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The dark side of insulin: A primary autoantigen
and instrument of self-destruction in type 1
diabetes
Leonard C. Harrison 1,2,*
ABSTRACT

Background: Since its discovery 100 years ago, insulin, as the ‘cure’ for type 1 diabetes, has rescued the lives of countless individuals. As the
century unfolded and the autoimmune nature of type 1 diabetes was recognised, a darker side of insulin emerged. Autoimmunity to insulin was
found to be an early marker of risk for type 1 diabetes in young children. In humans, it remains unclear if autoimmunity to insulin is primarily due
to a defect in the beta cell itself or to dysregulated immune activation. Conversely, it may be secondary to beta-cell damage from an envi-
ronmental agent (e.g., virus). Nevertheless, direct, interventional studies in non-obese diabetic (NOD) mouse models of type 1 diabetes point to a
critical role for (pro)insulin as a primary autoantigen that drives beta cell pathology.
Scope of review: Modelled on Koch’s postulates for the pathogenicity of an infectious agent, evidence for a pathogenic role of (pro)insulin as an
autoantigen in type 1 diabetes, particularly applicable to the NOD mouse model, is reviewed. Evidence in humans remains circumstantial.
Additionally, as (pro)insulin is a target of autoimmunity in type 1 diabetes, its application as a therapeutic tool to elicit antigen-specific immune
tolerance is assessed.
Major conclusions: Paradoxically, insulin is both a ‘cure’ and a potential ‘cause’ of type 1 diabetes, actively participating as an autoantigen to
drive autoimmune destruction of beta cells - the instrument of its own destruction.

� 2021 The Author. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. PROLOGUE

One hundred years ago in Toronto, Frederick Banting, Charles Best,
John Macleod, and James Collip demonstrated that a partially puri-
fied extract of dog pancreas (which they later called insulin)
decreased glycemia and prolonged the life of pancreatectomised
dogs [1]. Within a year, insulin became the elixir of life for young
people ravaged by type 1 diabetes. This remarkable bench-to-
bedside story stands as one of the greatest life-saving achieve-
ments of medical science. As the 20th century unfolded, the amino
acid sequence and structure of insulin were determined, and insulin
deficiency in type 1 diabetes was confirmed by specific radioim-
munoassay. In addition, though the inflammation of the islets of
Langerhans in diabetes was described before the discovery of insulin
[2], the infiltration of islets by immune cells in type 1 diabetes (the
‘insulitis’ lesion) was documented [3]. Evidence then emerged
regarding the autoimmune nature of beta-cell destruction in the form
of antibodies to the islets [4], which were present before the onset of
the clinical disease [5]. Today, defined by their antigen specificity,
islet autoantibodies to insulin (IAA), glutamic acid decarboxylase
65,000 mol. wt. isoform (GADA), insulinoma-like antigen-2 (IA-2A),
or beta cell-specific zinc transporter-8 (ZTA) is present in at least
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90% of Caucasian children months or years before the onset of
clinical type 1 diabetes, and their number and titer correlate with the
rate of progression to clinical diabetes [6e10].
My purpose here is not to generally elaborate on the autoimmune
features of type 1 diabetes but to focus on autoimmunity to insulin/
proinsulin and its role in the pathogenesis of the disease. George
Eisenbarth first proposed that autoimmunity to insulin was the rate-
limiting factor in the pathogenesis of type 1 diabetes [11], a view
that has received considerable attention and support [12e14].
Insulin is an early target autoantigen in beta-cell autoimmunity in
children who develop type 1 diabetes, but is it pathogenic - the cause
of its own destruction? Ultimately, evidence for ‘causality’ is not
possible to educe in humans. However, criteria for insulin as a primary,
pathogenic autoantigen (analogous to those used by Robert Koch [15]
to identify the pathogenicity of a microorganism) can be applied in the
NOD mouse model of type 1 diabetes (Figure 1). Thus, if insulin/pro-
insulin is pathogenic and drives beta-cell destruction, it must be 1)
expressed uniquely in the autoimmune target beta cell, 2) a target of
immune responses that predate and predict clinical disease, 3) the
target of antibodies or T cells that transfer disease to healthy re-
cipients, and 4) able to prevent disease when presented in an immune
‘tolerogenic’ form.
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Figure 1: The NOD mouse shares features with human childhood type 1 diabetes.
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2. INSULIN IS EXPRESSED UNIQUELY IN THE AUTOIMMUNE
TARGET BETA CELL

Except for self-antigen expressing cells in lymphoid tissues that
determine the selection of T cells during development [16] (see below),
insulin is the only known type 1 diabetes autoantigen uniquely
expressed in beta cells.

3. INSULIN IS A TARGET OF IMMUNE RESPONSES THAT
PREDATE AND PREDICT CLINICAL TYPE 1 DIABETES

Circulating antibodies to insulin was first documented in the 1980s in a
small proportion of newly diagnosed individuals who had not yet been
treated with insulin [17]. Antibodies to insulin are known to develop in
response to insulin therapy, but their prior presence suggests auto-
immunity to endogenous insulin, which could be primarily due to a
defect in the beta cell or the dysregulated immune activation.
Conversely, it may be secondary to beta-cell damage from an envi-
ronmental agent (e.g., virus). In studies of children at an increased
genetic risk of type 1 diabetes (with a first-degree relative with type 1
diabetes) followed from birth, high-affinity IgG IAA was associated with
young age, when they are more often the first sign of islet autoim-
munity, especially in HLA-DR 4 individuals [8]. Moreover, they
frequently antedate autoantibodies to other islet antigens (e.g., GADA
or IA-2A; Figure 2) and, in combination, denote the highest risk for
progression to clinical type 1 diabetes [6e10]. In NOD mice, IAA also
predates and predicts clinical disease [18].
Insulin-specific T cells are inferred by the presence of IgG antibodies to
insulin, given that T cells are required for immunoglobulin class
switching. Peripheral blood CD4þ and CD8þ islet antigen-specific T
cells (including insulin, proinsulin, and C-peptide) have been identified
by different assay methods [19,20], including studies of islet
autoantibody-positive at-risk individuals before the onset of clinical
type 1 diabetes [21e27]. These studies have shown that T cell
reactivity to (pro)insulin protein or peptide epitopes is specific for and
predates clinical type 1 diabetes, though the predictive value of insulin-
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reactive T cells has not yet been established due to the paucity of
longitudinal studies to quantify their number and function.
Recently, novel insulin neo-epitopes called hybrid insulin peptides
(HIPs), formed within secretory granules of beta cells by covalent
bonding between (pro)insulin peptides and other beta-cell peptides,
have been described in humans with type 1 diabetes and NOD mice
[28]. In NOD mice, HIP-specific T cells secrete pro-inflammatory cy-
tokines and transfer diseases, reflecting the disease activity of pre-
diabetes. Moreover, the epitope for the prototypical diabetogenic
BDC-2.5 T-cell clone from NOD mice is an HIP neoepitope formed from
a fragment of insulin C-peptide bound to the N-terminal sequence of
the WE14 peptide of secretory granule chromogranin A. Importantly, in
a recent longitudinal study of humans genetically at-risk for type 1
diabetes, T-cell responses to insulin-based HIPs were stronger than
the responses to insulin peptides and associated with the development
of insulin autoantibodies or progression to clinical type 1 diabetes [29].
The post-translational generation of HIPs may explain how immune
tolerance to insulin (ordinarily expressed in the thymus to induce self-
tolerance) is broken, resulting in autoimmunity to insulin. Immune
tolerance to insulin could be bypassed by other post-translational
modifications of insulin [e.g., [30]], but HIPs have emerged as a
compelling mechanism.

4. INSULIN IS THE TARGET OF ANTIBODIES OR T CELLS THAT
TRANSFER TYPE 1 DIABETES TO HEALTHY RECIPIENTS

There is no evidence that IAA can transfer diabetes in humans or NOD
mice. However, immune cells can transfer disease and are indicated
by observing that type 1 diabetes has developed in recipients of bone
marrow transplanted from type 1 diabetes donors [31]. Adoptive
transfers in animal models have shown that insulin-specific T cells
transfer autoimmune diabetes. In NOD mice, most T-cell lines isolated
from islets react to the B-chain of insulin [32], and insulin B9eB23
peptide-specific T-cell clones transfer diabetes to healthy syngeneic
recipients [33]. Similarly, in Lewis rats, CD4þ T-cell clones to MHC
class II-binding proinsulin B23eC39, but not several GAD peptides,
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Figure 2: Incidence of first-appearing islet autoantibodies in A) general population and B) first-degree relatives of a proband with type 1 diabetes. adapted from krischer JP et al.
Diabetes care 2017;40:1194-1202.
were able to transfer diabetes [34]. Thus, in animal models, adoptive
transfer demonstrates that insulin-specific T cells mediate beta-cell
destruction.

5. INSULIN PREVENTS TYPE 1 DIABETES WHEN PRESENTED IN
AN IMMUNE ‘TOLEROGENIC’ FORM

5.1. Pre-natal immune tolerance to insulin
Many chromosomal loci have been associated with the risk for type 1
diabetes [35,36], but most are weak associations, defined only by
single nucleotide polymorphisms (SNPs) without known functional
contributions to pathogenesis. However, it is clear that the HLA locus
(IDDM1) is the single most crucial genetic contributor [37], accounting
for about half the lifetime risk of disease. The second most important
contribution is from the insulin gene (INS) locus (IDDM2), which maps
50 of the coding sequence to a variable number of tandem repeats
(VNTR). This effect may explain why autoimmunity targets insulin-
producing beta cells in an organ-specific manner in type 1 diabetes.
Among many different VNTR alleles, short class I alleles (26e63 re-
peats, present in ~80% population frequency) confer susceptibility to
type 1 diabetes, and long class III alleles (141e209 repeats, ~20%
population frequency) confer dominant protection (3- to 5-fold
decrease in risk compared with class I/I homozygosity) [38]. Short
(class I) and long (class III) VNTR alleles are associated, respectively,
with a lower and higher transcription of proinsulin messenger RNA in
medullary thymic epithelial cells under the control of the autoimmune
regulator (AIRE) gene [39]. In addition, blood myeloid cells express a
proinsulin RNA splice variant, the abundance of which also correlates
with the length of the VNTR [40]. Proinsulin expression in the immune
system, regulated by the IDDM2 VNTR, may determine the extent of the
deletion of proinsulin-specific T cells during development. The short
VNTR associated with lower proinsulin expression results in weak
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avidity for signalling proinsulin-specific T cells, leading to their positive
selection and survival. However, the long VNTR associated with higher
proinsulin expression results in strong avidity for signalling, leading to
the negative selection and death of proinsulin-specific T cells. This
mechanism predicts differences in the frequency and function of
proinsulin-reactive T cells in the periphery according to the VNTR, but
evidence for this effect [41] requires confirmation. In summary, the INS
VNTR (IDDM2) provides a genetic mechanism for autoimmunity that
targets proinsulin and the b cell in humans.
Mice do not have an INS VNTR; they use a different mechanism to
regulate immunity to insulin. Unlike humans, they have two non-allelic
insulin genes, InsI and InsII, located on different chromosomes. Both
are expressed in b cells but encode slightly different proteins.
In the thymus, proinsulin is expressed by InsII. Based on a preliminary
finding of low or absent InsII expression in the thymus of NOD mice
[42], subsequently confirmed [43], we determined that the over-
expression of InsII in NOD mice prevents diabetes by transgenically
expressing InsII on a major histocompatibility complex (MHC) class II
promoter in antigen-presenting cells (APCs), including those in the
thymus [42]. Transgenic mice did not develop insulitis or diabetes and
were resistant to the induction of diabetes by cyclophosphamide,
which accelerates diabetes onset by selectively inhibiting regulatory T
cells [44]. Thus, proinsulin-specific effector T cells appeared to have a
pivotal role in effecting islet autoimmunity.
The total prevention of diabetes in NOD mice was also observed after
syngeneic transplantation of minimal numbers of hematopoietic stem
cells encoding proinsulin transgenically expressed in APCs [45].
Moreover, the transgenic model was extended to show that islet
autoimmunity is prevented by tolerance to proinsulin but not the islet
autoantigen IGRP [46]. Mice rendered tolerant to insulin by transgenic
InsII overexpression in APCs did not develop responses to the immu-
nodominant IGRP206-214 epitope and were protected from diabetes.
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Conversely, mice transgenically tolerised to IGRP expressed were not
protected from diabetes, indicating that IGRP-specific immunity is
downstream of insulin-specific immunity. Furthermore, the prerequi-
site for insulin-specific immunity was observed in NOD8.3 mice,
transgenic for islet-reactive T cells bearing a receptor for the IGRP206-
214 epitope, present in abundance in the early islet lesion [47].
A series of elegant knockout studies corroborated the role of proinsulin
as a primary driver of autoimmune beta cell destruction in NOD mice. A
deficiency of InsI or InsII did not affect insulin production due to
compensation, but a deficiency of InsII (leading to lack of proinsulin
expression in the thymus) resulted in peripheral T-cell reactivity to
insulin and C-peptide [48]. InsII�/� NOD mice had accelerated insulitis
and diabetes onset with enhanced autoimmunity to insulin [49].
Conversely, insulitis and diabetes onset were decreased in InsI�/�

NOD mice [50]. Subsequently, the tolerogenic effect of thymus-specific
proinsulin expression was shown directly by InsII�/� knockout in Aire-
expressing medullary thymic epithelial cells, without affecting its
expression in the b cells [51]. Providing convincing evidence that the
insulin B chain contains the initiating autoepitope when Ins1 and Ins2
were deleted and replaced by a hormonally active Ins transgene car-
rying a single amino acid mutation at B16, NOD mice were completely
protected from insulitis and diabetes [52]. The B16 mutation impaired
recognition by both CD4þ and CD8þ T cells of overlapping epitopes B9-
23 and B15-23, respectively.

5.2. Post-natal immune tolerance to insulin
The application of insulin or proinsulin as a therapeutic tool for inducing
autoantigen-specific tolerance, which translated into the prevention of
diabetes, would reinforce the evidence for (pro)insulin as a primary
driver of beta-cell destruction. To this end, proof-of-concept studies
were initiated in NOD mice beginning in the 1980s. Insulin or proinsulin
was administered via a tolerogenic route (mucosal, dermal), cell type
(resting dendritic cell), mode (with blockade of co-stimulation mole-
cules), or form (as an ‘altered peptide ligand’). The aim was to
determine whether autoantigen-specific immunotherapy would boost
or restore immune regulatory mechanisms (e.g., induce regulatory T
cells [iTreg]) and/or delete or anergize effector T cells, preventing
diabetes. The many studies in this area are reviewed in detail else-
where [13,53e57]. In summary, insulin protein, proinsulin peptides, or
proinsulin DNA administered to the mucosa (via oral or nasal routes; or
by subcutaneous [s.c.] or intraperitoneal injection), in which it is not
absorbed but locally acts as an antigen to induce Treg, decreased the
incidence or delayed the onset of diabetes in NOD mice. However, the
doses and schedules used did not completely prevent the disease.
On this basis and despite many other interventions having similar partial
benefits in NOD mice, and as safety and regulatory issues with insulin
administration were minor, randomised control trials of s.c., oral, and
nasal insulin and s.c. proinsulin peptides were initially implemented in
individuals with recent-onset type 1 diabetes (tertiary prevention). It was
then performed in first-degree relatives with islet autoantibodies at high
risk for clinical disease (secondary prevention). In general, these trials
yielded important insights, though the outcomes of beta-cell preser-
vation and delayed progression to clinical diseases were disappointing.
Several factors may account for the apparent failure of insulin-specific
immunotherapy trials, including the challenge of finding an optimum
dose/schedule to achieve measurable bioeffects and this approach
likely being more effective for primary prevention before the onset of
disease (as shown in NOD mice). The reader is referred to other sources
[13,53e57] for details of these trials.
The Diabetes Prevention Trial (DPT)-1 in the USA was initiated in 1994
to determine whether antigen-specific therapy with either systemic or
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oral insulin would delay or prevent diabetes onset in asymptomatic
high-risk first-degree relatives with islet autoantibodies. Intensive
systemic insulin therapy had been reported to prolong the “honeymoon
phase” after clinical diagnosis [58], and a pilot study of systemic in-
sulin had suggested that this approach might be beneficial in high-risk
relatives [59]. Systemic insulin might act as a hormone to control blood
glucose and “rest” beta cells, making them less sensitive to immune
attacks. It might also act as an antigen to induce immune tolerance,
though read-outs to identify immune mechanisms were not employed.
Low-dose systemic insulin (annual intravenous insulin infusion and
daily subcutaneous insulin injection) in high-risk relatives matched
with untreated but closely monitored controls did not affect diabetes
incidence [60].
Subsequently, in a randomised controlled trial of oral insulin (DPT-1),
high-risk relatives with a 25%e50% 5-year risk of diabetes were
given 7.5 mg human insulin or a placebo daily for a median of 4.3
years. Overall, there was no effect, but post-hoc hypothesis testing
revealed a significant delay of approximately 4 years in diabetes onset
in participants who were unequivocally positive for insulin autoanti-
bodies at the beginning of the study [61]. It is possible that allelism at
the insulin VNTR (IDDM2) could shape not only the immune response to
endogenous insulin as a target autoantigen but also to oral insulin.
Prompted by the post-hoc DPT-1 finding, a follow-up international trial
of 7.5 mg/day oral insulin was performed by TrialNet between 2007
and 2016 [62], though no effect to delay or prevent diabetes was
found.
What explains the lack of efficacy of oral insulin in humans compared
to NOD mice? First, treatment in humans was initiated after the onset
of beta-cell autoimmunity, whereas it was ineffective in the mice.
Second, the dose of insulin (i.e., 7.5 mg daily) equated to only a few
micrograms in mice on a bodyweight basis, in which milligrams of
gavaged insulin were required to induce anti-diabetogenic CD4þ Treg.
Unfortunately, the opportunity to test a higher dose was not taken, nor
was the evaluation of bioavailability (e.g., determining if the 7.5 mg
dose had any immune effects). Other reasons for failure could include
the degradation of insulin before reaching the upper small intestine,
genetic heterogeneity of responsiveness, and co-induction of patho-
genic T cells. Regarding the latter, antigen presentation in the mucosa
may be a ‘two-edged sword’ that simultaneously induced both iTreg
and pathogenic cytotoxic CD8þ T cells, and a clinical effect may not be
seen without suppression of the latter (e.g., by co-stimulation blockade
with anti-CD40 ligand antibody) [63]. Insulin contains potentially
pathogenic cytotoxic T-cell epitopes, though whether mucosal insulin
induces cytotoxic CD8þ T cells in addition to protective Treg is un-
known. In NOD mice, a proinsulin BeC chain peptide containing both
CD4þ (IeAg7-restricted) and CD8þ (Kd-restricted) T-cell epitopes
induced CD4þ Treg after nasal administration but was significantly
more protective when the C-terminal p9 anchor residue for binding to
Kd was deleted or mutated [64]. This effect suggests that the nature of
T-cells epitopes in proinsulin is critical in mucosa-mediated
immunotherapy.
We considered that insulin administered nasally might be more
effective in inducing mucosal tolerance. In a small peptide, responses
occurred after naso-respiratory (but not oral) administration [65].
Moreover, the nasal administration of the model antigen, ovalbumin,
elicited ovalbumin-specific T-cell responses in cervical, mediastinal,
and mesenteric lymph nodes, whereas the oral administration only
elicited a response in the mesenteric nodes [66]. We observed that
aerosol insulin, which decreased diabetes incidence when adminis-
tered to young NOD mice [67] and nasal insulin when administered to
humans with multiple islet autoantibodies [68e70], elicited an insulin
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Table 1 e Evidence for (pro)insulin as primary autoantigen in type 1 diabetes.

� Beta-cell specific (except for thymus and other lymphoid tissues)

� Second strongest genetic locus in humans (IDDM2) ¼ VNTR 50 of INS, allelism of which correlates with proinsulin transcription in the thymus
� Early target of autoimmunity in humans and NOD mice
� Prominent target of T cells isolated from islets of NOD mice and humans with type 1 diabetes
� Genetic manipulation in NOD mice:
- transgenic expression of proinsulin (but not GAD) in antigen-presenting cells prevents insulitis/diabetes
- transfer of hematopoietic stem cells or myeloid progenitors encoding proinsulin in antigen-presenting cell progeny prevents diabetes
- knockout of proinsulin II (expressed in thymus) accelerates diabetes
- induction of immune tolerance to (pro)insulin prevents diabetes
antibody response. Insulin autoantibodies are a risk marker for type 1
diabetes, and an increase in insulin antibodies in response to naso-
respiratory insulin appears to be counterintuitive. However, naso-
respiratory insulin in both NOD mice and humans was also associ-
ated with a decrease in T-cell responses to insulin. These findings are
consistent with the earliest descriptions of mucosal tolerance and
later landmark studies in humans using keyhole limpet hemocyanin
(KLH) as a model antigen. When KLH was administered nasally to
human volunteers, it elicited a modest antibody response. However,
after the challenge with subcutaneous KLH, both antibody and T-cell
responses were suppressed [71]. We observed this effect in a
randomised trial of nasal insulin in individuals with recent-onset type
1 diabetes who did not initially require insulin treatment. Those who
received nasal insulin had a slight increase in insulin antibodies, but
the insulin antibody response to subsequent subcutaneous insulin
injection was suppressed [69]. This evidence for nasal insulin-
induced immune tolerance cannot only be extrapolated to endoge-
nous “autoantigenic” insulin. Nevertheless, it provides a mechanistic
rationale for randomised trials of nasal insulin vaccination. Two such
trials have been performed in islet autoantibody-positive first-degree
relatives at-risk for type 1 diabetes. In the Type 1 Diabetes Prediction
and Prevention Project (DIPP) trial in Finland [72], nasal insulin (1 U/kg
daily) did not affect the progression to diabetes in children less than 3
years of age who were at very high risk. In the Australian Intranasal
Insulin Trial II (INIT II) [70], nasal insulin at two doses (40 or 440 U) or a
nasal placebo was administered daily for 7 days and then weekly for a
year, with a further 4 years’ follow-up, in first-degree relatives aged
4e30 years (25e50% risk of diabetes over 5 years). The insulin dose
in INIT II was substantially higher than in the DIPP trial, and the
participants were older and had a less advanced preclinical disease.
Nasal insulin induced a significant dose-dependent increase in serum
insulin antibody concentration, which peaked after several months
then dropped to pre-treatment concentrations within the treatment
year, consistent with immune tolerance to exogenous insulin. How-
ever, this bioeffect did not translate into protection against diabetes.
From these trials, we learned that oral and nasal insulin are safe, and
simple biomarkers demonstrate that nasal insulin is bioactive and
induces tolerance to exogenous insulin.
As reasoned above, antigen-specific vaccination is most likely to be
effective before the onset of the disease. The oral and nasal insulin
trials are a foundation for the primary prevention trials of mucosal
insulin in genetically at-risk, islet autoantibody-negative children. A
pilot study [73] found that high-dose oral insulin (67.5 mg daily for 3e
12 months) was associated with antibody and T-cell responses in five
of six children. Subsequently, a phase I/II randomised controlled trial
was conducted in 44 islet autoantibody-negative children aged from 6
months with a susceptible HLA DR4-DQ8 genotype [74]. Oral insulin
(7.5 mg with dose escalation to 67.5 mg) or placebo was administered
daily for 12 months. The primary outcome was immune efficacy, pre-
MOLECULAR METABOLISM 52 (2021) 101288 � 2021 The Author. Published by Elsevier GmbH. This is an op
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specified as the induction of antibody or T cell responses to insulin.
Oral insulin was well-tolerated, but no effect on primary outcomes was
demonstrated. Exploratory analyses suggested that antibody re-
sponses to oral insulin may occur in children with a susceptible IDDM2
genotype, and inflammatory episodes may promote the activation of
insulin-responsive T cells. These factors may have impacted the trial’s
outcome and are important to consider in designing future trials. The
case for insulin as a primary autoantigen in humans does not rely on,
but would be strengthened by, the successful application of insulin as a
therapeutic tool to prevent type 1 diabetes.

6. EPILOGUE

When insulin was discovered, it was hailed as the cure for a disease
that came to be known as type 1 diabetes. No one could have imagined
that 100 years later, the cure would be viewed as contributing to its
own destruction. The evidence that insulin is a primary autoantigen
driving autoimmune beta-cell destruction (Table 1) relies heavily on
intervention studies in the NOD mouse model of type 1 diabetes, as it is
not possible to test some postulates for causality in humans directly.
Nevertheless, the genetic regulation of insulin expression in humans,
the early appearance of insulin autoimmunity and its high predictive
value in classic childhood type 1 diabetes, and other parallels with
autoimmune diabetes in NOD mice, suggest that insulin is a primary
pathogenic autoantigen in type 1 diabetes.
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