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Type 1 diabetes (T1D) is a chronic metabolic disease characterized by insulin deficiency, generally resulting from

progressive autoimmune-mediated destruction of pancreatic beta cells. While the phenomenon of beta cell autoimmunity

continues to be an active area of investigation, recent evidence suggests that beta cell stress responses are also

important contributors to disease onset.
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1. Introduction

1.1. Autoimmune Type 1 Diabetes

Autoimmune type 1 diabetes (T1D) mellitus (also referred to as type 1A diabetes) results from insulin deficiency due to

autoimmune-mediated destruction of pancreatic beta cells . It often is distinguished from the less common type 1B

diabetes, or idiopathic/nonautoimmune diabetes, in which the latter shows insulin deficiency and beta cell loss in the

absence of beta cell autoimmunity . T1D incidence has been increasing worldwide for the past few decades , and

while it has a long-standing reputation as a pediatric disease, more recently an increasing number of young adults have

been diagnosed . Children and youth with T1D often experience challenges with insulin dosing to maintain optimal

glycemic control as they age. Hence long-term diabetes-related complications such as nephropathy, neuropathy and

retinopathy may be observed earlier in their lifetimes . Additionally, despite modern improvements in insulins, which

have increased the healthy lifespan of people living with T1D, there are growing financial barriers to affordable access in

many countries  and an overall high risk of cardiovascular disease development, which is a major cause of death

among older people living with T1D . Currently there is no way to prevent or cure T1D, and daily insulin administration is

the only safe and effective way to manage the disease. Thus, in addition to ongoing clinical care for those living with the

disease, there is also an urgent need to better understand T1D pathogenesis and develop preventive therapies and

treatments.

1.2. Stages in T1D Pathogenesis

Clinical heterogeneity in T1D patients is thought to arise as a result of different environmental exposures during

development and genetic factors, each of which play a significant role in precipitating beta cell autoimmunity . Models

for the natural history of T1D have been extensively refined over the past decades as a consensus view has emerged 

. In brief, three distinct clinical stages of disease progression have been recognized, although the timing and onset

of each varies. During the earliest disease stage, patients are asymptomatic and as a result of environmental trigger(s)

and genetic susceptibility, they develop beta cell autoimmunity (seroconversion) indicated by the presence of one or more

autoantibodies against beta cell antigens, commonly insulin (INS), glutamate decarboxylase 65 (GAD65), islet antigen 2

(IA-2) and zinc transporter 8 (ZNT8) . Remarkably, this early asymptomatic stage can precede a T1D diagnosis for

years, and an increased number of autoantibodies correlates well with increased risk for T1D onset . Newly

developed risk scores incorporating genetic, epidemiological and immunological factors are greatly increasing predictive

power for T1D onset in children between the ages of two to eight years old . Stage 2 is characterized by declining beta

cell function and/or mass as evidenced by abnormal glucose tolerance and sometimes very mild hyperglycemia .

However, overt hyperglycemia and the classical diabetes symptoms of polydipsia, polyuria and polyphagia are absent.

Recent evidence suggests that beta cell dysfunction, rather than exclusively loss of beta cell mass during this period, may

be a critical factor for disease progression . Eventually, in the third stage, patients progress to become fully

symptomatic, where functional beta cell mass is insufficient to meet normal metabolic demands leading to persistent

hyperglycemia and the classical diabetes symptoms with or without diabetic ketoacidosis.
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Interestingly, a honeymoon period has been described in an estimated 50% of new onset pediatric patients where their

symptoms seem to improve and they experience clinical remission of diabetes upon the first administration of insulin and

the subsequent reduction in dosage . However, this phase is inevitably short-lived, usually lasting a few months, and

patients subsequently require insulin again. This phenomenon is very poorly understood, but may suggest avenues for the

proper timing of therapies to recover beta cell function in the long term after diagnosis . Remarkably, although it was

once believed that all beta cells are destroyed in T1D, recent work indicates that even in established T1D cases (> three

years after diagnosis), proinsulin secretion persists for years in nearly all patients , and a substantial proportion of beta

cells remain in many patients . These observations hold promise for efforts to restore beta cell function well

after diagnosis.

1.3. T1D as a Disease of the Immune System and Beta Cells

Historically, T1D has been viewed a disease of the immune system  where the beta cells are passive targets destroyed

by a complex autoimmune process mediated by self-reactive cytotoxic CD4  and CD8  T cells supported by innate

immunity. As a result of this emphasis, clinical interventions for the prevention and treatment of T1D have focused on

immune-targeting therapies, some of which have shown beneficial effects . For example, a recent clinical trial using

a nondepleting anti-CD3 antibody (teplizumab), which targets T cells, in relatives of patients with T1D who were

themselves at high risk of developing the disease (≥ 2 auto-antibodies and early signs of dysglycemia) led to a ~three

year median delay in the progression to T1D onset when compared to a placebo . However, the exact mechanisms of

action of teplizumab are still unclear, and this therapeutic antibody also had little effect in some patients (e.g., non-

responders) . Similarly, a recent trial using golimumab, a therapeutic monoclonal tumor necrosis factor alpha (TNF-α)

antibody, led to increased residual beta cell function and reduced insulin usage in new onset pediatric and young adult

patients with T1D as compared with placebo . This study also reported an increased number of hypoglycemic events

along with increased frequency of infections in the golimumab patients . Thus, while some immunotherapies can delay

disease progression during stage two or even after onset in stage three, there are patients who do not respond and there

are often unintended consequences of systemic immune modulation. A wide variety of immunotherapy clinical trials for

new onset T1D or T1D prevention/delay are underway and include immune-modulating antibodies, cytokines, vaccines

and regulatory T cell therapies .

Building from the classical paradigm of T1D as an autoimmune disease, a growing body of evidence supports the idea

that beta cell dysfunction is just as critical as the autoimmune process, and that T1D is also a disease of the beta

cells/islets . Genome-wide association studies (GWAS) indicate that the majority of polymorphisms outside of the

human leukocyte antigen (HLA) complex that are associated with T1D reside in genes known to be expressed in beta

cells, including the INS gene itself . Clinical observations over the past several years support the notion of ongoing beta

cell dysfunction prior to diagnosis, and persistent beta cell mass and function, even in established T1D years after

diagnosis . Thus, an new emphasis on beta cell drug therapies could be an exciting avenue to reduce

beta cell death, restore beta cell function and avert T1D onset during stage two or early into stage three of the disease .

2. Beta Cell Dysfunction in T1D

2.1. Beta Cell Endoplasmic Reticulum Stress, Unfolded Protein Response and Apoptosis

Perhaps the most well studied and widely regarded state of beta cell dysfunction during the pathogenesis of T1D is

endoplasmic reticulum (ER) stress leading to apoptosis  (Figure 1A). Apoptosis is a form of programmed cell death

triggered via a variety of mechanisms including internally as a result of irreparable cellular damage (intrinsic pathway), or

externally as a result of surface receptor interactions with immune cells (extrinsic pathway) or as a result of the perforin-

granzyme pathway  (for a detailed review of cell death mechanisms and nomenclature see ).
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Figure 1. Molecular pathways and therapeutic targets for beta cell unfolded protein response (UPR)-mediated apoptosis

and senescence in type 1 diabetes (T1D). (A) Beta cell apoptosis in T1D results from persistent endoplasmic reticulum

(ER) stress that leads to activation of UPR master regulators IRE1α, PERK and ATF6. IRE1α mediates its functions

through its RNAse and kinase activities that are potentiated by the Abelson tyrosine-protein kinase (ABLs). The balance of

each UPR regulator dictates the outcome on beta cell fate. Unrelieved ER stress signals through IRE1α and PERK and

shifts the pathway towards a terminal UPR and apoptosis mediated by thioredoxin interacting protein (TXNIP), whereas

ATF6 is the major mediator of adaptive UPR leading to beta cell survival. Clinical trials in new onset adult T1D patients

have used Verapamil, Imatinib or tauroursodeoxycholic acid (TUDCA) to attenuate terminal UPR and apoptosis and/or

enhance adaptive UPR to delay the decline in residual beta cell function. (B) Beta cell senescence in T1D may be initiated

by unresolved DNA damage (although the precise triggers of DNA damage remain unknown). A persistent DNA damage

response (DDR) in beta cells is indicated by gH2A.X which is mediated by ATM. DNA damaged beta cells show activation

of cyclin-dependent kinase inhibitors p21 and p16, which enforce a senescent growth arrest. Senescent beta cells

upregulate the antiapoptotic protein Bcl-2 and develop a senescence-associated secretory phenotype (SASP). Small

molecule inhibitors including senolytic compounds targeting Bcl-2 (ABT-199, ABT-737) or suppressing SASP at the level

of gene expression (iBET-762) mitigate the deleterious effects of accumulated senescent beta cells in NOD mice and

prevent T1D. These drugs have not been tested in clinical trials for T1D. The white circles and the β symbol indicate the

nucleus, while the purple structure is the ER and black dots indicate insulin granules.

As beta cells have high demands for insulin synthesis, processing, folding and secretion, metabolic and immune-mediated

stress are believed to directly impact the ability to sustain these processes . As a consequence, a major cause of

apoptosis in beta cells is ER stress-mediated activation of the unfolded protein response (UPR) . Accordingly,

decreased Ins1 gene dosage transiently improves beta cell ER function and relieves basal UPR stress in mice . The

UPR is a three-branched system that can either enable cells to maintain homeostasis (adaptive UPR) or lead them to

commit to apoptosis (terminal UPR) . Adaptive UPR signaling allows beta cells to cope with the stress of

unfolded/misfolded proteins in the ER and recover, whereas a terminal UPR occurs if the stress is too great or prolonged,

triggering apoptosis  (Figure 1A). Although recent work has focused on terminal UPR signaling as the major

mechanism driving beta cell apoptosis, evidence from the widely studied nonobese diabetic (NOD) mouse model for

human T1D  suggests that beta cells also undergo apoptosis via a combination of both the extrinsic pathway and

perforin-granzyme pathway directed by cytotoxic T cells . Similarly, a number of studies on human donor

pancreas tissue have supported the idea that beta cells are destroyed in a heterogeneous fashion over the pancreas by

CD8  T cell-mediated cytotoxicity .

Another form of beta cell death suggested to be involved in T1D is necrosis , a lesser known form of cell death resulting

from extensive damage, where cells are lysed and cellular contents are extruded to the extracellular environment,

provoking immune activation and inflammatory responses . This contrasts with what is thought to occur during

apoptosis, as apoptotic cells are typically very short-lived and eliminated by phagocytes, leading to tissue remodeling 

. While ongoing necrotic beta cell death is an attractive explanation for autoantigen release as has been proposed 

, the evidence for necrotic beta cell death as a putative mechanism in T1D is inconclusive.

A major open question in this area concerns which forms of beta cell death predominate in T1D, and whether beta cell

death is generally continuous, relapsing-remitting or purely situational and context dependent . Interestingly, a recent

study using DNA methylation as a biomarker for circulating cell-free DNA (cfDNA) originating from beta cells found no

evidence to substantiate ongoing beta cell death (where death was measured as beta cell-derived cfDNA in serum) in

seroconverted individuals or those with recent onset or established T1D, whereas the same bioassay was sensitive

enough to detect beta cell death following islet transplantation . Thus, the various forms of beta cell death during the
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development of T1D, whatever they may be, either differ from those during islet transplantation or are simply not

continuously occurring. As our knowledge of cell death mechanisms continues to expand , it will be important to

elucidate additional pathways of beta cell death in T1D.

2.1.1. Pathways for UPR-Mediated Beta Cell Apoptosis

In beta cells, adaptive and terminal UPR are held in balance downstream of ER stress. ER stress activates the tripartite

UPR pathway involving master regulators inositol requiring enzyme 1 alpha (IRE1α), PKR-like ER Kinase (PERK) and

activating transcription factor 6 (ATF6), each of which regulate processes that control the apoptotic versus survival fate

decision . Notably, mRNA and protein markers of ER stress and UPR activation in beta cells are apparent in early-

stage prediabetic NOD mice and human T1D donor pancreas sections . When ER stress is prolonged or beyond

remediation, there is a shift from adaptive to terminal UPR via IRE1α or PERK-dependent activation of the redox protein

thioredoxin interacting protein (TXNIP) in beta cells  (Figure 1A). TXNIP activation is necessary to trigger the intrinsic

apoptotic pathway in beta cells . Accordingly, terminal UPR and apoptosis in beta cells can be averted with small

molecule inhibitors targeting the RNAse activity of IRE1α or its binding partner, Abelson tyrosine-protein kinase (ABL) 

. Recent genetic evidence indicates that IRE1α also controls beta cell identity, and beta cell-specific knockout of this

UPR mediator protects against T1D in NOD mice . Similarly, Txnip knockout prevents induction of apoptosis in rodent

beta cell lines and islets ex vivo under conditions of persistent ER stress, such as high glucose .

2.1.2. Clinical Trials for UPR Therapies in T1D

Clinical trials testing beta cell-directed drug therapies for T1D (e.g., where beta cells are the primary target of the

experimental agent, excluding transplantation) are few and far between. As of November 2020, on the clinicaltrials.gov

website there were over 2,100 listed interventional T1D trials (inclusive of all trial statuses), yet only around 100 of these

involve beta cells as drug targets, most of which are repurposing drugs currently used to treat type 2 diabetes (T2D).

Interventional clinical trials utilizing small molecule drugs (alongside standard insulin regimens) to mitigate beta cell

apoptosis in T1D in adults (≥ 18 years old) have shown promising early results in small cohorts. A recent phase II placebo-

controlled clinical trial using daily Verapamil (TXNIP inhibitor) in recent onset T1D in adult patients over 12 months

(NCT02372253) demonstrated enhanced preservation of beta cell function, reduced hypoglycemic events and decreased

insulin requirements  (Figure 1A). However, the study size was quite limited (n = 11 participants for each treatment

group) and also reported a high frequency of gastrointestinal side-effects and nausea, making it unclear whether this drug

would be tolerable in a pediatric population. Similarly, a recent clinical trial using daily imantinib (IRE1α-ABL inhibitor) in

recent onset T1D patients (NCT01781975) demonstrated a partial preservation of beta cell function compared with

placebo over a one-year follow-up period (study has not been published) (Figure 1A). However, a broad range of adverse

side-effects were reported and occurred more frequently in the imatinib-dosed group, categorized as gastrointestinal, skin,

respiratory, cardiac, endocrine and infectious, suggesting a wide range of off-target effects. Indeed, it was recently

reported that in addition to terminal UPR signaling, imatinib also directly affects insulin secretion from beta cells  and

promotes reactive oxygen species (ROS) scavenging by B cells in NOD mice, an effect which is essential for diabetes

reversal . Thus, it would seem that there is still much to learn about the mechanisms of this drug.

Terminal UPR and apoptosis may also be averted by enhancing the ability of beta cells to handle unfolded proteins. The

bile acid derivative tauroursodeoxycholic acid (TUDCA) acts as an ER stress inhibitor and protein chaperone  and

prevents diabetes in the NOD mouse model in an ATF6-dependent manner  (Figure 1A). Notably, TUDCA-related acids

have been safely used in infants and children for some time now as a treatment for various hepatobilliary diseases ,

suggesting they would also be safe for pediatric patients. A placebo-controlled phase II clinical trial for TUDCA in recent-

onset adult T1D patients (NCT02218619) has recently completed, although the results await publication. The findings of

this study will be important in providing further clinical evidence for the potential of UPR inhibitor therapies to enhance

beta cell survival and function in T1D.

While these studies are indeed promising, a key feature of each of these drug therapies is that they require continuous

dosing to inhibit their targets and be effective (daily dosing regimens were used in each of these trials). This kind of

regimen often maximizes the extent and severity of side-effects. Indeed, uptake of these UPR inhibitory drugs in cell types

other than ER-stressed beta cells would be detrimental when terminal UPR and apoptosis are required for tissue

regeneration and cell turnover. Nevertheless, the evidence from these clinical trials suggests that even at diagnosis there

is a clear window to improve, or at least delay, the decline of residual beta cell function beyond insulin therapy alone. The

question of whether beta cell function can be improved in T1D by repurposing T2D drugs remains open. However recent

studies targeting glucagon-like peptide 1 (GLP-1) and GLP-1 receptor (GLP1R) signaling suggest that this may not be

effective (NCT01155284, NCT02284009) . As future studies begin to understand the points at which beta cells are
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most vulnerable to ER stress-induced functional decline and terminal UPR during the various stages of T1D development,

it may be possible to use these therapies intermittently and when they are most needed, obviating the side-effects

resulting from chronic daily administration.
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