic studies 

indicate that the timing of β cell killing and metabolic decompensation may be more closely 

associated with the time of diagnosis than appreciated from the initial descriptions of the 

natural history of the disease(69-71)(47).
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