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Key Messages
 High throughput omics studies are advancing our understanding of islet biology and ofdisease proﬁling, enabling more precise
treatment options.
 Stem cell-derived islet cells are a promising source of insulin-producing cells to treat T1D and advanced T2D.
 There is little data to suggest COVID has had a direct effect to cause new cases of T1 or T2D.
 New glycolytic and mitochondrial biology mechanisms impacting insulin secretion.
 Circulating lipids modify islet cell function.
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a b s t r a c t
Navigating the coronavirus disease-2019 (COVID-19, now COVID) pandemic has required resilience
and creativity worldwide. Despite early challenges to productivity, more than 2,000 peer-reviewed
articles on islet biology were published in 2021. Herein we highlight noteworthy advances in islet
research between January 2021 and April 2022, focussing on 5 areas. First, we discuss new insights
into the role of glucokinase, mitogen-activated protein kinaseekinase/extracellular signal-regulated
kinase and mitochondrial function on insulin secretion from the pancreatic ß cell, provided by
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new genetically modiﬁed mouse models and live imaging. We then discuss a new connection
between lipid handling and improved insulin secretion in the context of glucotoxicity, focussing on
fatty acidebinding protein 4 and fetuin-A. Advances in high-throughput “omic” analysis evolved to
where one can generate more ﬁnely tuned genetic and molecular proﬁles within broad classiﬁcations of type 1 diabetes and type 2 diabetes. Next, we highlight breakthroughs in diabetes treatment
using stem-cellederived ß cells and innovative strategies to improve islet survival posttransplantation. Last, we update our understanding of the impact of severe acute respiratory syndromeecoronavirus-2 infection on pancreatic islet function and discuss current evidence regarding
proposed links between COVID and new-onset diabetes. We address these breakthroughs in 2 settings: one for a scientiﬁc audience and the other for the public, particularly those living with or
affected by diabetes. Bridging biomedical research in diabetes to the community living with or
affected by diabetes, our partners living with type 1 diabetes or type 2 diabetes also provide their
perspectives on these latest advances in islet biology.
Ó 2022 The Author(s). Published on behalf of the Canadian Diabetes Association. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

r é s u m é
Mots clés:
-

Pour affronter la pandémie de la maladie à coronavirus (COVID-19, de l’anglais coronavirus disease2019, maintenant appelée COVID), il a fallu faire preuve de résilience et de créativité dans le monde
entier. En dépit des premiers obstacles à la productivité, plus de 2000 articles revus par les pairs sur
la biologie des îlots pancréatiques ont été publiés en 2021. Dans le présent article, nous présentons
les avancées notables de la recherche sur les îlots pancréatiques entre janvier 2021 et avril 2022,
notamment dans 5 domaines. D’abord, nous nous penchons sur les nouvelles connaissances issues
des nouveaux modèles de souris génétiquement modiﬁées et de l’imagerie en temps réel sur le rôle
de la glucokinase, de la voie MEK/ERK (de l’anglais extracellular signal-regulated kinase) et du
fonctionnement des mitochondries sur la sécrétion d’insuline des cellules ß pancréatiques. Nous
nous penchons ensuite sur la nouvelle connexion entre la manipulation des lipides et l’amélioration
de la sécrétion d’insuline dans le contexte de la glucotoxicité, et accordons une attention particulière
à la protéine de liaison aux acides gras 4 et à la fétuine A. Les avancées des analyses « omiques » à
haut débit ont évolué de sorte que l’on peut générer des proﬁls génétiques et moléculaires plus
précis au sein des grandes catégories du diabète de type 1 et du diabète de type 2. Par la suite, nous
présentons les percées dans le traitement du diabète au moyen des cellules ß issues des cellules
souches et des stratégies novatrices pour améliorer la survie après la transplantation d’îlots pancréatiques. Enﬁn, nous faisons le point sur les répercussions du coronavirus du syndrome respiratoire aigu sévère 2 sur le fonctionnement des îlots pancréatiques et nous nous penchons sur les
données probantes actuelles concernant les liens avancés entre la COVID et le diabète d’apparition
récente. Nous traitons de ces percées dans 2 contextes, à savoir le lectorat scientiﬁque et la population en général, particulièrement la population diabétique ou touchée par le diabète. En favorisant
le rapprochement entre la recherche biomédicale en diabète et la population diabétique ou touchée
par le diabète, nos partenaires vivant avec le diabète de type 1 ou de type 2 donnent leurs points de
vue sur ces dernières avancées de la biologie des îlots pancréatiques.
Ó 2022 The Author(s). Published on behalf of the Canadian Diabetes Association. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

New Insights Into Mechanisms of Insulin Secretion
The pancreatic ß cell and the process of insulin secretion has
been one of the most intensely studied areas in biomolecular diabetes research for decades. Despite these efforts, fundamental
mechanisms of energy coupling in functioning ß cells and their
impairment in diabetes are still incompletely understood. In what
follows we provide some background on our current understanding
of the process of insulin secretion and highlight some of the
exciting recent advances in this area.
Glucokinase: A viable target for diabetes treatment?
Insulin is released from pancreatic ß cells after a meal, stimulated by glucose and other secretagogues, including fatty acids and
amino acids (1,2). Appropriate insulin secretion in response to a rise
in plasma glucose is essential for maintaining normoglycemia (3).
After the entry of glucose into ß cells, glucose is oxidized initially in
glycolysis, which is initiated by phosphorylation of glucose by
glucokinase (GCK). Oxidation of glucose and other nutrients results
in elevation of the adenosine triphosphate (ATP)/adenosine
diphosphate (ADP) ratio, closure of ATP-sensitive Kþ channels, cell

depolarization and the inﬂux of Ca2þ, allowing insulin granule
mobilization and exocytosis (4). Although classically attributed to
oxidative phosphorylation in mitochondria, emerging evidence
suggests that the critical increase in ATP to ADP may be generated
by plasma membraneeassociated pyruvate kinase (5). As GCK
activity initiates this cascade, small-molecule GCK activators, such
as MK0941 and AZD1656, were developed to promote insulin
secretion in the context of insulin insufﬁciency. In phase 2 clinical
trials, GCK activation in patients with type 2 diabetes (T2D) provided only transient glycemic control, and subjects unexpectedly
had an increased risk of hyperlipidemia, steatosis and hypertension
(6e8). Although complete inhibition of GCK can cause both hypoand hyperglycemia (9), Omori et al developed a model of GCK
haploinsufﬁciency in db/db mice to help clarify these observations
(10). GCKþ/ db/db mice have enhanced glucose-stimulated insulin
secretion (GSIS) associated with increased ß-cell mass and
decreased oxidative stresserelated genes, consistent with previous
work wherein the GCK inhibitor MH restored insulin secretion in
db/db islets (11). Taken together, these results suggest that
decreased GCK-facilitated glucose inﬂux and resulting metabolism
and insulin secretion (also known as “ß-cell rest”) may preserve ßcell mass and support earlier studies showing long-term beneﬁts of
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resting the ß-cell function (12,13). Thus, partial inhibition of GCK
could limit the exhaustive failure of ß cells that contributes to the
onset of T2D.

capacity in T2D. Identifying relevant cargo for 14-3-3z will be
an important next step in explaining how the deletion of 14-3-3z
promotes ß-cell function.

Mitogen-activated protein kinaseekinase/extracellular signalregulated kinase and the ß cell

Cardiolipin

In addition to glycolysis, the phosphorylation cascade featuring
mitogen-activated protein kinaseekinase (MEK) and extracellular
signaleregulated kinase (ERK) is another fundamental signalling
pathway that regulates b-cell growth, survival and proliferation
(14). In b cells, MEK/ERK signalling activation promotes GSIS and
cell survival (15). Consistent with this, a 2021 study showed that
diet-induced obese mice harbouring a compound deletion of both
Mek1 and Mek2 genes had impaired ß-cell function and reduced
proliferation (16). This work features the ﬁrst metabolic consequences of MEK/ERK loss in ß cells, whose depletion reduces GSIS
associated with enrichment of cytoskeletal genes altered during
exocytosis. However, this work contrasts with previous work
demonstrating that pharmacologic inhibition of MEK improves
glucose homeostasis in insulin-resistant ob/ob mice (17).
Furthermore, known pro-survival and proliferative roles of
enhanced MEK/ERK signalling may be associated with increased
risks of cancer (18), limiting the attractiveness of MEK/ERK as
therapeutic targets.
Mitochondrial function and insulin secretion
Nutrient oxidation in mitochondria is critical to ß-cell function,
and numerous factors linked to mitochondrial dysfunction result
in impaired insulin secretion. Previous work showed that
attachment of small ubiquitin-like modiﬁer (SUMO) to protein
targets is associated with preservation of ß-cell survival and mass,
but at the cost of ß-cell function (19). Recent studies showed that
the enzymes sentrin-speciﬁc proteases 1 and 2 (SENP1 and
SENP2), which catalyse the removal of SUMO from SUMOylated
protein targets (20), can rescue compromised ß-cell function
associated with excess SUMOylation. Redox signals from mitochondria activate SENP1, and SENP1 knockout in b cells reduces
GSIS and incretin receptor activation and results in impaired
glucose tolerance in mice on a high-fat diet (21). Knockout of
SENP2 in ß cells also impairs insulin secretion, and this is
accompanied by alterations in mitochondrial size and function,
which can be restored by reconstitution of SENP2 (22). Beneﬁcial
actions of deSUMOylation were related to the activation of
voltage-gated Kþ channels that govern Ca2þ inﬂux to trigger
insulin exocytosis (23,24). These data contradict previous work
showing that deletion of the SUMO ligase UBC9 and consequent
reduction in its SUMOylated targets reduce GSIS (25), increase
blood glucose levels and worsen insulitis (26). These discrepancies indicate that the relationship between SUMOylation in ß
cells and insulin secretion is still unclear.
14-4-3z and ß-cell function
The 14-3-3 protein family is ubiquitously expressed in
mammalian cells and has been implicated in metabolism (27) by
binding to phosphorylated cargo and inﬂuencing their subcellular
localization (28). Deletion of the 14-3-3z gene improves glucose
tolerance in association with elevated glucagon-like protein-1
(GLP-1) synthesis and release (29). The link between 14-3-3z and
ß-cell secretory function is further elucidated in a recent study by
Mugabo et al, wherein ß-cellespeciﬁc 14-3-3z knockout resulted
in increased insulin secretion accompanied by upregulated
mitochondrial respiration (30). Interestingly, the level of 14-3-3z
mRNA expression is inversely associated with insulin-secretory

Insulin secretion is also affected by alterations in mitochondrial membrane components. Phospholipids play an integral role
in maintaining the architecture of the mitochondrial membranes
and support mitochondrial respiration (31). The enzyme tafazzin
alters the content and structure of cardiolipin, a phospholipid in
the inner mitochondrial membrane required for oxidative
phosphorylation (32). Cole et al generated tafazzin knockdown
mice by in utero doxycycline administration to mice carrying a
doxycycline-inducible tafazzin-speciﬁc short hairpin RNA,
showing that islets with reduced taffazin levels had an altered
proﬁle of cardiolipin species, compromised mitochondrial function and reduced basal insulin secretion (33). The authors also
noted upregulation of genes associated with pancreatic ﬁbrosis
and impaired ß-cell function in tafazzin knockdown mice. These
results support the importance of maintaining the structural
integrity of mitochondria for ß-cell function.
Is insulin signalling in ß cells essential for glucose homeostasis?
Autocrine feedback of insulin on ß cells can negatively regulate
insulin secretion. In support of this ﬁnding, Skovsø et al showed
that ß-cell deletion of the insulin receptor (IR) caused initial
insulin hypersecretion and increased GSIS, followed by development of insulin resistance (34). These results contradict a previous
ß-cell insulin receptor knockout study demonstrating that insulin
receptor deletion caused signiﬁcant glucose intolerance and
impaired GSIS (35). Differences between the studies likely stem
from the genetic strategy used, speciﬁcally that Cre-recombinase
expression driven by the rat insulin promoter in tissues outside
the ß-cell compartment could inﬂuence glucoregulation in tissues
outside the islet. As technology advances, we can address such
controversies and clarify the role of insulin action on the islet and
in whole animal physiology (36,37).
Gene deletion strategies for the ß cell
A signiﬁcant barrier to studying insulin secretion in vivo has
been off-target effects associated with genetically targeted ß cells
in mice (38). Genetic elements responsive to exogenous drugs,
including tamoxifen or tetracycline, are 2 popular ways to control
transgene expression. However, new work has revealed that
introducing a tetracycline-controlled transactivator protein in ß
cells can reduce insulin content and/or insulin secretion, even in
the absence of drug (39). Although the authors illustrated the
effective and speciﬁc targeting of ß cells using the “Tet-Off” model,
their study highlights the importance of using comprehensive
genetic cohort controls, a message now being echoed in the ﬁeld of
islet biology (38,40).
Tracking live insulin release in the mouse
An major recent advance is the development of methods to
visualize insulin secretion in vivo, a longstanding challenge (41).
These optical imaging techniques rely on tracking zinc, which is
released together with insulin, using a zinc indicator for monitoring induced exocytotic release, or ZIMIR (41). Recently, ZIMIR
was used to track insulin release in live mice using HaloTag, an
enzyme derived from a bacterial protein that covalently attaches
to a synthetic ligand containing a haloalkane group. Using a ZIMIR
molecule modiﬁed to contain a HaloTag substrate in transgenic
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mice expressing HaloTag protein targeted to the ß-cell surface,
researchers successfully generated a ß-cellespeciﬁc Zn2þ reporter.
The plasma membraneetargeted HaloTag ZIMIR successfully
detected insulin release from individual islet ß cells in intact
pancreas with high spatiotemporal resolution (42). They also
developed a new cell-permeable, pH-insensitive ﬂuorescent zinc
tracker, ZIGIR, which emits 100-fold increased ﬂuorescence after
complexing with Zn2þ ion and allows for live staining of zinc
granules within islets. This is a signiﬁcant advancement in the
ﬁeld over dithizone, a widely used islet stain that impairs insulin
secretion and causes islet cell death. Moreover, ZIGIR enables
longitudinal tracking of ß-cell mass. These new live-imaging tools
will provide important new insight into how ß cells function in
their natural environment.
The diversity of new information on the energetic and structural events that govern the process of insulin secretion continues
to impress. Future work will help to clarify the roles of each of
these mechanisms and determine the relative merit of initiating
work to identify small-molecule modulators of these targets to
improve or restore insulin secretion in settings of insulin
deﬁciency.
Connecting Lipid Metabolism and Signalling to b-cell
Function
The role of elevated levels of circulating lipids in dysglycemia
and the etiology of T2D has long been appreciated. Recent work has
broadened our understanding of how lipid signalling in the b cell
governs normal b cell function and how lipid signalling and storage
defects may contribute to the development of both T2D and type 1
diabetes (T1D).
Evolving role of lipids in islet biology
Defects in lipid transport and metabolism can accompany
glycemic dysregulation in T1D and T2D. The effects of circulating
fatty acids and lipids within islet cells on b-cell function and
glucoregulation represent an active area of research and, interestingly, recent data suggest that they may play roles in the etiology of both T1D and T2D. A recent T1D study showed that nonbreastfed infants can have an altered composition of serum fatty
acids and erythrocyte plasma membrane fatty acids associated
with a higher risk of T1D (43,44). In T2D, a recent transcriptomic
study of human islets revealed that elevated plasma triglycerides
correlate with a T2D gene signature (45). Although clinical studies
have highlighted lipid biomarkers for T1D and T2D, in vitro
studies aimed to address whether these lipids play causative roles
in islet dysfunction and recent mechanistic studies attempt to tie
together clinical associations with islet phenotype. Consistent
with clinical plasma triglyceride data, treatment with fatty acids
like palmitate can induce lipotoxicity in b cells in vitro. One recent
study showed that treatment with the antioxidant gammahydroxybutyrate can mitigate palmitate-induced lipotoxicity and
restore GSIS in vitro (46). However, the relevance of b-cell lipotoxicity in vivo is controversial, as the composition and concentration of fatty acids exposed to islets during metabolic stress
remain unclear (47).

Insulin resistance in liver and adipose results in the constitutive
release of fatty acids, FABP4 and fetuin-A (48,50). Although
plasma levels of both FABP4 and fetuin-A are elevated in T2D,
only FABP4 is elevated in T1D (51,52). Recently, high levels of
FABP4 were found linked with a- and b-cell dysfunction in T2D
(53) and work from 2 independent groups clariﬁed mechanisms
of b-cell dysfunction linked to FABP4 and fetuin-A (51,54). Using
microscale thermophoresis, a technique that detects molecular
interactions, Prentice and colleagues found that, in rat insulinoma
cells, FABP4 complexes with 2 metabolite kinases, adenosine
phosphate kinase (ADK) and nucleoside diphosphate kinase
(NDPK) (51). They determined that FABP4 activates ADK to
generate ATP, which in turn suppresses NDPK, resulting in a
reduction in ADP production. The net result is an increase in
extracellular ATP/ADP. This increase in ATP/ADP ratio inhibits the
b-cell purinergic receptor P2Y1, which disrupts intracellular Ca2þ
dynamics after glucose stimulation, impairing GSIS (51). The work
sheds new light on mechanisms of hormone action, but most
importantly it provides a new perspective on the relationship
between peripheral tissue insulin resistance, lipolysis and b-cell
dysfunction.
b cells, like hepatocytes and adipocytes, also secrete fetuin-A,
which may inﬂuence b-cell dysfunction in an autocrine manner
by promoting apoptosis (54,55). Mukhuty and colleagues recognized that chronic fatty acid excess (resulting from a 20-week highfat diet), as well as acute fatty acid excess (4-week high-fat diet), in
conjunction with fetuin-A treatment, stimulated activation of the
b-cell toll-like receptor 4 (TLR4) pathway, generating inﬂammatory
signals to trigger the innate immune system (54,56). Stimulation of
TLR4 in response to fetuin treatment induced expression of the
proinﬂammatory cytokines interleukin-1b and tumour necrosis
factor-a, exacerbating b-cell apoptosis in rodent islets (54,57). This
recent work provides insight into how b cells can be damaged by
fatty acids and related factors, often released concurrently by adipose tissue and liver.
Adapting to metabolic stress through intracellular lipid handling
Interestingly, b cells are equipped with adaptive mechanisms
to adjust lipid handling to preserve insulin secretion during acute
metabolic stress. Oberhauser and colleagues found that uptake of
unsaturated fatty acids in the presence of glucotoxic stress
enhances the glycerolipid/nonesteriﬁed fatty acid cycle, maximizing intracellular fat storage in insuloma cells (58). During
periods of nutrient deprivation, mobilization of stored lipids in
rodent islets helps potentiate glucose-stimulated insulin secretion. b-cell prolyl-hydroxylase 3 (PHD3) was found to play a role
in fuel selection in rodent islets, maintaining glucose as the primary fuel source during the early stages of fatty acid excess (59).
Nasteka and colleagues showed that PHD3 impairs fatty acid
oxidation and indirectly promotes the entry of glucose-derived
pyruvate into the tricarboxylic acid cycle of islets from mice fed
a high-fat diet. These actions of PHD3 serve to maintain wholeanimal glucose tolerance and potentially delay peripheral tissue
insulin resistance. It is not yet known whether PHD3 activity is
altered in T2D.
Lipid droplets are essential for b-cell health

FABP4 and fetuin-A: New players in insulin secretion
Fatty acidebinding protein 4 (FABP4), an adipokine, and
fetuin-A, a hepato-adipokine, can be released from adipose tissue
and the liver, respectively, to act as carrier proteins (48,49).

Lipid droplets are organelles responsible for storing intracellular lipids, and recent studies showed their requirement for
maintaining b-cell health (60,61). Mishra and colleagues showed
that GSIS is impaired in islets from mice with a b-cellespeciﬁc
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deletion of Plin2, a coat protein found in lipid droplets (62). Islets
from Plin2 b-cell knockout mice displayed reduced glucosestimulated oxygen consumption, maximal respiratory capacity
and loss of ATP synthase. Transcriptomic analysis revealed that
knockdown of Plin2 in human b-like EndoCbH2-Cre induced a
proﬁle of endoplasmic reticulum (ER) stress and reduced static
GSIS, despite an increase in insulin content (63). Treatment with
the ER stress inhibitor tauroursodeoxycholic acid restored normal
insulin content and GSIS. Consistently, knockout of the lipid
droplet protein FIT2 in b cells increased expression of ER stress
genes, reduced expression of genes implicated in exocytosis and
diminished GSIS (61). Treatment with the saturated fatty acid
palmitate also reduced FIT2 protein and induced ER stress in
MIN6 insulinoma cells (61). These recent studies demonstrated
how b-cell lipid droplets play an indispensable role in mitochondrial and ER homeostasis in the b cell to preserve insulin
secretion.
Harnessing Omics Analyses As a Tool to Study Diabetes
The last decade has seen an explosion of information about
biologic systems driven by high-throughput technologies, such as
genomics, proteomics and metabolomics. Collectively referred to
as “omics,” these comprehensive approaches can be used to
understand the genetic and molecular alterations involved in islet
dysfunction on a system scale. In the past year, several groups
used omics and multi-omics tools to better understand the
molecular causes of islet dysfunction in diabetes.
Mitochondrial health and protection from diabetes
Causal links between changes in cellular metabolism and
impaired b-cell function remain poorly understood. Yau et al sought
to identify key changes in the whole islet proteome associated with
metabolic health using mice fed chow or a high-fat diet as a model
of diet-induced obesity and T2D (64). Comparative proteomic
analyses revealed a strong link between proteins associated with
mitochondrial function and metabolic health, underscoring the
importance of mitochondria in b-cell compensation to nutrient
excess.
Exocrine pancreas in T1D
The development of new high-throughput technologies has
enabled the creation of single-cell RNA sequencing (scRNA-seq), a
tool used to map and quantify cell transcriptomes (65). Fasolino
et al generated and analyzed scRNA-seq data from human
pancreatic islets to examine the pathogenesis of T1D (66). They
found major histocompatibility complex class II (MHC II) expression was enriched in the ductal cells of individuals with T1D. MHC
class II receptors facilitate antigen presentation to CD4þ T cells
and are typically expressed by antigen-presenting cells, such as
dendritic cells (67). Interestingly, the expression proﬁles of ductal
cells isolated from people living with T1D were similar to those of
a subtype of dendritic cells that promotes immune tolerance
(66,67). This suggests that the ductal cells of individuals with T1D
may have a role in negatively regulating CD4þ T-cell activity.
Fasolino et al complemented these transcriptomic analyses with
spatial data from image mass cytometry and and showed that
ductal cells from individuals with T1D were surrounded by dendritic and CD4þ T cells, further supporting their argument that
ductal cells play a protective role in regulating the T-cell response
in T1D.

5

Transcription factors related to islet health and diabetes
scRNA-seq sequencing and transcriptomic analyses can also be
used to develop comprehensive proﬁles of transcription factors
expressed in islets of individuals with or without diabetes.
Shrestha et al used scRNA-seq to identify the transcriptomic
proﬁles of mature a and b cells. They found that most mature a
cells coexpress high levels of ARX and MAFB, whereas the most
mature b cells highly express MAFA and MAFB (68). This characterization of coexpression of transcription factors in mature
endocrine cells can be used to understand pathways responsible
for coordinating hormone secretion within pancreatic islets.
Moreover, scRNA-seq shows the heterogeneity of endocrine cells
within the islet. The in-depth transcriptomic proﬁle using singlecell RNA sequencing can be used to understand what a healthy
and mature endocrine cell entails on a molecular level, and how
this proﬁle shifts when cells undergo stress and dysfunction. For
example, Groen et al found that inducing ER stress in b cells leads
to an unfolded protein response, causing b cells to upregulate the
production of ER chaperones and downregulate the production of
b-cellespeciﬁc proteins (e.g. MAFA, PAX4 and PDX1), thus altering
their identity (69). The loss of these transcription factors leads to
a more immature b-cell phenotype, potentially causing dysregulated insulin production and secretion.
Using multi-omics to create comprehensive disease proﬁles
To better characterize endocrine cell identity and function in
the islet, Wigger et al combined transcriptomic, metabolomic
and proteomic signatures to create a comprehensive biomarker
proﬁle of diabetes (70). Individuals with T2D had greater heterogeneity within their islet-cell transcriptomic and proteomic
proﬁles than normal subjects. Like Fasolino et al, their analysis
also underscored the notion that mitochondrial dysfunction is a
key event in diabetes pathogenesis, with mitochondrial genes
YMEL1, MRPL12 and ACADS downregulated in T2D. Their analyses
also revealed an upregulation of ALDOB, a marker of b-cell precursors, along with elevated sphingolipids and reduced phospholipids in islets of subjects with T2D (70). These observations
align with previous data (71), suggesting that changes in lipid
populations can be used as an indicator of diabetes. Last, Wigger
et al integrated transcriptomics and lipidomics data to determine the relative importance of changes in gene expression and
plasma lipids in determining variations in A1C, a measure of
long-term glycemia (70).
Multi-omics has also been used to create a more detailed
proﬁle for those at risk of developing T1D. In contrast to the
proﬁle for T2D, Alcazar et al used lipidomics and metabolomics
to conﬁrm multiple previous potential biomarkers of T1D onset.
Lipidomic analyses revealed that individuals at high risk for T1D
have increased levels of lysophosphatidylcholine, a phospholipid
that promotes insulin secretion (72,73). Metabolomic analyses
also showed an increase in pyruvate levels in these individuals.
Accumulation of pyruvate due to inﬂammation is a characteristic
of T1D, preventing further oxidation in the Krebs cycle (72). The
work also identiﬁed a reduction in alanine levels in individuals
at risk for T1D that may serve as a compensatory mechanism to
combat T1D-associated hypoglycemia through inhibition of the
AMP-kinase pathway. Moreover, transcriptomic analyses
demonstrated an overall increase in the expression of microRNAs associated with T1D and b-cell dysfunction (72,74). Taken
together, combining multi-omic analyses has the potential to
identify biomarker signatures of diabetes, which can ultimately
lead to the generation of new targets for therapies and
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treatment. Moreover, the creation of comprehensive molecular
proﬁles for healthy individuals, individuals with diabetes and
individuals at high risk for diabetes will help in our understanding of how cell health and function decline during disease
progression.

been donor insufﬁciency and the need for lifelong immunosuppression (82).

Emerging omics technologies

In addition to limited cell sources, clinical islet transplantation is burdened by acute islet cell death in the peritransplant period. The initial loss of w70% of islets severely
compromises long-term success and is mainly attributed to poor
engraftment and an inﬂammatory response at the intraportal
site (82). As such, there is a major drive to improve angiogenesis
and reduce local inﬂammation. One recent approach by Nalbach
et al generated prevascularized islet organoids by fusing native
microvascular fragments with rodent islets, enabling local
release of angiogenic growth factors by these vessels (85).
Compared with islets alone, prevascularized islet organoids
showed signiﬁcantly accelerated and improved vascularization.
Moreover, streptozotocin-induced diabetic mice become
normoglycemic after receiving subtherapeutic numbers of prevascularized islet organoids under the kidney capsule. Aghazedaeh and colleagues implanted stem-cellederived islet-like cells
in the subcutaneous space of mice (86) and found that cells
preincorporated with microvessels enhance engraftment in
immunodeﬁcient, streptozotocin-induced diabetic mice and
reduce time to normoglycemia by half (87e89). These promising
preclinical ﬁndings suggest that incorporating microvascular
fragments could signiﬁcantly improve engraftment and early
graft survival, irrespective of cell source.
As virtually all clinical islet transplants are delivered to an
intraportal hepatic site, efforts to improve islet engraftment
within the liver are ongoing. Recently, Alwahsh and colleagues’
innovative approach preconditions the hepatic site through local
delivery of ﬁbroblast growth factor 7 (FGF7), which promotes
hepatocyte proliferation (90). They encapsulated FGF7 within a
biodegradable polymer and fabricated optimally sized microparticles that sequester exclusively to the liver after codelivery
with islets via the portal vein. This release system provides an
initial 24-hour local burst of FGF7, supporting engraftment by
increasing immediate islet “trapping” and vascularization by
increasing vascular endothelial growth factor (91). As such, mice
that received islets codelivered with FGF7 microparticles had
more engrafted islets and increased vascularization 72 hours
posttransplant compared with mice receiving islets alone.
Seventy-ﬁve percent of streptozotocin-induced diabetic mice
receiving FGF7 microparticles displayed normoglycemia at 30
days posttransplant with a noncurative mass of islets. The
ﬁndings highlight the utility of hepatic engraftment while
demonstrating the feasibility of localized peptide delivery.
Beyond this application, localized drug delivery could also help
to alleviate the need for lifelong systemic immunosuppression
after islet transplantation, which has been demonstrated
recently in preclinical models (92e95).

Two notable techniques that will undoubtedly expand the
utility of multi-omics technologies include single-nucleus RNA
(snRNA) sequencing and deep machine learning. Basile et al
demonstrated that snRNA and scRNA sequencing data from nuclei
or cells (from frozen or freshly isolated human islet graft samples)
had similar sequencing efﬁciency. snRNA sequencing also successfully identiﬁed all cell types in pancreatic islets and may be a
faster and cheaper alternative to scRNA sequencing (75). Turki
et al visualized single-cell gene-regulatory networks from 224
human donors and, after training of several deep learning architectures, demonstrated that deep learning can differentiate generegulatory networks in individuals with T2D and those without
diabetes (76). Although preliminary, these advancements in
multi-omics technologies demonstrate their potential to improve
the efﬁciency of studies surrounding molecular mechanisms of
islet function.
Omics technologies will continue to generate comprehensive
data sets that provide novel mechanistic insights into the etiology of T1D and T2D. Furthermore, with more widespread use
and enhanced scale, these approaches even raise the possibility
of more personalized diagnoses and treatment approaches.
Advancements in Cellular Replacement Therapy
To achieve normoglycemia, people living with T1D require
frequent injections of insulin throughout the day, delivered
manually or via insulin pump. Although life saving, this
standard-of-care approach fails to restore ideal glycemic control,
which can lead to vascular complications, retinopathy and
nephropathy. Exogenous insulin also has the inherent risk of
inducing severe hypoglycemia (77). Thus, researchers are
exploring various alternative strategies to improve glucose
homeostasis in T1D, and at the forefront of this effort is cellular
replacement therapy.
Outcomes in clinical islet transplantation
Since its introduction in the late 1980s, several groups have
investigated the clinical outcomes of islet transplantation
(78e80). A recent study by Lablanche et al showed outcomes of
31 islet graft recipients 10 years after intraportal islet transplantation. As determined by detectable circulating C-peptide
levels, 52% of recipients had functional islet grafts 10 years after
islet transplantation (81). Compared with pretransplant measures, the patients lowered their average A1C level (7.2% vs 8.0%)
and required less daily exogenous insulin, and 74% of them were
protected from severe hypoglycemic episodes, showing that
long-term efﬁciency is possible with transplant strategies.
Although clinical islet transplantation was successful in some
patients, recent studies (78,81e84) conﬁrm previous conclusions
that islet transplantation is not yet a viable solution for all
individuals living with T1D (82,83). Following the Edmonton
protocol, 79% of islet transplant recipients achieved insulin
independence, which decreased to 20% at 10 years (76) due to
poor islet engraftment. Additional confounding factors have

Enhancing islet vascularization and engraftment in preclinical
models

Stem-cellederived b cells: The islet alternative
To address the limited availability of islet donors, a central
focus of many islet researchers is to generate b-like cells in vitro
via controlled differentiation of human stem cells. Recently, 2
proof-of-concept studies reported breakthrough ﬁndings using a
population of stem-cellederived pancreatic islet cells that
included b cells (96,97). In these clinical trials, researchers
implanted 15 and 17 subjects with T1D, respectively, with stemcellederived endoderm cells contained in subcutaneous
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macroencapsulation devices. These devices possess pores previously shown necessary for graft vascularization, function and
survival. As the pores are large enough to allow ﬂux of immune
cells, recipients still require immunosuppressive therapy to
prevent graft rejection (98). Ramzy et al reported that implantation of devices is well tolerated, and patients exhibit no severe
graft-related adverse events (96). After implantation, a subset of
the endoderm cells differentiated into mature b-like cells
in vivo. Patients had detectable fasting and nonfasting C-peptide
levels at 26 weeks postimplantation and, for the ﬁrst time, this
study reported meal-dependent increases in insulin secretion by
differentiated stem cells. A second study corroborated the ﬁndings of Ramzy et al, in which 63% of patients expressed insulin
and 35.3% had detectable circulating C peptide as early as 6
months postimplantation (97). Although these are important
and impressive ﬁndings, it should be noted that the stimulated
C-peptide levels were approximately 1% of those seen in individuals with marginal function receiving cadaveric islet transplants. Also, there was no protection from hypoglycemia, which
is maintained in 80% of islet recipients unless islet graft function
is lost (84).
Despite these encouraging results, further research is required
to optimize differentiation of endoderm cells into b-like cells
in vivo. Although a subset of endoderm cells differentiate into
mature b-like cells, Ramzy and colleagues showed that most
endoderm cells differentiate into a cells. A signiﬁcant global effort
is being made to improve this process (99e102), including a recent
protocol presented by Balboa et al (103). This optimized approach
involves development of glucose-responsive islet-like cells that
more closely resemble primary islets, as determined by transcriptomic comparison 6 months after maturation in vivo. The work
helps expand the therapeutic potential of stem-cellederived b cells
to treat T1D.
Impact of Severe Acute Respiratory SyndromeeCoronavirus-2
on Diabetes: An Update
Early reports on COVID suggest a potential causal link between
severe acute respiratory syndromeecoronavirus-2 (SARS-CoV-2)
infection and new-onset diabetes, raising various concerns for atrisk individuals, particularly those recently diagnosed with diabetes. Indeed, concerns were raised about increased susceptibility,
the potential for worsened COVID symptoms and outcomes in
patients with pre-existing diabetes and lower efﬁcacy of vaccinations. Many of the initial reports conﬂated T1D and T2D and
did not adequately consider the inﬂuence of age and comorbidities. In 2021e2022, this picture became clearer, and there is
currently little compelling evidence to support a direct association
between COVID and development of either T1D or T2D.
SARS-CoV-2 and direct infection of the islet
A potential connection between diabetes and COVID stems
from evidence that SARS-CoV-2 can directly infect endocrine cells
of the pancreatic islet in vitro (104e108). However, additional
work suggests that infection of pancreatic endocrine cells by
SARS-CoV-2 is unlikely, as viral receptor expression seems localized primarily to ductal cells and blood vessels (109). Recent work
has conﬁrmed that islet cells and pancreatic acinar cells can
express the cell-surface receptor angiotensin-converting enzyme
2 (ACE2) and be infected by SARS-CoV-2 and related coronaviruses in vitro, yet this did not have deleterious functional consequences. Last, although SARS-CoV-2 can access the brain via
neuronal trafﬁcking, current data indicate that the virus is
unlikely to disturb glucoregulation by causing pancreatic endocrine dysfunction during natural infection (110).
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Does COVID put people at risk for new-onset diabetes?
T1D: Despite early warnings of a potential surge in T1D diagnoses in 2020 (111) fueled by concerns over immune
dysregulation linked to COVID (112), recent evidence suggests
no causal link between COVID diagnosis and new-onset T1D
(113e115). One study indicated that the increased severity of
T1D symptoms reported during the pandemic were not due to
the SARS-CoV-2 infection itself, but instead may have been
exacerbated by pandemic-related delays in doctor and hospital
visits (116). Similar conclusions can be drawn from literature
meta-analyses considering the bidirectional effects of T1D and
COVID (117,118).
T2D: A large-cohort study of US veterans suggested that men are
more susceptible than women to incident (or new-onset) T2D
diagnosis after a positive COVID test (119). Another study
suggested that COVID patients are 40% more likely to develop
primarily T2D up to 1 year after diagnosis (120). At particular risk
are obese individuals, who have a more than doubled risk of
developing T2D after having COVID. However, there are major
caveats associated with that study. First, the subjects were older,
most were white males and many were already at higher risk for
developing diabetes (due to elevated body mass index and blood
pressure). Second, some people in the control group were not
tested for COVID if they were asymptomatic. Third, pre-existing
cases of diabetes may have coincidentally been detected because
subjects sought medical care for COVID. Thus, despite limited
evidence and few well-controlled prospective studies, the theory
that SARS-CoV-2 infection is associated with worsening of T2D
symptoms and increased incidence of new diabetes diagnosis
after infection remains widely reported, including by the US
Centers for Disease Control and Prevention (121). In addition,
there was some limited concern over the possibility that COVID
vaccines alone could trigger new-onset diabetes. Although 2 case
studies featuring 1 patient each revealed a diabetes outcome after
vaccination against SARS-CoV-2, this has not been widely
reported (122,123).
COVID
outcomes
with
pre-existing
diabetes
and
immunosuppression: As both T1D and T2D are associated with
inﬂammatory states, some have suggested that pre-existing
diabetes could be a risk factor for poorer COVID outcomes that
appear to be mediated by an exaggerated inﬂammatory response
to the virus (124). Concerns were also raised for how requisite
immunosuppression for solid-organ transplant, including islet
transplant, may place individuals at greater risk for severe disease
and even death after a COVID diagnosis (125), leading to
recommendations for prioritization of these individuals for
immunization, booster shots and other treatments.
In all scenarios, the high prevalence of COVID infection and
high uptake of immunization mean that it is now difﬁcult to ﬁnd
unexposed comparator populations. The inability to adequately
control for confounding effects of social determinants of health is
a major limitation. Finally, given the long preclinical phases of
both T1D and T2D, proximity to COVID infection more likely
represents undiagnosed pre-existing or incipient diabetes. Taken
together, the available data indicate that concerns over a potential
causal relationship between SARS-CoV-2 infection and islet
function with new-onset or pre-existing T1D or T2D are largely
unfounded.
Discussion
In the past year, greatly expanded islet and diabetes research has
advanced our knowledge of the biology of the healthy islet, the
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effects of disease on islet function and the usefulness of preclinical
models. In this review we have highlighted progress in our
understanding of the mechanisms of insulin secretion and b-cell
lipid metabolism, while following up on the rapidly evolving
impact of COVID, the beneﬁts of multi-omics strategies and new
developments in islet transplantation.
Despite the ongoing pandemic, islet biology research continues
to challenge current theory, expanding our understanding of extraand intracellular signalling and the use and storage of fuel in the b
cell. Research this year has expanded knowledge of signalling
pathways, elaborated on mitochondrial roles in b-cell function and
reinforced the importance of well-designed preclinical models for
diabetes research. Such improvements in mechanistic understanding have set the stage for future therapeutics.
This year also saw studies aimed at improving replacement
therapies and diagnostic procedures currently being used in
clinic. Advances in islet transplant vascularization and the prospect of stem-cellederived transplantation may have potential to
vastly increase availability and success of these therapies for
people currently living with T1D, and potentially some people
with T2D. Using omics to identify circulating biomarkers as a tool
to accurately classify patients with T1D or T2D could eventually
reshape the way we approach individual treatment. Seeing the
light at the end of the COVID pandemic, research has yet to
provide solid evidence of SARS-CoV-2einducing diabetes.
Although SARS-CoV-2 may infect islet cells, recent data show that
COVID is not likely the cause of new-onset T1D or T2D. Research
focus in 2021 shifted from the impact of COVID on diabetes back
to mechanistic and therapeutic advances. This momentum reinstills our hope to develop a more thorough understanding of
diabetes pathophysiology and to highlight the impact of basic
biomedical research in developing promising therapeutics to treat
T1D and T2D.
Lay Summary
For well over 100 years, our understanding of insulin secretion
and how islet dysfunction contributes to the development of diabetes has been evolving. In this lay summary, we discuss recent
research that not only improves our understanding of the underlying mechanisms of insulin secretion and the development of
diabetes but may pave the way for new treatments for diabetes.
New ﬁndings emphasize the relationship between mitochondria and insulin secretion, highlighting new pathways and proteins
that contribute to insulin secretion and how mouse models are
being used to better understand this. How lipid metabolism
impacts b-cell function and insulin secretion has also been a recent
topic of interest, including how b cells use lipid droplets and
metabolism to preserve b-cell function and health. Multi-omics
approaches to understand islet cell biology have vastly improved
in the past year, demonstrating how omics analyses can be used to
generate biologic proﬁles for individuals with prediabetes, T1D and
T2D. Advances in cell-replacement therapy propose islet transplantation and stem-cell therapy as viable approaches to diabetes
treatment in the future, although much work still needs to be done.
In addition, careful documentation of new-onset T1D and T2D
throughout the pandemic has allowed scientists to better understand the relationship between SARS-COV-2 infection and diabetes,
showing that COVID-19 does not appear to be a primary cause of
diabetes onset.
The studies highlighted in this lay summary are limited to
ﬁndings critical to expanding our knowledge of islet-cell biology
and may have major implications in the future of diabetes research
and treatment. The past year has brought forth signiﬁcant advances
in islet biology and pave the way for a better understanding of bcell health and function.

Update on Fundamental Pathways Involved in Insulin
Secretion
Glucokinase: A useful target for diabetes treatment?
An increase in blood glucose is a key trigger for release of
insulin from the b cell. The breakdown of glucose into cellular
energy components by the mitochondria (i.e. “the powerhouse of
the cell”) is an important regulator of insulin secretion (126).
After glucose enters the b cell, it is broken down to generate a key
cellular energy source called ATP, which triggers insulin release.
Emerging evidence suggests that the ATP/ADP ratio inﬂuenced by
pyruvate kinase triggers a series of events that culminate in
insulin secretion (5).
After glucose enters a b cell, a protein called glucokinase modiﬁes it to remain inside the cell and avoid escaping into circulation
(4). This modiﬁcation by glucokinase is the critical ﬁrst step in the
breakdown of glucose to generate ATP. Drugs that ramp-up glucokinase activity enhance insulin secretion from the islet and are
currently in development as potential therapies. However, in early
clinical trials, although the drugs successfully maintained a normal
blood glucose level for up to 6 months, the ability to regulate blood
glucose level was not sustained in the longer term. In addition,
human subjects with T2D treated with glucokinase (GCK) activators
experienced a greater risk of high blood pressure and circulating
blood fats (6e8).
These unwanted effects prompted Omori et al to study the effect
of deleting 1 of the 2 copies of the GCK gene from ß cells in diabetic
mice. Surprisingly, the mice had more ß cells, higher insulin
secretion and reduced signs of cell stress. These data suggest that
lowering the levels of GCK may let ß cells “rest” between meals.
This may be important in preserving the number of ß cells in the
pancreas (10). These observations conﬁrm earlier work on the
potential long-term beneﬁts of “resting” ß cells (12).
These observations support earlier studies showing long-term
beneﬁts of resting the b cell to restore the capacity of b cells to
secrete insulin (12,13). The role of GCK in humans is complex, as
some mutations can enhance insulin release causing hypoglycemia,
whereas others reduce GCK activity and cause hyperglycemia (9).
Although turning GCK off completely does not improve diabetes
symptoms, treatments that partially inhibit GCK may limit
exhaustive failure of b cells and is worthy of further study.
Role of growth proteins MEK/ERK in the b cell
As glucose is used to generate energy within the b cell, signals
throughout the cell are engaged. MEK and ERK are enzymes called
protein kinases, which add a phosphate molecule to other proteins
in the cells, in a cascading fashion, whereby many downstream
target proteins receive a phosphate molecule, which leads to their
activation or inhibition. Although the MEK/ERK phosphorylation
relay is known to be critical for regulating cell growth, survival and
replication in other cell types (14), turning on these 2 proteins in b
cells promotes insulin secretion and b-cell survival (15). Further
insight into the signiﬁcance of MEK/ERK activity in b cells was
shown in a recent study. Researchers deleted the MEK gene from
the b cells (and not from other cells in the body) of mice with
diabetes and observed a reduced number and function of b cells,
attributing these effects to structural changes inside the cell (16).
Conversely, others have used drugs that inhibit MEK in mice with
diabetes and showed improvements in blood glucose control (17). It
is unclear whether stimulating MEK/ERK helps in diabetes, but care
will be required because this may be associated with unwanted cell
growth and even cancer (18). Future work should be done that is
directed toward identifying the speciﬁc proteins that MEK/ERK act
on in the b cell that are critical for impacting insulin secretion.
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the animals became insulin resistant, so blood glucose levels
increased—which is very similar to what is believed to be a major
underlying cause of T2D in people. These recent results show that a
re-evaluation of the role of the insulin receptor and of insulin action
in the b cell is necessary.

Mitochondria are miniature organs within cells and known as
the furnace or “powerhouse of the cell,” and their role in breaking
down nutrients to be used to generate cellular energy is critical for
b-cell function. Mutations in any gene that reduce mitochondrial
function in b cells are typically associated with reduced insulin
secretion. Previous work has shown that the E2 SUMO-conjugating
enzyme (UBC9), which adds a protein tag called SUMO, is associated with preserving b cells. Decreasing SUMOylation (i.e.
removing some of these tags) in b cells can impair their antioxidant
capacity, leading to cell death and high blood glucose levels (19,25).
Recent studies in mice showed that the enzymes SENP1 and SENP2,
which remove the SUMO tag from target proteins, are closely linked
to actions of the mitochondria, and their activity can improve b-cell
function. Signals from mitochondria activate SENP1 and the loss of
SENP1 in b cells of obese mice reduces insulin secretion, leading to
higher blood glucose (21). Similarly, the deletion of SENP2 from b
cells leads to impaired secretion of insulin accompanied by changes
in mitochondrial size and activity (22). The beneﬁcial effects of
having intact SENP1 and SENP2 in insulin secretion contradicted
earlier work showing that the SUMO tag would promote insulin
secretion (25). The roles of SUMO and the enzymes that remove it
from targets are complex and yet to be fully understood.

A signiﬁcant challenge in the islet biology ﬁeld is being able to
activate or inhibit important genes and their protein targets in b
cells and only b cells. One recent study (39) outlined the drawbacks
with current genetic strategies for studying b-cell function and
provided a roadmap for tackling them. The study showed that
researchers’ standard techniques—where a switch to control the
gene of interest is inserted—is problematic. The process of inserting
the switch on its own is enough to unintentionally reduce insulin
content and secretion. Unless researchers account for this their
conclusions regarding the relevance of their gene in diabetes may
be incorrect. For example, this was a problem with earlier studies of
insulin receptors on b cells, which have now been clariﬁed using
more precise and sophisticated techniques (described in the previous section). This serves as an important reminder that studying
b-cell function in mice is challenging and requires careful experimental design.

14-4-3z protein and b-cell function

Tracking insulin release in live mice

A family of proteins called 14-3-3z act as important carriers that
coordinate many processes related to how cells send and receive
information (127). Earlier work has shown that deleting 1 of the 143-3 family members, namely 14-3-3z, from all tissues in the mouse
improved blood glucose levels by increasing levels of incretin
hormones that stimulate b-cell function (29). To conﬁrm that the
main effect of deleting 14-3-3z was due to improved b-cell function,
researchers selectively eliminated the 14-3-3z gene only in b cells,
which resulted in improved insulin secretion in the mouse due to
enhanced mitochondrial function and energy production (30).
Conversely, increased levels of 14-3-3z in a mouse model of T2D
were found to be associated with a decrease in insulin secretion.
Further insight is needed into the proteins that 14-3-3z interacts
with to help coordinate insulin secretion.

A major advancement has been the development of tools to
view insulin release in a live animal. These imaging techniques
track the location of zinc, which is packaged together with insulin
and thus released together with insulin after a meal. A ﬂuorescent
marker, ZIMIR, which binds speciﬁcally to zinc, has been used to
measure insulin release (41). Chen and colleagues expanded this
technique to record insulin release in live mice (42). They achieved
this by delivering a ﬂuorescent tag to the surface of the b cells,
thereby allowing for live tracking of the zinc release from the islet
in its normal context. They also developed a ﬂuorescent granule
zinc indicator, ZIGIR, which can measure changes in b-cell mass and
the number of b cells in the whole pancreas of living mice. These
imaging tools will be essential in studying diabetes in live animals
and increasing our understanding of the islet b-cell function.

Cardiolipin

Metabolism and Storage of Fats: Impact on Release of Insulin

Cardiolipin is a fat molecule found in the inner membrane of
mitochondria and is required for proper energy production,
including the conversion of glucose to ATP. The protein tafazzin is
known to alter both the structure of cardiolipin and total mitochondrial cardiolipin content (32). Recent work has shown that
blocking the activity of tafazzin alters cardiolipin, thereby resulting
in compromised mitochondrial energy production, which in turn
decreases insulin secretion and increases damage and scar formation in the pancreas (33). These results point to the importance of
maintaining mitochondrial structural integrity for proper b-cell
function.

The importance of blood sugar levels is widely appreciated in
the context of diabetes research. However, controlling the transport
of fat, both those from the diet and those derived from stores in fat
tissues, is important for controlling the development of insulin
resistance and reducing the risk of diabetes complications. People
living with T2D can have higher levels of fats in the blood before
and after a meal than people without diabetes (128). High levels of
blood triglycerides, the most common type of body fat, can be
predictive of T2D, and this has been suggested to impede the b cell’s
ability to respond to glucose and release insulin (45). Furthermore,
the speciﬁc combination of fats in the blood of infants and children
may have some predictive value in development of T1D (43,44).
Improving our understanding of how fats contribute to the pathophysiology of both T1D and T2D is of signiﬁcant interest.

New mouse models to study how insulin affects islet function
Insulin is produced by b cells to stimulate glucose uptake by
other tissues, but, as the b cell has receptors for insulin on its own
surface, insulin can also affect how the b cell works (35e37). Precisely how this works and whether it is important in diabetes is
controversial. In a new study, researchers deleted the insulin
receptor genes from b cells in the mouse to study what happens
when insulin can no longer control b-cell function (34). In the
study, b cells without insulin receptors secreted more insulin, but

Genetically modiﬁed mice: Models to study T1D and T2D

Fat transporters and their impact on insulin release
Excess body fat and fat within the liver can send signals to the
pancreas through the blood using fat transporters. Fat transporters
assist the movement of fats from the blood to target cells. Cells will
then use fats as a source of energy. Excessive body fat breakdown or
excess fat storage in the liver increases the release of fat
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transporters into the blood (48,50). Recent studies in cells and mice
have shown these fat transporters can reduce the pancreas’ ability
to release insulin (51,54). Interestingly, when excess fats are in the
blood, one of these fat transporters, fetuin-A, can be released from
insulin-secreting cells in the pancreas and cause self-induced
inﬂammation (54). Long-term inﬂammation can cause dysfunctional problems in insulin-releasing cells (54,55).

b cells store fat to adapt to stress
Although the breakdown of fat can trigger pancreatic b cells to
secrete insulin, glucose metabolism must be the primary trigger for
insulin-secreting cells to maintain normal blood sugar levels (129).
It is currently unknown whether high levels of fat in the blood can
reduce the survival of b cells in the islet. Studies in cells showed
that high levels of certain fats can cause damage or death to b cells
(46). One recent study showed that antioxidants, natural bodyproduced chemicals that protect cells from damage, can improve
b-cell survival after exposure to excess fat (46). Because these
experiments were done with isolated cells, they will require testing
in the mouse and then in humans (47). A study in mice suggested
that the pancreas may be able to store excess fats, which may help
avoid the toxic effects of the fats to maintain insulin secretion (58).
Furthermore, another study in mice showed that b cells can keep
insulin output tied to the breakdown of sugar and not fat, even
when excess fat is present (59).

Lipid droplets: Essential to keep insulin-secreting cells healthy
Human b cells store fats in packages called lipid droplets. Until
recently, it was thought that mouse b cells did not do this (60).
However, 3 recent studies demonstrated that critical components
in the structure and formation of lipid droplets are needed to
maintain insulin secretion in response to glucose administration in
mice and isolated b cells (61e63). Interestingly, one study showed
that saturated fats decreased the amount of important components
in the formation of lipid droplets, but unsaturated fat did not (61).
These studies will lead to an improved understanding of how
individual fats impact islet cells differently.

Harnessing Large-scale Analyses as Tools to Study Diabetes
Advances in technology have made it possible to study the
molecular events that underlie diabetes. Techniques analysing
large-scale biologic data, such as proteomics (to determine what
proteins are present in a sample), transcriptomics (to determine
what genes are turned on) and metabolomics (to determine
what molecules involved in metabolism are present)—collectively termed “omics”—can be used to give signiﬁcantly more
detail about the changes that occur in T1D, prediabetes and T2D.

Using omics data to characterize mouse models in diabetes research
Proteins are complex molecules involved in many important
processes in our cells. Proteomics can be used to answer how
abundance of proteins in a cell responds to stressful conditions by
analyzing and quantifying all the proteins within a cell. Yau and
colleagues aimed to identify changes in islet protein levels in
different types of mice in response to a regular and high-fat diet,
and showed that mice with normal blood sugar, blood pressure
and minimal fat tissue had higher levels of the proteins that
contribute to normal cellular energy production present in their
islets (64).

Using omics data to identify potential markers of diabetes in
humans
Analysing genes at the single-cell level can lead to a world of
discovery beyond what we previously imagined. Gene switches are
proteins responsible for turning genes “on” or “off” within the
individual cells of the islet. The activity of these gene switches is vital
in regulating the sugar levels in our body. Using a technique called
“single-cell RNA sequencing,” researchers can look at changes in
what genes are being turned on in individual cells. Learning more
about how changes in the levels of these genes affect the development and function of islet cells may lead to the design of more
effective therapies and treatments for people with diabetes. b-cell
failure is a critical event in the development of diabetes, as these cells
will no longer be able to secrete insulin. Cellular stress is a known
contributor to b-cell failure (130,131). Using single-cell RNA
sequencing, Groen and colleagues found that inducing stress in b
cells leads to the loss of gene switches critical for normal b-cell
function (69), disrupting insulin production and increasing blood
sugar levels. Beyond studying b cells in a state of dysfunction, it is
equally important to understand what genes are active when a b cell
is healthy and fully functioning. Shrestha and colleagues found a
combination of speciﬁc gene switches that distinguish healthy and
mature pancreatic endocrine cells from unhealthy ones (68).
Using omics data to understand immune cell activity
In T1D, a person’s own immune cells attack their b cells. Dendritic cells are immune cells that can contribute to b-cell destruction by turning on helper T cells (67), which help other immune
cells perform better. One major role of dendritic cells is to sample
their environment, and “eat” cells and other materials (e.g. bacteria) in their surroundings, process them and present the processed
pieces to helper T cells. T-helper cells, in turn, then determine
whether to activate or suppress an immune response. Dendritic
cells use a specialized protein called MHC class II to do this (67).
Using single-cell RNA sequencing, Fasolino et al found that cells
that line the pancreatic ducts of patients with T1D have higher
levels of this specialized protein (66). Interestingly, this work also
suggests that an unappreciated role of duct cells may be to reduce
the autoimmune destruction of b cells by T cells.
Using multi-omics to generate more comprehensive T1D and T2D
proﬁles
Studying all proteins, genes and fats in cells in parallel can help
form a more comprehensive picture of how diabetes starts and
progresses. This approach is called “multi-omics.” Multi-omics can
be used to create more comprehensive and distinct molecular
proﬁles that best describe individuals without diabetes, individuals
as they progress toward diabetes and individuals who live with
diabetes. Wigger and colleagues created a biologic proﬁle for
individuals with T2D and found that the activity of genes that play a
role in processing fat and producing cellular energy was different in
b cells from people with and without T2D (70). Moreover, people
with T2D had higher levels of a marker of immature b cells, suggesting that b cells revert to a less functional version of themselves
under the stressful conditions of T2D. As we need fully functioning,
mature b cells to precisely regulate blood glucose levels, Wigger
et al identiﬁed major changes that accompany the transition to T2D.
Multi-omics has also been used to create a molecular marker
that identiﬁes people who are at risk of developing T1D. Alcazar
and colleagues analysed several metabolites (molecules created
when the body breaks down food or other chemicals) and discovered that individuals at high risk for developing T1D had increased
levels of a molecule called pyruvate, which is typically used as a fuel
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to drive insulin secretion. Normally insulin secretion helps to
regulate pyruvate levels (72). These individuals also had lower
levels of an amino acid called alanine, a characteristic of individuals
living with T1D, which helps to combat low blood sugar. The
authors analysed carriers of genetic information called “microRNAs” and found that certain microRNAs associated with both T1D
and b-cell failure were higher in people at high risk for T1D.
Combined multi-omic analyses have the potential to create a
comprehensive biologic proﬁle of disease. More precisely classifying what type of diabetes people may have (beyond just T1D or
T2D) made possible by these new approaches can help clinicians
and other health-care professionals provide optimal care and
personalized medicine to improve overall health outcomes.
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these studies show that islet transplantation could be a useful way
to treat T1D in the future.
Although islet transplantation has been successful in some
patients for a few years after receiving surgery, this approach still has
challenges. In 2 studies, most recipients still required low doses of
daily insulin injections after islet transplantation (78,81). Therefore,
islet transplantation is not yet a cure for T1D (82,83). There is also a
shortage of islet donors, and, if an individual receives an islet
transplant, they will be required to take lifelong medication to
suppress their immune system to prevent the rejection of transplanted islets. Discovering ways to improve islet transplantation
effectiveness and feasibility are being explored by scientists globally.
Improving transplant cell survival and early blood vessel growth

Emerging technologies
To advance multi-omics technologies, scientists have explored
various options to better characterize islet function and diabetes.
Basile and colleagues proposed single-nucleus RNA sequencing as a
more economical and less time-consuming alternative for singlecell RNA sequencing (75). The nucleus is the compartment in
cells where genetic information, DNA, is stored. RNA represents
temporary copies of DNA that the cell uses to make protein. Singlenucleus RNA sequencing is like single-cell RNA sequencing in that it
analyzes the temporary RNA copies of DNA. However, singlenucleus RNA sequencing only looks at RNA in the nucleus instead
of individual cells. Although preliminary, the authors showed that
single-nucleus RNA sequencing could be as effective as single-cell
RNA sequencing in fresh and frozen islet samples from human
donors, which will make this technique easier to use with all
samples available.
Meanwhile, Turki and colleagues brought together multi-omics
approaches and artiﬁcial intelligence (AI) to create a new method
that efﬁciently generates a proﬁle of individuals with and without
diabetes (76). The authors “trained” a computer program to
recognize patterns within networks of genes linked to biologic
processes in both individuals without diabetes and with T2D. This
program was successfully able to distinguish gene networks based
on their diabetes status. Although more work must be done to
perfect this technology, the ﬁndings point to new possibilities in
accelerating data analysis.
Advancements in Treatments for Diabetes
Using cell therapies such as islet transplantation to replace insulin
treatment for people with T1D has been an area of interest and focus
for researchers and people living with diabetes. There has been much
progress made in the ﬁeld of islet transplantation and b-cell replacement throughout the COVID pandemic. Major successes, such as
improving the ability to make insulin-producing cells from stem cells
and supporting blood vessel growth around transplanted islets, may
one day lead to a more efﬁcient, feasible and sustainable T1D therapy.

One current issue with islet transplantation is that about 70% of
islets are initially lost after the transplant procedure (82). This is
caused by inﬂammation and delayed blood vessel growth (i.e. lack
of blood supply) around the islets, which is harmful to islet survival
and reduces the long-term success of this treatment. Recent
approaches in mice addressed this poor blood supply by combining
islets with fragments of blood vessels to promote early blood vessel
development (85). These combinations improved early blood vessel
growth and increased the efﬁciency to restore normal blood sugar
levels in mice with diabetes even when a smaller dose of islets was
used. The same approach was used to support the function of stemcellederived b cells to produce insulin and restore normal blood
glucose levels in mice with diabetes (86). Alwahsh and colleagues
found that release of a chemical that promotes blood vessel growth
in the vicinity of the transplant site was another way to improve
early blood vessel growth and islet survival in mice (90). These
promising and successful approaches in mice have the potential to
be used in humans by improving the early survival of transplanted
islets and reducing the number of islet cells needed to restore blood
sugar control. This may allow more people living with T1D to be
treated with islet transplantation in the future.
A new cell source for transplantation
Stem cells are specialized cells that can become any cell type in
the body. To address the limited availability of islet donors, intensive research is being performed to understand how to convert
stem cells into fully mature, insulin-producing cells. Recently, 2
studies showed that devices with insulin-producing cells made
from stem cells transplanted into T1D patients were safe, welltolerated and produced no serious side effects in all 32 study participants (96,97). For the ﬁrst time, it was shown that insulinproducing cells made from stem cells could produce insulin in
humans after a meal (96)—although there was no clear impact on
their blood glucose levels. With more research being done on
improving the production of insulin-producing cells from stem
cells (99,103), these ﬁndings suggest that stem-cell therapy could
be a potential therapeutic option to treat T1D in the future.

Evaluating islet transplantation
Impact of COVID on Diabetes: An Update
Islet transplantation involves taking islets that make insulin
from a deceased donor without diabetes and administering them
into a person with T1D so that they can once again produce their
own insulin. The safety and effectiveness of islet transplantation
has been studied since the 1980s (78e80), but success was not truly
achieved until 2000. One recent study followed islet recipients for
10 years after islet transplantation (81). Over half of the patients
who received islet transplants had improved blood glucose levels
compared with those before transplantation. The recipients
required fewer daily insulin injections, and episodes of severely low
blood sugar levels were prevented in 75% of recipients. Together,

Early reports on COVID-19 (or COVID) raised several questions:
Were people with diabetes at increased risk to contract COVID?
Were they more likely to have severe outcomes? Would vaccination
be less effective? Could COVID trigger new cases of diabetes? The
use of dexamethasone (a steroid), which causes high blood glucose
levels, as a key treatment for severe COVID was a further complicating factor. These suggestions caused substantial distress for
people living with diabetes. As time has passed, the consensus
emerging in newer reports has not supported a direct causal link
between acute SARS-CoV-2 infection and an increase in diagnoses
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for either T1D or T2D, as discussed in what follows. However,
further research on postacute infection (long COVID) and the risk of
developing diabetes will be required to fully appreciate the impact
of SARS-CoV-2 (120).
SARS-CoV-2 and the islet
Early suggestions of a potential link between COVID and diabetes
resulted from observations that the virus that causes COVID, SARSCoV-2, may infect hormone-producing cells in the pancreatic islet
(105e107,132). To begin the process of infection, SARS-CoV-2 binds
to ACE2, a protein found on the cell’s surface. However, a recent
comprehensive study evaluating both normal human pancreatic
tissues and tissue from subjects with COVID argued that infection of
b cells by SARS-CoV-2 was unlikely due to a lack of receptors to
facilitate entry (109). Consistently, another study of subjects with
COVID conﬁrmed that only a small percentage of pancreatic
hormoneeproducing cells have ACE2 on their surface. However,
there was a presence of virus in some patients (108), suggesting
that SARS-CoV-2 can infect pancreatic endocrine cells in some
circumstances. However, additional studies have demonstrated
that infection does not impair the b cell’s ability to secrete insulin
(110). Therefore, current data indicate that it is unlikely that SARSCoV-2 during a natural infection could have any adverse effect on
blood glucose control by impairing islet cell health (108e110).
Does COVID put people at risk for new-onset diabetes?
COVID and T1D risk: Despite early reports warning of a potential
surge in T1D diagnoses due to an attack of SARS-CoV-2 on the
immune system (111,112), the bulk of the evidence now indicates
that there is likely no direct connection between contracting
COVID and new-onset T1D (113e115,117,118). One report
suggested the number of new T1D diagnoses in persons <18 years
of age increased during the pandemic, and furthermore that
respiratory infection due to causes other than SARS-CoV-2 was not
associated with an increased risk for T1D (121). However, access to
health care may explain the observed increased incidence severity
of diabetic ketoacidosis (i.e. acid build up in the blood)—that is,
delays in hospital visits resulting from pandemic-related
restrictions to hospital access and not to SARS-CoV-2 directly (116).
COVID and T2D risk: From March 2020 to March 2021, a large study
involving US veterans showed that men, but not women, were more
susceptible to new-onset T2D diagnosis after a positive COVID test,
concluding that veterans who contracted COVID were 40% more
likely to develop primarily T2D within 1 year (119). At particular
risk were obese individuals, who were found to be twice as likely
as nonobese subjects to develop T2D after having COVID. However,
there were signiﬁcant caveats to interpretation to these results,
including that the subjects were older and were generally
Caucasian men, many with metabolic risk factors like elevated
body mass index and high blood pressure. Also, some people in
the control group were not tested for COVID if they did not show
any of its symptoms, so an infection could have been missed.
Third, existing cases of diabetes may have only been detected after
subjects sought medical care for COVID. Because many of the risk
factors for diabetes are also risk factors for COVID, care is required
when considering whether COVID is the causal factor.

infection or inﬂammatory disease) is associated with worsening
symptoms of diabetes, and that persons with diabetes and metabolic disease are at increased risk for more severe COVID (133).
Much of this seems to be related to the presence of comorbidities
and/or complications of diabetes (e.g. heart or kidney disease)
rather than diabetes per se. It has been difﬁcult to identify whether
high blood glucose levels cause worse outcomes—because both
severe COVID, which is generally treated with dexamethasone, can
cause high blood glucose levels. It is widely recognized that
observational studies are not good at clarifying the root cause.
Concerns were also raised over how immunosuppressive drugs
taken by recipients of organ transplants, including pancreatic
islets, may place them at greater risk for severe disease and even
death after a COVID diagnosis (125). Risk for bacterial, but not viral,
infections is increased in people with high blood glucose levels.
The autoimmunity that triggers T1D is not known to reﬂect a
deﬁcient immune system—and concerns about increased risk for
those with T1D to contract COVID have not been substantiated.
Nevertheless, many suspect that pre-existing diabetes could be a
risk factor for poorer outcomes when presented with the SARSCoV-2 virus (124). Others have highlighted the impact of social
determinants of health as an underappreciated aspect, such that
vulnerable populations have a higher risk for both diabetes and
COVID.
A related concern has been the potential for COVID vaccines to
trigger new-onset diabetes. Although this has not been widely
reported, there were 2 case studies that had a single patient
reporting a diabetes outcome after vaccination against SARS-CoV-2
(122,123). Nevertheless, given the high uptake rates, almost all
cases of new diabetes will be in those who have received a COVID
shot in the preceding months. Diabetes (both T1D and T2D) may be
present for months and years before any symptoms, so new cases
being diagnosed close to COVID infection may represent unmasking
of the disease rather than a new problem resulting from the
infection. Large-scale longitudinal studies will allow researchers to
obtain valuable data regarding potential relationships between
SARS-CoV-2 infection, vaccination and new-onset diabetes.
Patient Partner Perspectives
The codevelopment of research priorities for researchers and
individuals living with diabetes or supporting disease management
as caregivers is a powerful way to incorporate different streams of
disease-based knowledge. Together, researchers and patient partners have explored signiﬁcant ﬁndings from the past year, reﬂected
on the real-world impact, expressed concerns, revealed their
preferences regarding where new research priorities should be set
and described the experience of partnering with basic research
scientists.
1. What new research ﬁndings are you most excited about?
Collective response: We are very excited about the advancements
in treatments for diabetes. Stem-cell therapy, without the need to
take immunosuppressive drugs, has the potential to be an incredible future therapy option to treat T1D. Harnessing omics data as a
tool to study diabetes and the study of insulin production and b-cell
function in genetically modiﬁed mice seem like promising research
areas. The interaction between fat storage and its impact on the
pancreas’ ability to release insulin is of great interest:

COVID outcomes with pre-existing diabetes or immunosuppression
Sources that include the US Centers for Disease Control and
Prevention have stated that SARS-CoV-2 infection (like any

I’m excited about the omics data research. It would be exciting if
one day it’s possible to identify in living humans what their
molecular proﬁle is before developing diabetes. (N. Zoe Hilton)
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The most exciting prospects are with stem cell research, which
would permit b cell transplants and not require immune system
suppressants. (Tom Weisz)

2. What are your current worries or fears regarding research
directed toward diabetes?
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manuscript. Advocating on behalf of others living with diabetes is
empowering and helps to ensure that research priorities are relevant to those living with the condition. We found the experience
informative, inclusive and enjoyable and we are grateful for the
opportunity:
In terms of improvements, applying a bottom-up, qualitative
approach to research by using patient partnerships early on in
the research-generation process may be beneﬁcial to help
bridge the gap between knowledge gained through research,
and its application in policy and practice. (Christine MacGibbon)

Collective response: We are concerned about the length of time
research takes to go from the lab to an available treatment option.
Even with research advancements, we worry about the health
inequities that arise because new treatments are often too expensive for most people to afford. Access to medical research needs to
be improved and we need to ensure that research ﬁndings are
disseminated to marginalized demographics and those living in
rural or remote communities:

I have enjoyed seeing the wide range of patient partners that are
included in this project as I think it’s critical to have patients
from different backgrounds collaborate in research projects to
identify what health outcomes are most important to us individually and across groups. (Adhiyat Najam)

My current worries are that I will not be able to beneﬁt from this
research in time given the number of years that I have been
living with diabetes. (Sylvie Dostie)

I loved it. I felt extremely privileged to understand the process,
see the commitment and the open mind of the research team.
(Farida Mersali)

That the funding for further research will be limited. (MaryAnn
Maloney)
I’m afraid that there will never be a cure for a silent killing
disease. (Anna Di Giandomenico)

3. What new discoveries/advancements/topics would you like to see
be a priority in diabetes research in the next 3 to 5 years?
Collective response: Although we are a diverse group of patient
partners working together on this project, we are all hopeful for the
same thing—a cure for everyone living with diabetes. Many feel that
stem-cell therapy should be a priority, as it could provide the cure
for T1D. However, research should also be focussed on what causes
the autoimmune attack and how we can prevent it. Research on
T2D in people without metabolic risk factors, and customized,
personalized treatment options should also be a priority in
research. Studies need to focus on preventing and treating complications, including micro- and macrovascular issues. We also
believe that there needs to be a greater focus on translational
research to apply scientiﬁc advances from the lab directly to those
living with diabetes:
I would like more research done on medications for treating
both type 1 and type 2 diabetes, such as drugs that increase
glucokinase activity and enhance insulin secretion. (Matt
Larsen)
The concept of stems cells becoming insulin-producing cells is
quite fascinating and if done right, antirejection drugs would
not be needed. (Christina Marie Mulchandani)
I hope to see increased collaboration between basic science
researchers and people living with diabetes in order to ensure
that new research is meeting the diverse needs of people with
diabetes. (Marley Greenberg)
4. What was your experience like being a patient partner
connecting with basic researchers?
Collective response: Collaborating as partners on this project
provided us with the opportunity to engage with the researchers,
ask questions relevant to us, co-create our own research questions
and create a patient-led commentary integrated into the
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