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reduce the burden of T1D.

Introduction

The discovery of insulin and its rapid incorporation into clinical
practice is one the greatest examples of scientific research saving
lives and transforming clinical care. Prior to the discovery of insu-
lin, type 1 diabetes mellitus (T1D) was a uniformly lethal disease
that led to either rapid death from diabetic ketoacidosis or, with
adherence to a strict starvation protocol, severe malnutrition and
death within months or 1-2 years. As outlined by historians (1),
the discovery of insulin was a reprieve from the death sentence of
T1D, such that in 1922-1923, the timing of T1D onset and access
to insulin determined whether some individuals died or lived for
many years (2). The stories of people rescued from certain death
by insulin’s discovery are nothing short of miraculous. Multiple
millions of individuals with T1D and their descendants are alive
today because of insulin’s discovery.

This Review provides a brief, comprehensive overview of
human T1D, including what is known about its genetics, patho-
genesis, and natural history, before concluding with a discussion
of current and future therapeutic or preventive strategies. This
Review describes exciting advances in the understanding and
treatment of human T1D, but also highlights gaps in our knowl-
edge that must be overcome to reverse and/or prevent T1D and its
related complications. A recurring theme will be the growing rec-
ognition that T1D is not a single, monolithic disease but is instead
heterogenous, and that the term T1D likely encompasses several
different pathological processes within the clinical phenotype of
T1D. While this Review is aimed at medical and scientific readers,
it is essential to recognize the critical roles played by individuals
with T1D and their families in advancing the understanding and
treatment of T1D. These individuals have participated in para-
digm-changing clinical trials, advocated for biomedical research
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As part of the centennial celebration of insulin’s discovery, this review summarizes the current understanding of the genetics,
pathogenesis, treatment, and outcomes in type 1diabetes (T1D). T1D results from an autoimmune response that leads to
destruction of the p cells in the pancreatic islet and requires lifelong insulin therapy. While much has been learned about T1D,
it is now clear that there is considerable heterogeneity in T1D with regard to genetics, pathology, response to immune-based
therapies, clinical course, and susceptibility to diabetes-related complications. This Review highlights knowledge gaps and
opportunities to improve the understanding of T1D pathogenesis and outlines emerging therapies to treat or prevent T1D and

and new technologies, and incorporated many new approaches
into their daily lives.

Diagnosis of T1D in 2021

Traditionally, the diagnosis of T1D is based on the clinical phe-
notype of insulin-dependent diabetes with onset in childhood or
adolescence and possibly diabetic ketoacidosis. With the increas-
ing emphasis on precision medicine, most discussion of diabetes
has focused on heterogeneity in type 2 diabetes (T2D) and distin-
guishing T2D from monogenic diabetes or atypical forms of diabe-
tes (3-5), with the assumption that one can accurately define T1D
based on the clinical phenotype. This view has been substantially
altered by two major changes in our thinking: (a) T1D begins with
evidence of islet-directed autoimmunity prior to appearance of
dysglycemia or hyperglycemia; (b) T1D likely results from differ-
ent pathways to B cell destruction as reflected by differences in age
of onset, genetics, pancreas pathology, metabolism, insulin secre-
tion, and ultimately by differences in response to therapies and
diabetes-related complications.

The model proposed by George Eisenbarth in 1986 has long
been the standard schematic for how T1D develops, and even with
many noted caveats and inconsistencies, it remains useful in fram-
ing today’s discussion about the development of T1D (Figure 1 and
Table 1). Components, revisions, and limitations of this model are
discussed below and include new information about genetic sus-
ceptibility, pathogenic and molecular aspects of B cell-directed
autoimmunity, and the interactions between immunology and
islet biology (6). The current model suggests that the natural pro-
gression of T1D in genetically susceptible individuals consists of
three stages (7). In stage 1, normoglycemia is accompanied by two
or more islet-directed autoantibodies. The autoimmune process,
as reflected by these autoantibodies, is presumably initiated by an
unidentified triggering event or events. In stage 2, the autoanti-
bodies are accompanied by dysglycemia reflecting inadequate
insulin secretion after a glucose or nutrient challenge. In stage 3,
the time that T1D is usually clinically diagnosed, symptoms are
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Figure 1. Model of stages of type 1diabetes (T1D). Graph shows functional
B cell mass through the stages of T1D. The blue shaded area shows number
or insulin secretory capacity of f cells, with time on the x axis reflecting a
broad range (could be months or years of T1D development). See text for
definition of T1D stages. Roman numerals on the graph refer to questions
about T1D pathogenesis shown in Table 1.

usually present and insulin therapy is initiated. Presentation may
range from diabetic ketoacidosis to modest hyperglycemia. f cells
are still present and functional (it is estimated that ~60%-90% of
B cell mass has been lost at clinical presentation; ref. 8). B Cell loss
continues over the ensuing months to years, but many individu-
als with longstanding T1D still secrete small amounts of insulin.
Although these stages are a helpful framework, it should be noted
that not all individuals in stage 1 or stage 2 progress to hypergly-
cemia requiring insulin treatment. A significant limitation of the
model is that it is almost entirely based on measurements gath-
ered from the peripheral blood (insulin secretion, immunological
markers, etc.) and clinical parameters (age of onset, BMI, exog-
enous insulin requirements, etc.); only recently have there been
studies of the “scene of the crime,” the human pancreas, in stages
1,2, and 3 and recent-onset T1D (discussed below).

There is a lack of accepted, specific criteria for diagnosis of
T1D. Instead, the clinical diagnosis continues to rely on two main
features: (a) insulin deficiency and need for exogenous insulin
therapy (insulin requirements may be modest in early stage 3
and the first years after hyperglycemia onset) and (b) presence of
islet-directed autoantibodies. These criteria are reasonably accu-
rate in individuals who develop diabetes prior to 20 years of age,
but are considerably less informative in those over the age of 20
years, highlighting the need for additional criteria (e.g., genetic
risk score, other immunological makers, subtypes of T1D). Oth-
er autoimmune endocrinopathies (autoimmune thyroid disease,
autoimmune adrenal insufficiency, celiac disease, or atrophic gas-
tritis) may be present in up to 20% of individuals with T1D and
should be considered (9).

Scope and incidence of T1D

The precise number of individuals with T1D is not known, but
more than 1.6 million people in the United States are thought to
have T1D (10). The incidence of T1D varies widely among coun-
tries, but this likely reflects differences in T1D-susceptibility
genetic loci in a country’s population rather than environmental
exposures. T1D incidence is highest in Finland, Sardinia, Sweden,
Norway, and Portugal, with the rate being 60- to 300-fold greater
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Table 1. Questions about current model of T1D development

i. How does peak 3 cell mass, which varies between individuals, influence
susceptibility to T1D-related {3 cell loss? What is 3 cell mass at each stage of T1D?

ii.  What triggering event or events initiate 3 cell-directed autoimmunity? Is the
triggering event the same in all individuals?

ii. Is P cell-directed autoimmunity sustained or does it wax and wane? Is the
autoimmunity the same at all stages of T1D?

iv. Is [ cell loss continuous/progressive or does it start and then stop?
V. Why do some 3 cells survive and others do not? Can remaining [3 cells regenerate?

Question numbers correspond to numbers in Figure 1.

than in China and Venezuela (11-13). The incidence in the United
States and Europe is intermediate. These rates of T1D are likely an
underestimate and do not include many young adults and adults
who develop T1D because almost all incidence data comes from
registries with individuals under 20 years of age. The SEARCH for
Diabetes in Youth study in the United States found a 1.4% per year
increase in T1D incidence from 2002 to 2012, with an unexpected
increase in Hispanic youths (14). This increase in the United States
is similar to the gradual worldwide annual increase in T1D inci-
dence over the past 30 years. The reasons for this increase are not
known, but may reflect changing diet and environmental expo-
sures. There are some signs, however, that this increase is not a
continuing trend (13). The number of individuals developing T1D
who have the high-risk HLA alleles is declining (15), suggesting
that gene-environment interactions such as diet or environmental
exposure play a role.

Genetics of T1D

A genetic susceptibility to T1D, although incompletely defined, is
clear: identical twins have a concordance rate of 60%-70% with
long-term follow-up (16) and first-degree relatives have a 5%-6%
lifetime risk of T1D. Despite the clear genetic risk, most individu-
als with T1D have no family history of T1D. Approximately 50% of
the genetic risk is related to class Il HLA alleles (DR, DQ, and oth-
ers). Loci related to the insulin gene and variable number tandem
repeat convey the next highest genetic risk (15, 17). At least 50 oth-
er genetic loci or SNPs, mostly in regions of the genome predicted
to be involved in gene regulation, have been identified as provid-
ing a small risk for T1D. Until recently, these loci were thought to
affect immune cell function and influence nearby genes, but new
data suggest that some directly affect the B cell, perhaps altering
cell response to inflammation or cytokines, such as IFN-y or IL-1p,
or act by influencing distant regulatory regions (17).

The polygenic nature of T1D genetic susceptibility has stimu-
lated efforts to combine SNPs into a T1D genetic risk score (T1D-
GRS). Such a T1D-GRS has proven useful when combined with
autoantibody measurements in enhancing prediction of future
T1D development in individuals at high risk for T1D who are being
followed in The Environmental Determinants of Diabetes in the
Young (TEDDY) study (18). Similarly, application of such a T1D-
GRS to the UK Biobank predicted that as many as 42% of individ-
uals with T1D developed T1D over 30 years of age, highlighting
the heterogeneity in T1D and the difficulty of diagnosing T1D in
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Figure 2. Pancreatic changes and immune abnormalities in T1D. The reduction of pancreas size or
volume from normal to stage 2 to stage 3 T1D is shown at the top of the figure. The insets below
shows a stylized section of the pancreas with islets and acinar cells in stage 2 and stage 3 T1D.
Circulating autoantibodies directed at islet-enriched molecules are present in stage 2 and stage 3 but
are not cytotoxic. In stage 3, immune cells are present within islets and exocrine pancreas, and there
is a loss of both B cells and acinar cells. Other changes (not shown) in the stage 3 T1D islets include
(a) insulin-negative, pseudoatrophic islets with rare islets appearing normal or having f cells; (b)
alterations in proinsulin and insulin processing and expression of islet-enriched transcription factors
such as PDX-1and NKX6.1; (c) islet cell hyperexpression of HLA class | and class Il molecules; (d)
insulitis (immune cell infiltration in some islets) is variable, involving primarily CD8* T cells, but also
B lymphocytes, CD4* T lymphocytes, and macrophages; CD20* B lymphocytes are more common in
recent-onset T1D in younger individuals; and (e) B cell mass is variable in stage 1, 2, and 3 (see Figure
1). Changes in the exocrine pancreas include (a) reduced pancreatic volume/mass at T1D onset and in
autoantibody-positive individuals; progressive decline in pancreas volume in first 5 years of T1D; (b)
acinar cell loss, some exocrine fibrosis in stage 3 pancreas; and (c) leukocyte infiltration of exocrine
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related autoantibodies at the time of organ
donation (25-35). Some of the pathological
findings in the pancreas in recent-onset
T1D include modest, patchy, variable insu-
litis (immune cell infiltration of islet); some
pseudoatrophic, insulin-negative islets; and
some islets with normal-appearing B cells
(Figure 2). The clinical features of T1D (age
of diabetes diagnosis, BMI) and biomark-
ers (autoantibodies, C-peptide, T1ID-GRS)
mostly correlated with these pathological
features of T1D (29), thus providing an
important connection between peripheral
measurements and pancreas pathology.

B Cell-directed autoimmunity involves
humoral and cell-mediated autoimmunity
(Figure 2). Some combination of autoanti-
bodies against glutamic acid decarboxylase
(GAD), insulin (IAA), insulinoma-associ-
ated antigen-2 (IA-2), zinc transporter 8
(ZnT8), or tetraspanin-7 (Tspan7) are pres-
ent at the onset of hyperglycemia in more
than 90% of individuals with the typical
T1D phenotype. These nonpathogenic
autoantibodies are viewed as markers of
the autoimmune process, with the presence
of multiple autoantibodies during stage 2
in younger individuals predictive of transi-
tion to stage 3 over a 5- to 10-year timeline

compartment. See text for additional details.

the adult population where T2D is much more frequent (19). For
now, T1D-GRS is a research tool, but with further refinements it
may prove useful in supporting or refuting the diagnosis of T1D in
an individual or in population screening to identify individuals at
high risk for developing T1D.

Pathogenesis of T1D — immune and islet
perspectives

The pathological features of T1D, although often definitively stat-
ed (autoimmune, T cell-mediated B cell destruction accompanied
by nonpathogenic, islet-directed autoantibodies), in reality has
many unknowns, unproven assumptions, and knowledge gaps
(Figure 1 and Table 1). It is widely assumed that a triggering event
or events initiate the B cell-directed autoimmunity, but these
events or events remain unknown despite sustained efforts over
many years. Many environmental agents have been postulated,
including virus infection (Coxsackie, rubella, enterovirus, etc.),
diet, intestinal microbiota, cleanliness of the environment, and
gene-environmental interactions (20-24). The search continues
in the TEDDY study, which is prospectively and systematically
investigating potential environmental triggers.

Studies by a number of investigators have provided criti-
cal insight by collecting and studying the human pancreas from
the few individuals who die at T1D onset, after a relatively short
duration of T1D (<5 years), or who were found to have islet-
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(36). In the TEDDY study that enrolled and
followed from birth individuals genetically
at high risk for T1D, insulin and GAD auto-
antibodies appeared in the first 5 years of life, sometimes within
the first year of life, and the presence of 2 or more autoantibodies
was associated with 60%-80% T1D development in follow-up over
10-15 years (37, 38). The appearance of these autoantibodies is at a
time of considerable change and plasticity in human islet morphol-
ogy, cell composition, and maturation and immune system matura-
tion and establishment, raising the possibility that developmental
processes contribute to initiation of B cell-directed autoimmunity.
Despite the assumption that 3 cell destruction in T1D is medi-
ated by T cells, it has been difficult to develop robust, standard-
ized T cell-based assays (39). One reason is the low frequency of
the diabetogenic T cells in the peripheral circulation of individ-
uals with recent-onset T1D (stages 2 and 3) and the assumption
that the pathogenic T cells of interest are within the islet or pan-
creas-draining lymph nodes. Recent work has validated this view
with the isolation and cloning of CD4* and CD8* T cell lines from
T1D islets and pancreatic lymph nodes that react to a range of'islet
antigens (including insulin, GAD, islet-specific glucose-6-phos-
phatase catalytic subunit-related protein, islet-associated amyloid
polypeptide) and, interestingly, also to posttranslationally modi-
fied peptides or neoantigens (hybrid insulin peptides, etc.) (26, 28,
40, 41). There is an increasing awareness that B lymphocytes are
also involved in the autoimmune process (42).
B Cells exist within the human islet, a complex miniorgan (43),
and according to current thinking, the B cell is not an innocent
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Table 2. Examples of T1D heterogeneity

Clinical
40% onset in individuals over 30 years old

« Other autoimmune endocrinopathies or diseases (thyroid, adrenal, celiac, etc.) in some
» Degree and rate of development of diabetes-related complications (e.g., retinopathy, nephropathy,

neuropathy)
* Presence of HLA DR3/DR4 haplotypes
* More than 50 genetic loci
* Autoantibody frequency, profile, and target epitopes
* Type 11FN, innate immunity, and T cell signatures
* Rate of decline in 3 cell function and mass in stages 2 and 3
* Degree and duration of residual C-peptide production
* Response to immunomodulatory therapy
* Insulitis (degree, location) differs between and within individuals
* (D20* B lymphocytes in younger-onset T1D
* Degree of { cell loss
« Differences between insulin-negative islets and islets with 3 cells

Genetic
Immunological

Metabolic

Pathological

Adapted with permission from Battaglia et al. (70) and references therein.

* Age of onset of B cell-directed autoimmunity and hyperglycemia (from 6 months to adult); up to

found that pancreas size by MRI is reduced
at the time of T1D onset and in stages 1, 2,
and 3 (30, 61-64). Since islets represent
only 1%-2% of the pancreas, the exocrine
compartment of the pancreas must also be
affected in T1D (Figure 2). Prior studies of
pancreas size in T1D were conflicting, likely
because they were cross-sectional autop-
sy studies or utilized a single noninvasive
imaging session (ultrasound, computerized
tomography, or MRI) that made it difficult
to adequately account for the normal vari-
ation in pancreas size among individuals.
Recent efforts, enabled by improvements
in pancreas imaging and the availability
of postmortem T1D human pancreata for
study, have provided new information. For
example, two MRI studies showed that pan-
creas volume is reduced at the time of clini-

bystander simply targeted by a misdirected autoimmune process,
but instead the B cell is an active participant either in the initiation
or acceleration of the process leading to its own death (6, 44-46).
For example, the B cell’s extremely high rate of insulin biosynthe-
sis and protein processing has been proposed to render it more
susceptible to ER stress and the unfolded protein response, espe-
cially in the setting of cytokines released by infiltrating immune
cells (47). Altered proinsulin processing in the pancreas and in the
peripheral blood in T1D, including preclinical stages, has been
noted and correlated with immune markers and markers of B cell
stress (35, 48-51). Multiplexed imaging mass cytometry studies
of pancreatic samples collected by the Network for Pancreatic
Organ donors with Diabetes (52) or the Human Pancreas Analysis
Program (53) showed that at the time insulitis developed, some f
cells had lost or changed expression of markers of B cell identity
(C-peptide, PDX-1, NKX6.1), perhaps as a response or adaptation
to immune attack (54, 55). Perhaps portending the clinical hetero-
geneity of T1D, there was considerable variability in insulitis, B cell
number, and gene expression within and between T1D pancreat-
ic samples. Surprisingly, many islets in recent-onset T1D still had
normal appearing P cells, consistent with observations that indi-
viduals with longstanding diabetes secrete small amounts of insu-
lin and that the T1D pancreas continues to harbor insulin-positive
cells that are glucose responsive (35, 56-59). Although impaired
glucagon and catecholamine secretion in response to hypogly-
cemia is a feature of T1D (especially longer duration T1D) and is
thought to reflect autonomic neuropathy (60), recent information
suggests that impaired a cell function with decreased expression
of markers of cell identity (ARX) and ectopic expression of NKX6.1
in T1D islets also plays a role (55, 59). It is not known whether the
impaired a cell function is part of the T1D process or secondary to
loss of B cell contact with o cells.

Exocrine pancreas in T1D
InT1D thereisnotonlyloss of B cells but the entire pancreasis small-
er in individuals with longstanding T1D. More recently it has been

:

cal T1D onset, that it declines further in the

first year after onset, and that it is reduced
in autoantibody-positive individuals in stage 2 and in some first-
degree T1D relatives (62, 64). Pancreas size does not correlate with
T1D duration, and it appears that the decline in pancreas size most-
ly occurs in the 5 years after clinical T1D onset (65).

The molecular mechanism responsible for the reduced vol-
ume is not clear, but there is reduced acinar cell number and evi-
dence of fibrosis (61, 65). Loss of an islet-derived trophic factor
such as insulin has been proposed. T cell infiltration, including
some T cells that recognize proinsulin, have been noted in the T1D
exocrine pancreas (66, 67). However, it is unclear how changes in
the exocrine pancreas are temporally or mechanistically related
to B cell loss or clinical T1D onset. One hypothesis is that the pro-
cess affecting the exocrine compartment leads ultimately to B cell
loss (68, 69). How the reduced pancreas volume affects exocrine
function in individuals with T1D is not well defined, but reduced
pancreatic function (fecal elastase) and pancreatic exocrine insuf-
ficiency have been reported in some individuals with T1D (61, 63).

Heterogeneity of T1D pathogenic processes

and onset

There is emerging consensus that considerable heterogeneity
exists on many levels within the clinical phenotype of T1D (3, 70).
T1D heterogeneity should not be confused with other causes of
insulin deficiency such as certain forms of monogenic diabetes,
immune checkpoint-related diabetes, or rare monogenic causes
of immune-related diabetes (71-75) that can clinically mimic T1D,
but instead refers to clinical, immunological, metabolic, and/or
pathological heterogeneity in individuals when the clinical diag-
nosis of T1D seems likely (Table 2). For example, there is heteroge-
neity in age of onset, rate of disease progression (decline in 3 cell
function and mass), residual C-peptide production (27, 36, 37, 50,
76-79), a spectrum of immunological signatures (autoantibody, T
cell signatures, innate immunity, etc.; refs. 80-84), and pathologi-
cal abnormalities (29, 31, 49, 85, 86). Residual B cells, as reflected
by low levels of C-peptide, persist for years after onset of hyper-
glycemia in some individuals with T1D (35, 56, 57). Since it is not
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currently possible to noninvasively assess p cell mass by imaging
or biomarkers other than C-peptide, defining the natural history
of B cell loss or the impact of interventions to sustain or improve
B cell mass is problematic. For example, although the decline in
B cell mass in Figure 1 is shown as a gradual, smooth decline, this
is mostly speculative and it is possible that the decline may stop
and restart, may stop and remain flat, etc. Using a nomenclature
from other diseases with clinical heterogeneity such as asthma,
some have proposed that T1D consists of multiple “endotypes,”
meaning different underlying pathogenic processes that produce
a similar phenotype (Table 2) (70).

Two other examples of this heterogeneity are adult-onset
T1D (onset after 20 years of age) and a form of diabetes some-
times termed latent autoimmune diabetes in adults (LADA). In
the former, individuals have similar phenotypic features to T1D
with onset in childhood or adolescence (non-obese, islet-direct-
ed autoantibodies, insulin deficiency, glycemic lability, etc.), but
fewer CD20" B lymphocytes in the few pancreata that have been
studied, and a presumably slower loss of B cell mass. In contrast,
LADA is often clinically confused with T2D, with onset in middle
age, obesity, initial insulin independence then progressing to insu-
lin-dependence, and presence of autoantibodies (often autoanti-
bodies only to GAD in distinction to T1D of childhood or adoles-
cent onset) (87, 88). The genetics of LADA show similarities, but
not complete overlap, with genetic loci associated with T1D and
in some series, the T2D genetic risk loci TCF7L2 is linked (89, 90).
Whether this variability in genetic loci reflects imprecise pheno-
typing and inclusion of individuals with T2D is not clear. Critical
unanswered questions are whether T1D with onset in the first or
second decade oflife is the same disease as T1D with onset in old-
er adolescents or young adults, and how these relate to LADA with
its onset in middle age.

Current therapy for T1D

Current T1D therapy focuses on matching exogenous insulin and
food intake while incorporating daily activities such as exercise
and sleep. Remarkable advances have been made in insulin for-
mulation and diabetes technology, including methods for insulin
delivery and glucose monitoring (91-97). Additionally, T1D clinical
care is evolving to incorporate mobile technology (smart phones,
wearable devices, telemedicine, etc.; ref. 91) and provide greater
emphasis on behavioral and psychosocial aspects, the social deter-
minants of health, and health care access/cost. The goal is near
normoglycemia while avoiding hypoglycemia and allowing for
normal daily activities. Traditionally, the glycemic goal in T1D has
been an A1C of 7.0 or lower, with this target individualized for age,
comorbidities, and lifestyle (98). Importantly, hypoglycemia, a
major adverse effect of intensive glycemic control, is a substantial,
lifelong burden of current therapy for T1D (99).

The foundation of insulin therapy for T1D is a combination of
basal insulin and bolus insulin associated with nutrient or calor-
ic consumption. Insulin can be given by syringe, pen (including
“smart” pens), catheter connected to insulin pump or an insu-
lin delivery device (continuous subcutaneous insulin injection),
or more rarely by inhalation (92, 94, 100). By manipulating the
insulin amino acid sequence or by incorporating attachments to
the insulin protein (e.g., fatty acid, additional amino acids), the
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absorption profile of injected insulin can be greatly prolonged or
accelerated compared with native insulin protein in a neutral buf-
fer. In addition, insulin diluents can be used to delay absorption
(such as protamine in neutral protamine Hagedorn plus native
insulin) or accelerate absorption (L-arginine and niacinamide plus
insulin aspart analog) (92). Because of the importance of basal
insulin in regulating hepatic glucose output, basal insulin formu-
lations with action duration of more than 40 hours or up to a week
have recently become available (92,101). An advantage of longer-
acting formulations is reduced frequency of severe hypoglycemia.
Based on decades of research to understand insulin structure and
function (102-104), future possibilities include glucose-respon-
sive insulin (105). The price of insulin formulations in the United
States has risen dramatically over the past decade, placing a tre-
mendous financial burden on individuals with T1D (106, 107).

These remarkable advances in insulin formulations and insu-
lin delivery devices have greatly improved clinical care. However,
many individuals with T1D state that continuous glucose monitor-
ing (CGM) has had an even greater and more dramatic impact on
their daily lives. Individuals with T1D for more than 40 years have
lived through dramatic transitions from using urine glucose to
infer blood glucose over past hours, to finger-stick capillary blood
glucose measurements at multiple times a day, to CGM providing
an essentially unlimited number of glucose values a day. Although
AI1C remains the standard for diabetes diagnosis and a predictor
of diabetes-related complications, CGM and its dense glycemic
datasets allow glycemic metrics, such as the ambulatory glucose
profile using time in a defined glycemic range (TIR), the glucose
management indicator (GMI) based on the mean glucose and
correlative with A1C, glycemic variability or coefficient of varia-
tion, and the amount of time in the hypoglycemic range (98, 108).
These metrics correlate with A1C, are changing how the provider
and patient adjust insulin, and are empowering individuals with
T1D with information to better organize their daily living routines.

The rapidly evolving CGM technology is currently based on
a sensor or electrode detecting the electrochemical product (e.g.,
hydrogen peroxide) of the reaction between interstitial glucose
and a glucose oxidase. Importantly, all current CGM technolo-
gies measure interstitial glucose, which, while in equilibrium with
blood glucose, may lag behind or differ from blood glucose, espe-
cially when the blood glucose is changing rapidly (98, 108-110).
Currently, the two broad categories of CGM are real-time CGM,
in which interstitial glucose is monitored and sent to the recording
device essentially continuously, and intermittent CGM, in which
the sensoris in place continuously, but the glucose is only recorded
when the detector is placed over the sensor. Both approaches use
a subcutaneously placed sensor that must be replaced every 3-14
days; an implanted sensor that must be replaced every 6 months
is also available. Although the TIR and GMI are critical CGM out-
puts, other features such as rate of glucose change, glucose trends,
hypoglycemia alarms, and suspension of insulin delivery are
extremely valuable, enabling the individual with T1D to respond
preemptively and avoid anticipated hyper- or hypoglycemia and to
adapt diabetes self-management in terms of diet or activities such
as exercise. The pairing of CGM and an insulin delivery device or a
closed loop system where the sensor-derived data regulate insulin
delivery is discussed below.
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Figure 3. Emerging or future T1D therapies. (A) Exogenous insulin replacement includes insulin analogs designed to optimize absorption, integrated
closed-loop systems combining insulin delivery devices and glucose-sensing technology, and personalized algorithms (Al, artificial intelligence) to tailor
insulin replacement. (B) Cell-based insulin delivery options include transplantation of islets or insulin-producing cells (derived from ES or iPS cells),
strategies to stimulate B cell proliferation or regeneration, and approaches that encourage transdifferentiation of host cells into insulin-producing cells. (C)
Protective strategies include immunomodulatory approaches to block inflammatory cytokines or pathogenic immune cells and prevent damage or loss of 3

cells. See text for additional information.

Diabetes-related complications and long-term
T1D outcomes
Diabetes-related complications, both microvascular (retinopathy,
nephropathy, and neuropathy) and macrovascular (cardiovascular
disease, peripheral artery disease), are responsible for the consid-
erable morbidity and mortality in T1D. Although hyperglycemia
duration and severity are the drivers of diabetes-related compli-
cations in T1D, the molecular mechanisms of how excess glucose
leads to a specific organ dysfunction are incompletely defined and
likely distinctive for the affected organ system. Diabetes-related
complications are likely multifactorial and involve genetic suscep-
tibility to glucose exposure, epigenetic changes induced by hyper-
glycemia, associated dyslipidemia, and cellular pathways such as
advanced glycation end products, sphingolipid metabolism (neu-
ropathy), cytokines, multiple growth factors (VEGF in retinop-
athy), and/or oxidative stress (111-114). Prevention of diabetes-
related complications by intensive glycemic control is a major focus
of T1D clinical care but is challenging because the complications
occur years or decades after T1D onset. Improved glycemic control
does not reverse established diabetes-related complications.
Long-term outcomes in individuals with T1D have greatly
improved with reduced frequency of retinopathy, nephropathy,
and neuropathy and improved cardiovascular outcomes; it is
becoming increasingly common for individuals to live for more
than 50 years with T1D (115). This is partly due to improvements
in glycemic control as demonstrated in the Diabetes Control and
Complications Trial (DCCT) (116) and partly because of improve-
ments in lipid and blood pressure management or treatments
that reduce or delay nephropathy or retinopathy. The DCCT also
demonstrated that intensive glycemic control (near normoglyce-
mia) begun at T1D onset partially preserves B cell function (and
presumably B cell mass) as reflected by C-peptide secretion, sub-
sequently leading to improved glycemic control and less hypo-
glycemia. However, hypoglycemia is a major adverse effect of
intensive glycemic control (increased 3-fold in DCCT) and a sub-
stantial, lifelong burden for individuals with T1D (99). Individu-

als with T1D using intensive glycemic therapy also gained more
weight. In the years after the intensive glycemic control phase
of the DCCT, study participants in the intense glycemic or con-
trol groups were followed as part of the Epidemiology of Diabe-
tes Interventions and Complications (EDIC) study. Both groups
in this next phase had similar glycemic control (A1C ~8%), but
strikingly, the incidence of complications between the intense
treatment groups further widened in the two groups, suggesting
that the period of improved glycemic control during the intensive
treatment phase translated into a continued and sustained reduc-
tion in microvascular complications (116). Termed “metabolic
memory,” this also translated into improvement in cardiovascular
outcomes (117-119). Although some have disputed the concept of
metabolic memory (120), it seems likely that early glycemic con-
trol has long-term benefits, perhaps lasting more than a decade,
maybe through epigenetic mechanisms (116). The clear clinical
implication is that glycemic control as close to normoglycemia as
safely possible should be the goal beginning immediately after the
onset of hyperglycemia.

The management of T1D-related nephropathy, retinopathy,
neuropathy, and cardiovascular disease continues to improve
with clear benefits of ACE inhibitors and angiotensin recep-
tor blockers in slowing the decline in glomerular filtration rate,
anti-VEGF therapies affecting diabetic macular edema and reti-
nopathy, and possibly sodium-glucose cotransporter-2 (SGLT-2)
inhibitors or GLP-1receptor agonists in T1D-related cardiovascu-
lar disease (111, 121, 122). Still, some individuals develop debili-
tating or life-threatening complications such as end-stage renal
disease or neuropathy (122-125). Although intense glycemic con-
trol clearly reduces microvascular complications, other factors,
such as genetic susceptibility, residual insulin secretion, activity
of selected glycolytic enzymes, advanced glycation end-product
production, and degree of activation of the renin-angiotensin-
aldosterone system, may explain the difference in the rates of
complications across the T1D population (115, 125). A recent esti-
mate predicts a lifespan in individuals with T1D and near-normal
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glycemic control similar to the general population, a remarkable
change from past outcomes (126, 127).

Emerging and future therapies to treat

or prevent T1D

At this dawn of the next century after insulin’s discovery, antici-
pated new therapies fall into three broad categories (Figure 3): (a)
exogenous insulin replacement; (b) cell-based insulin delivery
from new sources of insulin-producing cells; and (c) protection of
endogenous p cells by immunomodulation.

The combination of a glucose sensor and an automatically
adjusting insulin delivery device in a closed loop system, often
imprecisely termed an “artificial pancreas,” is very effective in
T1D in children, adults, and pregnancy (93, 128-131). This hard-
ware/software is being further improved by emerging algorithms
to “correct” interstitial glucose to the actual blood glucose and
to predict insulin dosing based on artificial intelligence-based
interpretations of personalized glucose excursions and activity.
Future improvements in sensor technology may include mea-
suring glucose at other body sites (e.g., eye, skin) or optical/vas-
cular approaches to assess blood rather than interstitial glucose.
Improvements in insulin administration are needed as subcuta-
neous insulin absorption into the vascular system is considerably
slower than physiological insulin secretion even with modified
insulin analogs (92). Plus, insulin, delivered peripherally and not
into the portal vein, leads to reduced insulin action at the liver; it
remains unclear how close to “normal” glucose homeostasis can
be achieved by insulin delivery at a peripheral site, which also
induces insulin resistance as an additional challenge (132). Devic-
es that also deliver glucagon may be part of future therapies (133).

Cell-based insulin delivery may include transplantation of
insulin-producing cells, transdifferentiation of other pancreatic
cell types (exocrine, ductal, or ) into insulin-producing cells (134,
135), or amplification/regeneration of endogenous f cells (136,
137) (Figure 3). The combination of islet allotransplantation, nor-
mal human islets from cadaveric donor(s) infused into the portal
vein, and immunosuppression to prevent allo- and autoimmunity
is effective in reducing hypoglycemia frequency in T1D, some-
times leading to independence from exogenous insulin (138-142).
Because human islet supply is quite limited, insulin-producing
cells from embryonic stem cells (ES cells), human induced plurip-
otent stem cells (iPS cells), or even xenografts (porcine) are also
under investigation (139, 143-148). Considerable progress in ES
and iPS cell differentiation into insulin-producing cells will soon
lead to clinical trials and offer the future possibility of transplant-
ing insulin-producing cells modified to resist allo- and autoimmu-
nity. The optimal site for transplantation of islets or insulin-pro-
ducing cells is uncertain. Transdifferentiation and regeneration
strategies, although attractive, need more research before testing
in humans. Glucose- and nutrient-regulated insulin secretion
from these new sources of insulin-producing cells is incompletely
defined, but crucial. Particularly critical is the appropriate cessa-
tion of insulin secretion when the blood glucose is in the normal
range to avoid hypoglycemia.

A number of studies, often part of TrialNet (149) or the
Immune Tolerance Network (150), suggest that survival of endog-
enous P cells remaining in early stage 3 T1D can be enhanced and
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partially protected by immunomodulatory approaches directed
at B lymphocytes, T lymphocytes, regulatory T cells, or inflam-
mation by anti-CD3, anti-CD20, CTLA-4Ig, anti-CD2, anti-IL-1,
anti-TNF-a, or thymoglobulin (39, 151-153). However, thus far,
such immunomodulatory interventions given soon after hypergly-
cemia onset have had the modest impact of preserving C-peptide
secretion, which is not often sustained. Efforts are underway to
understand why only some individuals respond to such therapies,
if repeat dosing is needed, and if antigen-specific therapy or expo-
sure (insulin, GAD) canreduce the autoimmune response (39,154).
A single course of an Fc receptor-nonbinding anti-CD3 monoclo-
nal antibody given to first-degree relatives at high risk for devel-
oping T1D (stage 2, two islet-directed autoantibodies) delayed the
onset of hyperglycemia by 2 years, with twice as many individuals
progressing to clinical diabetes in the control group (57% versus
28%) (155). This intervention is thought to target “pathogenic” T
cells, raising the possibility of induction of immune tolerance or a
reset of the immune system (156). This study also highlights how
current efforts in the United States, Europe, and Australia to iden-
tify high-risk individuals by screening the general population for
T1D-GRS and/or islet-directed autoantibodies may lead to new
efforts to prevent T1D (154). Efforts to prevent T1D would also be
greatly accelerated by identification of the triggering event(s) for §
cell-directed autoimmunity.

Over the next decade, it truly will be a competition between
these three clinically viable therapeutic options for T1D. For illus-
trative purposes, consider these scenarios in which glycemia is
essentially normalized and diabetes-related complications are pre-
vented by the following: (a) a mechanical insulin-delivery device/
glucose sensor system, requiring little input from the patient and
with little limitation of daily diet or activities; (b) transplantation
of insulin-producing cells every 1-2 years, accompanied by con-
tinuous, “safe” immunomodulation/immunosuppression; and (c)
intermittent, immunomodulation/immunosuppression beginning
at the onset of hyperglycemia or prior to hyperglycemia (stage 2).

What will be the therapy for T1D in 5 years, 10 years, or 20
years? This will be determined by balancing the benefit, sustain-
ability, adverse impact, safety, convenience, personal preference,
and financial cost of these evolving options (39, 157-159). Plus, as
therapies in each category continue to improve, the “bar is raised”
for other competing therapies and the optimal therapy will likely
change. In addition, an individual’s age and T1D duration will be
important considerations in choosing among competing therapies
— the choice will likely be different in a 12-year-old with new-on-
set T1D and a 42-year-old with T1D for 30 years.

In summary, since insulin’s discovery, there has been much
progress in understanding the pathogenesis of T1D and in using
insulin to improve the lives of individuals with T1D. These efforts
are incomplete in that T1D continues to be a substantial burden
for individuals with T1D and their families. Hopefully, the oppor-
tunities discussed here will be realized, leading to the prevention
of T1D and its associated burdens.
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