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Abstract

Sections

Our understanding of diabetes mellitus has benefited froma
combination of clinical investigations and work in model organisms
and celllines. Organoid models for awide range of tissues are emerging
asan additional tool enabling the study of diabetes mellitus. The
applications for organoid models include studying human pancreatic
celldevelopment, pancreatic physiology, the response of target organs
to pancreatic hormones and how glucose toxicity can affect tissues
such as the blood vessels, retina, kidney and nerves. Organoids can be
derived from human tissue cells or pluripotent stem cells and enable the
production of human cell assemblies mimicking human organs. Many
organ mimics relevant to diabetes mellitus are already available, but
only afewrelevant studies have been performed. We discuss the models
that have been developed for the pancreas, liver, kidney, nerves and
vasculature, how they complement other models, and their limitations.
In addition, as diabetes mellitus is a multi-organ disease, we highlight
how amerger between the organoid and bioengineering fields will
provide integrative models.
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Key points

e Pancreas and islet organoids enable the study of monogenic forms
of diabetes mellitus, notably neonatal diabetes mellitus.

e For type 1diabetes mellitus, platforms mixing patient-relevant islets
and immune cells are expanding.

¢ Organoid models are emerging that combine cell types derived from
multiple organs relevant to diabetes mellitus.

o A merger between bioengineering techniques and organoid
technology is improving functional and screening assays.

o For assays of organ interactions, organ-on-a-chip platforms are
moving from cell lines to organoids.

o While organoid models for diabetes mellitus complications are

being added to the toolbox, the long periods over which complications
develop mean that studying these complications in vitro will be
challenging.

Introduction

Diabetes mellitus is a disorder in which the body does not produce
enoughinsulinor responds abnormally to this hormone, causing atypi-
cally high blood levels of glucose. Diabetes mellitus is traditionally
classified into type 1diabetes mellitus (TIDM), which is autoimmune,
and type 2 diabetes mellitus (T2DM), both of which result from a com-
bination of environmental and multigenic factors. However, there are
also less common monogenic forms of diabetes mellitus. Although
there are excellent drugs available to lower blood levels of glucose,
the proportion of patients with well-controlled diabetes mellitus is not
increasing, so thatabetter dissemination of glucose-lowering drugs and
the development of new drugs are required for patients whose diabetes
mellitusis difficult to control'. Notably, T2DMis increasingly being rec-
ognized asaheterogeneous disorder, and so designing drugs targeting
different groups of patients will be important, as will designing drugs
with fewer and less-severe adverse effects than those currently avail-
able.Identifying and testing drugs involving endocrine cell types other
than 3-cells, including a-cells and §-cells, and enteroendocrine cells, as
wellasinsulin target organs, are promising avenues for research. With
regard to TIDM, animportant challenge is to understand the early steps
ofthe disease and the interactions of 3-cells with theimmune system.
For all types of diabetes mellitus, better treatments of the adverse
effects of long periods of glucose excursions, notably targeting the
macrovasculature and microvasculature, are crucial.

Multiple complementary approacheshaveledto our currentunder-
standing of diabetes mellitus and its treatment, including clinical inves-
tigations, work in multiple model organisms and more reductionist cell
line models. To address the challenges outlined above, in addition to
the existing toolbox, organoid models of a variety of complexities and
readiness for the different organsinvolved inthe aetiology of diabetes
mellitus and its complications can be used. Organoids are 3D in vitro
culture systems that make use of progenitors or stem cells to produce
cellassemblies recapitulating aspects of organstructure and function®”.
Notably, organoids enable humancellstobe grownina3D setting, as tis-
sues do, enabling research and testing of drugs on human cells. Although

organoids are notintended to replace animalstudies, as itis difficult to
recapitulate systemic disordersinvitro, they allow early testsinhuman
cells. Organoids have been developed for the pancreas, acentral player
in the aetiology of diabetes mellitus, as well as for organs with which
the pancreas is metabolically coupled, such as the liver, muscle and
adipose tissue. Organoid models also exist for organs involved in dia-
betes mellitus complications, such as the blood vessels, retina, kidney
andnerves*. Inaddition to these organoids stricto sensu (defined in the
glossary (Box 1)), other 3D culture systems not developed from stem
cells or progenitors, such as the pseudoislets, are gainingmomentum®~".

Inthis Review, we discuss the current models available to study the
pathogenesis, progression and complications of diabetes mellitus. We
firstassess how organoid models can be used to study how genetic and
environmental factors during pregnancy can predispose the offspring
to diabetes mellitus. While these models mimicking pancreas develop-
mentinhumansare already available and their level of functionality can
be exploited to study TIDM and T2DM, improvements are ongoing to
obtain more mature endocrine cells and improve culture formats. As
diabetes mellitus is amulti-organ disease, we next discuss the microflu-
idic systems enabling exchange between organs and how these systems
could help study tissue communication, notably between the pancreas,
liver, adipose tissue and brainand immune cells to study TIDM. Finally,
we discuss the organoid models, including models of the vasculature,
kidney, retina and neurons, that would be amenable to studying dia-
betes mellitus complications. We do not discuss 3D culture systems
for the purpose of producing cells for diabetes mellitus therapy, even
though thisisapromising therapeuticavenue, and refer thereader to
other informative reviews on the topic®’.

Modelling pancreas development

Historically, many organoid systems were developed using a road-
map recapitulating development to produce the tissues of interest.
As a consequence, many organoids still represent a developmental
stage rather than a mature organ'. As there is genetic evidence that
perturbed development of the pancreas can predispose to diabetes
mellitus" and numerous studies have shown that the environment of
the fetus during pregnancy programmes adult metabolic activity™,
organoids mimicking pancreas developmentare useful to study these
mechanisms. Here we focus on the pancreas, a central organin diabetes
mellitus, and briefly introduce its development. We then provide an
overview of organoids derived from the fetal pancreas or differentiated
from pluripotent stem cells (PSCs). We discuss examples illustrating
how these organoids have been used to study how genetic mutations
and environmental factors predispose to diabetes mellitus.

Pancreas organoids from fetal cells
The pancreas emerges from two budsin the gut tube onembryonic day
(E) 9.5 in mice and 30 days after conception in humans. The multipo-
tent pancreas progenitors in these buds will differentiate into either
endocrine cells or exocrine cells™'. By E14.5, progenitors lose the abil-
ity to differentiate into acinar cells, and thus become bipotent. These
bipotent progenitors continue to form endocrine cells until birth. In
terms of morphogenesis, the exocrine part of the pancreas will form a
network of tubes ending distally at acini while endocrine cells partially
delaminate from the tubes and will assemble into islets of Langerhans’.
The currently available organoid systems recapitulate these steps of
development, or a subset of them.

Anchored in along tradition of in vitro culture of tissue explants
and primary cells, the development of the 3D matrix Matrigel
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Box 1

Defining terms in organoid
research

Pancreas progenitors®

Pancreatic cells present in the prenatal developmental period that
can give rise to endocrine and ductal cells (bipotent progenitors)
or endocrine, ductal and acinar cells (multipotent progenitors).

Organoids?

3D in vitro culture systems making use of progenitors or stem

cells to produce cell assemblies recapitulating aspects of organ
structure and function. In this Review, we use organoids as an
umbrella term that also encompasses spheres and spheroids, but
when no specification of spheres or spheroids are made, ‘organoids’
will usually refer to complex cell assemblies, including branched
structures for pancreas organoids. Organoids can form in Matrigel,
in suspension culture or on filters at the air-liquid interface.

Spheres or cysts®

Specific types of organoids with a simple spherical structure made
of one cell layer (or less commonly a few cell layers) surrounding a
single large lumen. Pancreatospheres are an example of these types of
organoid. Spheres are the most common structures found in Matrigel.

Spheroids or pancreatoids®

Specific types of organoid with a simple spherical structure without a
large central lumen. Spheroids commonly form in suspension culture
or can be generated by embedding cancer cells or non-epithelial
cells in Matrigel.

Pseudoislets®”’

Dissociated islet cells re-aggregated in defined proportions and
sizes. These 3D structures are not commonly referred to as organoids
as islet cells are not considered stem cells. However, the same
re-aggregation principle can be applied to endocrine cells produced
from pluripotent stem cells.

represented a crucial step in the evolution of organoid systems.
Matrigel enables the extended culture of early fetal pancreatic pro-
genitors derived during E10.5-E11.5, which form pancreatospheres
(Box 1) after dissociation to single cells™'°. These pancreatospheres
are composed of epithelial cells surrounding a central lumen either in
co-culture with mesenchymal cells” or without mesenchyme’®. These
spheres can be expanded and passaged, although their capacity for
differentiation into endocrine cells decreases after three passages”.
Purified pancreatic progenitors from later stages of embryonic devel-
opment (E12-E13 or E14.5) were also later shown to form spheres when
embedded in Matrigel”'®. These pancreatic spheres transform into
duct-like structuresin the presence of epidermal growth factor (EGF)
and differentiate towards endocrine cells in its absence. While these
systems do not recapitulate the morphogenetic complexity of the
pancreas, they are convenient to study endocrine cell formation and
partial delamination, which can be done using live imaging'®.

More complex organoids were also generated from multipotent
progenitors (E10.5-E11.5) in media activating the WNT pathway¢.
These organoids recapitulate the hallmarks of the developing pancreas,
including the formation of a ductal network as well as branches with
acinar cells at the tips and afew endocrine cells. While these organoids
form proportionally fewer endocrine cells compared with spheres',
they are more appropriate to study endocrine cells in the context of
acinar cellsthanare spheres. Inthese early studies, comparisons of the
pancreatic spheres or organoids to the cells of the fetal pancreasin vivo
werelimited, and the degree of similarity and maturity of the produced
cells deserves deeper scrutiny.

In addition to Matrigel-based cultures, suspension cultures of
embryonic and fetal pancreatic cells have also been established from
E10.5 pancreatic progenitors and have been shown to form pancreatoids
comprisingallexocrine and endocrine lineages. Notably, 22% of the cells
inthese cultures differentiated into endocrine-like cells, but only when
inthe presence of the native mesenchyme, making this system unique
for studying the role of the mesenchyme in pancreas development”.

Pancreatic organoids were also derived from human fetuses from
7-11 weeks after conception. Small fragments dissociated from the
human pancreas formed hollow spheres that expressed pancreatic
progenitor markers". In the presence of EGF, these organoids could
be expanded for 5 months while removing EGF reduced proliferation
but promoted differentiation of the organoids towards an endocrine
phenotype. Using a different culture medium, a 2021 study derived
pancreatic organoids composed of a mixture of hollow spheres and
dense spheroids containing ducts with narrow lumens but very few
endocrine cells. These organoids could be passaged, indicating the
maintenance of pancreas progenitors and single-cell RNA sequencing
suggested that a subset of cells acquired a ductal identity in vitro®.
Human pancreata from 9-22 weeks after conception were also used
to grow organoids harbouring compact but branched structures, as
well as cystic areas expressing progenitor and/or ductal markers?.
Transcriptomic analyses revealed greater similarity of these organoids
to the fetal human pancreas than to adult pancreata or islets.

The fetus-derived organoids described above are progressively
becoming a tool to understand the development of the pancreas and
itsendocrine cells. They notably enable clonal assays to be conducted,
which can assess the potency — that s, the ability of the cell to differen-
tiate into other cell types — of individual cells'>*, the morphogenesis
of the organ'®'®?? and the function of specific genes in endocrine cell
differentiation™?,

Organoids from pluripotent stem cells

The progressive gain of knowledge of the embryonic developmental
cuesinmodel organisms has paved the way to establishing multistep dif-
ferentiation protocols thatefficiently direct mouse PSCs or human PSCs
(hPSCs) towards the pancreatic lineage'***. These protocols, initially mak-
inguse of 2D cultures, were further developed into 3D culture methods
toupscale productionand improve the maturity of the -cells produced,
mimicking thein vivo setting where endocrine cells are assembled into
islets. The 3D methods used culture at the air-liquid interface after initial
production of pancreas progenitorsin2D*, suspension culture fromthe
onset’* or culture from later steps*>*, as well as embedding in Matrigel
after pancreas progenitor production in 2D*** (Fig. 1).

Although many of these methods have not been referred to as
organoids they are similar to models developed for other organs
such as the kidney (air-liquid interface) or brain (steps of suspension
culture), which are referred to as organoids (Box 1). Some protocols
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enabled a step for the expansion of progenitors prior to their dif-
ferentiation®**, Variability of efficiency between cell lines and pro-
tocols was reported®®*®. Although most work focused on hPSCs,
mouse PSCs could also be coaxed to form 3D islet-like structures that
contained bona fide endocrine cells**®, Early protocols produced
immature cells with some basal insulin secretion in the presence of
low levels of glucose and lower levels of insulin secretion in response
to glucose than adult B-cells. However, several protocols from the
past 5 years have resulted in more mature 3-cells that are capable of
glucose-stimulated insulin secretion with first-phase and second-phase
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Manipulation (tracer,

ene perturbation
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Differentiation /

dynamic insulin secretion (See ‘Improving (3-cell maturity in vitro’).
While most methods described above result in a mix of pancreas pro-
genitors, pancreaticendocrine cells, enterochromaffin cells and ductal
cells, protocols involving cell sorting and re-aggregation form purer
islet-like organoids, without progenitors®.

While the relevance of these organoid systems to adult 3-cell
functionneeds tobeimproved (See Improving PSC-derived endocrine
cellmaturity), the available models are suitable for studying how muta-
tions and environmental factors (Box 2) affect 3-cell development, and
thereby predispose to diabetes mellitus.
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Fig.1| Types of 3D cultures modelling pancreas and islet development,
physiology and disease. a, Dissociation and re-aggregation of islet cells to form
pseudoislets. This process caninclude a sorting step. The ratio of endocrine cell
types and the numbers of cells can be controlled. Genetic manipulations to the cells,
such as geneinactivation or gain-of-function, can be applied. b, 3D methods applied
to pluripotent stem cell-derived cultures. These methods include clustering of

endocrine cells after 2D differentiation, Matrigel culture after pancreas progenitor
orendoderm production in 2D***, re-seeding in microwells and aggregation after
endoderm or pancreas progenitor production®>*and culture at the air-liquid
interface after initial production of pancreas progenitors in 2D*. ¢, Pancreatic
organoids in suspension culture from the onset of differentiation from PSCs**~",
hESCs, human embryonic stem cells; hiPSC, humaninduced pluripotent stem cells.
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Box 2

Fetal pancreas organoids to study fetal programming of diabetes

mellitus

Organoids can shed light on the molecular effect of maternal health
and environment on the developing fetal pancreas. In particular,
they can be used to study how early-life exposure to nutrients and
environmental toxins can contribute to the vulnerability of the
offspring to later-life metabolic disorders, such as diabetes mellitus.
Several studies performed in mice and rats have drawn attention to
the importance of maternal diet on the fetal pancreas and the health
of the progeny. Whether it is malnutrition'®’, dietary restrictions’, low
protein intake'®*"° or a high-fat diet'*°"'*%, the in utero environment
can substantially alter the pancreas development of the offspring.
This alteration is associated with lower B-cell production and func-
tion, altered islet composition and morphology and glucose intoler-
ance when the offspring reach adulthood, compared with offspring
that benefited from an optimal in utero environment. Exposure to
endocrine disruptors, such as bisphenol A®*"*°, air pollution?*®

and A9-THC? ', in utero can also predispose to diabetes mellitus.

Monogenic diabetes mellitus

There have been tremendous advances in the field of human genetics
in the past 20 years that have given insights into the genetic contri-
bution to diabetes mellitus. Monogenic forms of diabetes mellitus
are the most straightforward scenario for personalized modelling™.
Maturity-onset diabetes of the young (MODY) and neonatal diabetes
mellitus (NDM) are the two main forms of monogenic diabetes mel-
litus*°. NDM develops mainly in the first 6 months of life and results
from mutations causing abnormal insulin production and secretion,
islet cell destruction or abnormal pancreas development. While some
genes are specifically associated with either MODY or NDM, different
mutations in the same gene can cause MODY or NDM*. Anincreasing
number of studies have taken advantage of in vitro pancreatic develop-
ment systems to investigate the impact of these mutations on 3-cell
formation and function, thereby overcoming challenges such as tissue
availability and the limitations of mouse models to recapitulate the
human disease phenotype*.

The initial strategy relied on differentiating patient-derived
induced PSCs (iPSCs) into 3-cellsin 2D and comparing them to CRISPR-
Cas9 genetically corrected autologous iPSC-derived B-cells*. Focusing
here on3D models, suchstudies uncovered that mutationsin the insulin
locus the can cause NDM do so by altering B-cell differentiation** and
impairing 3-cell proliferation associated with endoplasmicreticulum
(ER) stress****. Using a combination of patient mutations and knock-
outstrategy, it was also found that the YIPF5gene, whichisinvolvedin
trafficking between the ER and the Golgi, increases 3-cell sensitivity to
ERstress-induced apoptosis*. Similarly, mutationsin the STAT3locus
lead to premature endocrine differentiation during the differentiation
protocol through direct induction of NEUROG3 expression®. Other
mutations causing functional impairment of the coupling between
glucose sensing and insulin secretion via KCNQI were identified and
studied ina2021study (currently available as a preprint)*.

These findings are also true in humans, where poor maternal
nutrition is associated with incident metabolic diseases such as
T2DM in the offspring®®?%**. Exposure to environmental pollutants
can induce epigenetic dysregulation and promote the onset of adult
metabolic disorders®> ", The mechanisms that might link early life
developmental conditions to increased risk of offspring metabolic
disease onset are not understood, mainly due to the inability to
access the developing organ. While no such study has made use of
pancreas organoids yet, a study performed on intestinal organoids
is a valuable example addressing the consequences of a high-fat
diet on stem cell function®®®. It showed how a high-fat diet acts via
PPARS to promote the self-renewal of intestinal organoids. Similar
strategies can be applied to pancreatic organoids that mimic the fetal
developmental stages. These organoids can be used to identify the
precise cascade of events that disturb endocrine differentiation and
so predispose to glucose intolerance and disease onset in adulthood.

Another approach involves using hPSCs to study the develop-
mental consequences of either naturally occurring mutations found
within patients with monogenic diabetes mellitus or loss-of-function
mutations generated through gene editing using the non-edited hPSC
parental line as areference. In this approach, the mutation is created
in a genetic background that might be different from that found in
patients as the starting hPSC lines are generally not characterized for
the sensitivity of the background to diabetes mellitus. Studies follow-
ing thisapproach have been conducted for PDXI (refs. ***°), NEUROG3
(refs. %Y, RFX6 (ref.*°) and ONECUTI (ref. **), which are required at
different developmental stages for the production of endocrine cells
and the formation of glucose-responsive 3-cells. While all studies men-
tioned above used 3D suspension culture or culture at the air-liquid
interface, organoidsinextracellular matrix hydrogels such as Matrigel
would representamodel of choice to study the diabetes mellitus forms
associated with exocrine phenotypes. An example of this application
would be studying cystic ducts and their relationship to 3-cell defects
that can cause diabetes mellitus, as these organoids form ductal-like
cells.Moreover, the sorting of endocrine cells and their re-aggregation
could be exploited to study isolated islet-like interactions between
controlled proportions of endocrine cell types®.

MODY, like NDM, is characterized by abnormally high blood levels
of glucose. However, MODY develops later in life than NDM, although
usually before 30 years of age. Several studies have generated human
2D in vitro models of monogenic mutations over the years, most of
which rely on the generation of iPSC lines from patients and their
differentiation into the pancreatic lineage to study genes such as
HNFIA, HNF1B and HNF4A>*>". Among those genes, only HNFIA muta-
tions have been studied in 3D*%. These studies showed that deleting
one or two alleles of HNFIA de-repressed an a-cell gene expression
signature, reduced endocrine cell function and changed cellular
metabolism**. Studying mutations introduced in human embryonic
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stem cells (hESCs) and patient-derived iPSCs, similar observations
were made for homozygous hypomorphic HNFIA mutations. This
study further revealed that heterozygous hypomorphic mutations
produce B-cells that are initially normal but develop a reduced insu-
lin secretion phenotype progressively in the 2-8 weeks after their
transplantation in NOD.Cg-Prkdc*® I12rg™"'/Sz)] mice*®. Finally, a
study using patient iPSCs and CRISPR-Cas9-engineered hESCs with
HNF1aP??'%insC truncations, the most common mutation associated
with MODY3, further showed that this mutation reduces progeni-
tor and B-cell differentiation by inhibiting HNF1B function®’. This
example shows that comparing different mutations in organoid
models enables us to further our understanding of the pathological
mechanisms underlying MODY. 3D models recapitulate cell arrange-
ments better than 2D systems; they include interactions between
different endocrine cell types, the polarity of B-cells, their matura-
tion and, for some organoids, the association with exocrine cells. It
is therefore probable that organoids will be utilized more heavily in
the future, and moving from studying the effects of the mutations
to devising better treatments would be an essential step forward.

3D culture methods have also been applied to syndromic forms of
monogenic diabetes mellitus (Box 3). Beyond the study of genes caus-
ing or predisposing to diabetes mellitus, the culture environment of
organoids canbe easily manipulated, whichshould, in principle, enable
the study of fetal programming of diabetes mellitus by nutrients and
environmental toxins. While organoids have not been used for this
purpose the background for such studies and possibleimplementations
arediscussedin Box 2.

Improved formats for studying diabetes mellitus
The organoids discussed in the previous section harbour immature,
fetal-stage B-cells. These organoids have revealed disease mechanisms
for monogenic forms of diabetes mellitus and validated genes found in
genome-wide association studies (GWAS) that predispose to diabetes
mellitus. However, it would be valuable to develop systems that better
mimic postnataland adult 3-cells, in additionto the development of pseu-
doislet models®” (Box 4). Such systems would notably be useful for study-
ing the genes predisposing to diabetes mellitus identified in GWAS®.
Moreover, culture methods canbe improved for better phenotyping.

Improving B-cell maturity in vitro

Improving PSC-derived endocrine cell maturity. Ensuring that
B-cells produced from in vitro pancreatic differentiation of PSCs dis-
play similar functionality to adult B-cells has become an important
focus in the past 5 years. Progress was made in 2019 by isolating and
re-aggregating in vitro-derived immature B-like cells®. These clus-
ters displayed dynamic insulin secretion and responded to multiple
secretagogues through calcium signalling. Clustering the immature
B-like cells also promoted their mitochondrial metabolic maturation.
Fine-tuning the medium composition and controlling the cellular
cluster size through spontaneous re-aggregation without endocrine
enrichment also improved insulin secretion in response to glucose™.
Improvements in culture media and extension of culture time also
resulted in high-level functionality, similar to that of human islets.
This functionality was assessed by dynamic insulin secretion assays,
respirometry measurements, electrophysiological assays, assess-
ment of Ca* levels, and cAMP and insulin granule exocytosis. Targeted
metabolite-tracing studies of glucose flux into the major pathways
coupling metabolism to insulin secretion, together with single-cell
transcriptomic profiling, showed that aremarkably high level of B-cell

functionality was achieved in vitro, although some metabolic and
transcriptomic differences persisted between stem cell-derived islet
B-cellsand primary B-cells*. In the past 10 years, transcriptomic?*¢?,
metabolic***** and functional®**** investigations of B-cells and their
progenitors have beenanimportant focusinthefield. Together, these
studies have provided amore holistic view of the similarities between
stem cell-derived 3-cells and endogenous [3-cells and of the limitations
ofinvitro pancreaticmodels. Such studies areinvaluable for addressing
the relevance of the models, especially when providing comparisons
with high-quality endogenous cells. Furtherimprovements are ongoing
torecapitulate the different stages of postnatal maturation, including
the changesintranscription factors andsilencing of ‘disallowed genes’
(asetof genes that prevent adult 3-cell function) during development.
Additionalimprovementsinclude recapitulationin the medium of the
major changes in metabolites in the environment of -cells during
postnatal maturation, which are linked to changes in food sources and
therefore affect nutrients such as lipids and amino acids®>*°.

Organoids from potential islet stem cells

In addition to hPSC-derived islets, a promising report from 2020 sug-
gested that adult stem cells expressing the marker Procr could be iso-
lated from adult mouse islets and could be used to seed the formation
of islet organoids composed of multiple endocrine cell types®. While
the existence of stem cells in the adult pancreas, whether in ducts or
inislets, is highly debated®, further follow-up studies will be worth-
while, particularly with humanislets. Several populations of the adult
pancreas®, notably ALDH" cells, which are probably exocrine cells, and
CDS1' (human) or CD24* (mouse) ductal cells have been suggested to

Box 3

3D culture methods applied to
syndromic forms of monogenic
diabetes mellitus

There are many forms of monogenic diabetes mellitus that

affect multiple organs, leading to syndromic forms of diabetes
mellitus. Many of these have been studied in the pancreas or

in B-cell models derived from human pluripotent stem cells®'.

For example, correcting a diabetes mellitus-causing mutation in
the WFS1 gene in induced pluripotent stem cells (iPSCs) derived
from a patient with Wolfram syndrome improved the differentia-
tion and maturation of the in vitro-produced B-cells®®. Another
study from 2021 revealed how mutations in the gene MANF (which
encodes mesencephalic astrocyte-derived neurotrophic factor)
causes a form of diabetes mellitus associated with a neurodevel-
opmental disorder by promoting endoplasmic reticulum stress
in B-cells”°. Gene-corrected iPSC-derived B-cells from patients
with monogenic diabetes mellitus were also shown to reverse
diabetes mellitus in NOD.Cg-Prkdc®®® 1(2rg'™"/Sz]) mice follow-
ing their transplantation®'. Moreover, pancreas-on-a-chip models
have been used to study cystic fibrosis-related diabetes mellitus
by utilizing organoids or spheres that combine pancreatic ducts
and endocrine cells®?”,

Nature Reviews Endocrinology | Volume 19 | April 2023 | 232-248

237


http://www.nature.com/nrendo

Review article

contain progenitors. These populations indeed appear to re-express
progenitor markers while expanding in culture and canform some endo-
crine cellswhen triggered by differentiation cocktails?”°. The efficiency
and nature of these cells deserves more thorough investigation.

Improved formats for phenotyping

Developing gel scaffolds that improve organoid culture. While sus-
pension cultures of hESC-derived or iPSC-derived -cells were initially
designed to be high-throughput for transplantation, the batch format
of these culture systems is not ideal for any large-scale standardized
screening. Suspension cultures in microwells (Fig. 1) enabling the
assembly of a single large islet in each well offer both reproducibility
and consistency in size as well as a convenient format to screen mul-
tiple conditions®. Culture at the air-liquid interface is also not high-
throughput®. While pancreatic spheroid cultures in Matrigel have
been used in screening?, Matrigel is produced from the secretion of
mouse sarcoma cells, making it an animal-based, undefined product
with observed batch-to-batch variation”. While more defined matrices
based on collagen were used as early as the 1980s’?, they have remained
less effective at promoting endocrine differentiation and insulin secre-
tion compared with Matrigel”. Although mixing collagen with Matrigel
enabled the production of islet organoids from hESCs in 3D™, a more
systematic comparison of efficiency between collagen-based matrices
with Matrigel and Matrigel alone is required.

Hydrogel-based scaffolds are being tested as amore defined envi-
ronment than Matrigel that isamenable to systematic variation of physi-
caland chemical properties”. Work conducted in 2013 in mice explored
soft hydrogels and revealed that pancreas organoids could grow in
polyethylene-glycol-based gels, provided that these gels were covalently
functionalized with laminin1(ref.'®).In 2018, ahydrogel-based platform
called Amikagel was used to promote the aggregation of hESC-derived
pancreatic progenitorsinto spheroids, with controlled size and cellular
heterogeneity. They were then further differentiated into cells capable
of insulin secretion, although in vitro culture beyond 7 days duration

Box 4

was not possible in this extracellular matrix’. Further work in the field
towards more defined culture scaffolds appears necessary to enable sta-
bilization of pancreas organoids for high-throughput sampling towards
disease modelling and therapeutic applications focused on T2DM”7’,

Pancreas-on-a-chip models and high-throughput analyses. Despite
being a relatively new field’”®, pancreas-on-a-chip systems are advanc-
ing swiftly, enabling the culture of 3D clusters of islet cells in micro-
wells where perfusion and collection of samples can be coupled via
microfluidic chips™ (Fig. 2). These systems can allow multiparamet-
ric assessments, for example, continuous measurements of oxygen
consumption rate, insulin secretion and calcium imaging, as well as
precise spatiotemporal stimulation with glucose and potentially other
molecules”®. Pancreas-on-a-chip systems also enable the cell clusters
tobelysedinside the device to analyse gene expression, DNA methyla-
tion and micro-RNA secretion®. To date, these systems have been used
tomodel oxidative stress-induced diabetes mellitus with human 3-cell
line spheroids®, study intra-islet communication based onrodentislets
or pseudoislets®®, improve functionality and glucose sensitivity of
iPSC-derived humanislets®****®, study insulinkineticsin single human
pseudoislets®, and maintainislet physiology invitro®.Ina2020 study, a
microperfusion systeminwhichgenetically modified and re-aggregated
native humanislet cells were cultured was developed to allow the syn-
chronous acquisition of several functional parameters®. Monitoring
calciumsignallingand hormone secretory profiles demonstrated differ-
ences in GPCR signalling pathways between human B-cells and a-cells®®,
Suchstudies give newinsightsinto humanislet biology and allow novel
therapeutic approachesin diabetes mellitus research. A few challenges
remaining for the widespread use of pancreas-on-a-chip systemsinclud-
ing their complicated handling procedure and the suboptimal biophysi-
cal properties of the materials used in their fabrication (as, forexample,
the propensity of polydimethylsiloxane to absorb small molecules)”.
As pancreas-on-a-chip systems have the potential for scalable
manufacturing®, they would be an excellent tool for diabetic drug

Islet cells reassembled into pseudoislets

The importance of 3D structure on endocrine cell function was dis-
covered in the 1980s, owing to the realization that the re-aggregation
of rat islet cells regulates insulin release®®. Further work focused

on developing systems that allowed the spontaneous assembly

of pseudoislets with permissive extracellular matrix conditions®*”2.
These early 3D islet systems restored cellular composition, spatial
organization and hormone release to levels similar to those of primary
islets, establishing them as viable systems for in vitro tests related to
diabetes mellitus, drug discovery and pathological investigations.
While these pseudoislets are not organoids because they are not
derived from progenitor cells or stem cells and do not proliferate,
these systems share similarities with organoids owing to their 3D
nature, recapitulation of islet functions and ability to be genetically
and compositionally manipulated. The pseudoislet system (Fig. 1a)
has also been extended to human cells, both human islet-derived
endocrine cells’ and human B-cell lines?. These pseudoislets

exhibit similar morphological properties to their in vivo counterparts
and similar functionality after transplantation into diabetic or
non-diabetic immunodeficient mice”*".

The dissociation and re-aggregation steps required to generate
pseudoislets allow these culture systems to study islet cells with
or without the effects of neighbouring cells and in desired cellular
microenvironments with set cell type ratios’”®. Moreover, combining
genetic manipulation with 3D culture systems provides a robust and
adaptable model to study gene function within human islet cells
while preserving hormone secretion dynamics®®'®. Such a system
involving successive steps of dissociation, genetic manipulation and
re-aggregation of primary adult human islet cells was used to study the
role of SIX2 and SIX3 in diabetes mellitus®®. A common regulatory region
of these genes harbours variants promoting type 2 diabetes mellitus.
Gene inactivation of SIX2 and SIX3 in pseudoislets was shown to regulate
B-cell maturity, notably insulin processing and glucose sensing?®.
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Fig.2|Novel and emerging organoid culture systems using microfluidics.
Synergies between the bioengineering and organoid fields are enabling the
development of standardization and miniaturization of assays, as well as

the ability to collect biological information in real time and at the end point of
culture. Bioengineered hydrogels have been synthesized and tested for their
ability to sustain organoid 3D cultures, although they are often not as effective
at promoting growth as extracellular matrix-derived gels. Hydrogels are water-
insoluble, 3D networks of polymer chains capable of holding large amounts

of water. They include natural polymers, such as alginate, chitosan, fibrin,
heparin and hyaluronic acid fibrin, and synthetic polymers, such as acrylate
polymers, polyethylene glycol, polyvinyl alcohol, sodium polyacrylate and
their copolymers. Microwells of a defined size enable more reproducibility
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of organoid or pseudoislet size. Islets-on-a-chip assemble islets or pseudoislets,
ideally of homogeneous size and composition in each single well, which can

be used as anindividual test tube. In the same spirit other organoids can be
arrayed on a chip. Microfluidic systems can be designed to control the mixing
and ratios of different cell types. Many different samples can be imaged at

the same time, and functional imaging assays can be conducted. The system
canalso be designed to collect cells or their contents at the experimental end
point. In the physiome-on-a-chip format, organoids of different types can be
seeded in different wells and a microfluidic system enables the connection of
different types of organoids to observe their crosstalk, attempting to reproduce
physiological organinteractions.

testing, especially if combined with the high number of B-cells that can
be produced from hPSCs. Bioprinting is another promising technology
thatis currently being developed; it allows the positioning of living cells
inacontrollable pattern using biomaterials. There are several technical
challenges associated with this technology, including limitations in
resolution and cellular distribution, as well as the lack of vasculariza-
tion and innervation for use in complex organs such as the endocrine
pancreas®’; however, such technologies could also provide new avenues
for higher-scale drug and medical testing. Indeed, in principle they
enable cellstobe associatedin defined numbers and patterns, allowing,
for example, betterislet mimicry and reproducibility. A few reports of
high-throughput screening have indicated that islet spheroids can be
predictive of the in vivo response to diabetes mellitus drugs’®”. Moving
forward, challengesinmodelling T2DM and developing new treatments
willbe the long time periods over which the disease develops asit will be
difficult and costly to maintain organoidsin culture for months or years.

Connecting organs and cell types

Because diabetes mellitusis a disease that perturbs the crosstalk of multi-
pletissues, modelsincorporating multiple pancreatic celltypes and organs
are needed to recapitulate certain aspects of the disease (Figs. 2 and 3).

Pancreas organoids beyond the epithelium

Integrating non-endocrine cell types that are part of the native islets
of Langerhans into organoid cultures can create more complex and
mature systems, better recapitulating the in vivo conditions. In this
regard, there are numerous ongoing efforts to produce endothe-
lial, mesenchymal, neuronal and exocrine co-culture systems with
pancreatic organoids.

Thevasculatureis anindispensable part of mature pancreaticislets
in vivo and supports islet architecture, survival and secretion. To date,
several studies have been conducted with co-cultures of endothelialand
pancreatic cells in organoid systems, encompassing several goals (Fig. 3).
Theaimofsome3D co-culturesistoimprove the differentiation of hESC-
derived B-cells” and the maturity of these cells’*°*, The aim of others is
to study the islet microenvironment more faithfully in hESC-derived or
mouse cellline-based systems®?¢, notably theimpact of the spatial distri-
bution of different cell types onislet or pseudoislet functionality®*. Finally,
the aim of some 3D co-cultures is to improve vascularization in both
mouse organoids and isolated humanislets prior to transplantation®,
Adding bone marrow-derived vasculogenic endothelial progenitors®,
islet-derived endothelial cells’® or human umbilical vein endothelial cells
(HUVECs)** tomouse or human B-cell pseudoislets was shown toimprove
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glucose-stimulated insulin secretion and B-cell function. The degree of
connectivity of blood vessels and the extent to which they penetrate 3D
islet culturesis currently beinginvestigated and improved, asthe fenestra-
tion of the islet-associated microvasculature is of major importance for
endocrine function””’. Furthermore, there are effortsin the endothelial
field to produce vasculogenic human endothelial cells that can directly
interact with cells of the 3D co-cultured organoids, apromising and excit-
ing line of research that could provide a perfusable and physiological
platform for vascularized organoids, including the pancreas'’.
Mesenchymal cellshavealsobeenincluded together with endothe-
lial cellsin pancreatic 3D cultures, from hESC-derived pancreatic cells
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orisolated ratislets”'*! (Fig. 3). These experiments showed that human
mesenchymal cells drive the condensation of endothelial, mesenchy-
mal and specific parenchymal cell types to form vascularized organ
buds, including avascularized pancreatic islet-like tissue withamouse
B-cell line'*%, Later studies in 2018 expanded on this idea using intact
mouse and human islets'**'*,

In a 2018 report, simulated cholinergic re-innervation of mouse
B-cellsthrough 2D and 3D co-culture with cholinergic neurons revealed
that islet function is increased by re-innervation in a 3D pseudoislet
environment'®. Additional models to study the innervation of pancreatic
organoidsareunderway, withimproved protocolstogenerateinnervated
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Fig. 3| Organoid systems of different complexity, enabling interactions
between cells and organs in the course of diabetes mellitus to be studied.
Different 3D culture models exist for monogenic diabetes mellitus, type 1 diabe-
tes mellitus (TIDM) and type 2 diabetes mellitus (T2DM). The figure outlines the
challenges associated with modelling these diseases and the assays that are avail-
able for each system. Simple epithelial pancreas organoid models for neonatal
diabetes mellitus and maturity-onset diabetes of the young (MODY) are available.
These models can be composed of either progenitors and endocrine cells or
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aggregated pluripotent stem cell-derived endocrine cells alone. Co-culture of
epithelial cells with mesenchyme and/or endothelial cells to form blood vessels
is possible but difficult to stabilize and has not yet been achieved with pancreatic
mesenchyme and endothelial cells. The maturity of the cells corresponds to
embryonic cells and so can be problematic for modelling monogenic diabetes
mellitus. The first models for the study of TIDM and T2DM are emerging. These
models combine pancreatic organoids withimmune cells or organoids from
other metabolic organs for the study of TIDM and T2DM, respectively.
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mouse pancreas organoids that also allow the role of neurogenesis in
pancreas development and disease to be assessed'* (Fig. 3).

Finally, there are emerging studies highlighting the interaction of
pancreatic exocrine tissue with the endocrine cells, and showing the
effect of the exocrine tissue on diabetes mellitus prevalence'*"'%,
The organoid system could also provide avaluable platformto study the
communication and crosstalk between the exocrine and endocrine
compartments of the pancreas in healthy and diseased conditions.
Generation and long-term maintenance of human acinar organoids
from stem cells has been achieved in the past 10 years, although these
acinar cells had immature gene expression patterns and zymogen
granules®™"™, Optimization of culture conditions could enable further
maturation of human acinar cells for co-culture studies with (3-cells.

Co-culture systems for studying TIDM

T1DM occurs by autoimmune-mediated destruction of pancreatic
B-cells. Although systemic readouts such as autoantibodies or circu-
latingimmune cell types can be monitored in patients or their siblings
whoare susceptible to developing TIDM, the early stages of the disease
goundetected. Mouse models such as non-obese diabetic (NOD) mice
have provided important information on TIDM mechanisms but fail
torecapitulate certain aspects of the human disease, notably by being
more biased towards females and showing more insulitis than human
diabetes mellitus'?. Moreover, several TIDM treatments that were
promising in NOD mice have failed to translate to humans'>. While
recapitulating asystemic diseaseis difficultinanin vitro setting, orga-
noid models could provide a means to recreate in vitro interactions
betweenimmune cells and 3-cells (Fig. 3).

While models combining B-cells and immune cells from healthy
individuals can be informative, patient cells can be used to test how
dysfunctionineither -cells orimmune cells can lead to TIDM. GWAS
have revealed that most genetic loci associated with TIDM occur
in genes expressed in cells of the immune system, while only a few
affect genes expressed in B-cells™*. However, the function of these
genes needs to be tested. As TIDM is multigenic, iPSCs derived from
patients could enable the testing of genetic or epigenetic predisposi-
tions towards developing the disease'”. In this spirit, iPSCs were derived
fromskin fibroblasts from patients with TIDM, from which 3-cells were
differentiated in vitro and assembled in3D"¢", A model of exposure to
inflammatory cytokines was developed in which iPSC-derived p-cells
were exposed to inflammatory cytokines. In this model, B-cells from
individuals without TIDM and -cells derived from patients with TIDM
were shown to be similarly susceptible to the treatment by cytokines
such as IL-1f3, TNF and IFNy, which reduced the proportion of 3-cells
as compared with the proportion in untreated controls™. In another
study, B-cells derived from patients with fulminant TIDM were shown
to be alittle more sensitive to treatment with a cocktail of cytokines
than B-cells derived from healthy individuals. These 3-cells exhibited
higher levels of cleaved caspase 3 than cells from healthy individuals,
although apoptosis was not increased in the patient-derived cells™.
While the scope of these models is still limited, so far they have not
provided strong evidence that 3-cells derived from patients with TIDM
orageneticsusceptibility to TIDM are more sensitive to destruction by
the immune system than 3-cells from healthy individuals.

Following this work, additional human iPSC-derived -cells were
generated from patients with TIDM to test defects inimmune cell func-
tion or the interactions between patientimmune cells and -cells'™. The
human iPSC-derived [-cells were exposed to peripheral blood mono-
nuclear cells (PBMCs) isolated from autologous donors. The human

iPSC-derivedislets were observed to upregulate HLA class | (HLA-ABC)
molecules as well as the immunomodulatory proteins PDL1 and FasR
upon addition of IFNy to the culture medium. HLA-ABC induction
occurred to a similar extent in hPSC-derived B-cells from individuals
without TIDM, patients with TIDM and healthy primary humanislets,
suggesting that patient 3-cells are not intrinsically more sensitive
to cytokines than -cells from healthy individuals. The PBMCs from
patients with TIDM expressed similar levels of mRNA for six autoanti-
gens compared to thelevels expressed by PBMCs from healthy donors
without TIDM. When exposed to hPSC-derived B-cells pretreated with
moleculestoinduce ER stress, autologous T cells were activated regard-
less of whether the hPSC-derived [B-cells originated froma patient with
TIDM or a healthy individual'®. This finding is in line with reports that
the numbers of islet-reactive T cells are similar betweenindividuals with
T1IDM and individuals without TIDM™'. The use of Transwell culturesin
this study could be adapted to future studies and contribute to showing
the need for engagement of HLA-T cell receptor interactions.
Onapracticallevel, these co-culture experiments remain challeng-
ing due to the challenges in obtaining large numbers of PBMCs and the
need to synchronize the production of hPSC-derived B-cellsinlengthy
protocolstothe collection of patient blood samples. This synchroniza-
tion could be facilitated by methods to maintain both populationsin
culture or from cryopreservation of hPSC-derived -cells. Exposure
to specificimmune cell types would also be needed to gain depth in
the immunological responses. In this spirit, differentiation of iso-
genic dendritic cells, macrophages, endothelial cells and 3-cells was
achievedin 2021 (ref.'?), and antigen presentation fromiPSC-derived
macrophages from patients with TIDMto T cell receptors was tested'.
Immune responses in hPSC lines harbouring mutations identified in
GWAS have not been studied yet. As for 3-cell defects, inactivation
of GLIS3, a gene that predisposes to TIDM and T2DM, was shown to
promote B-cell death'*. Similar experiments with patient-relevant
variants rather than full inactivation would be valuable in the future.

Modelling other organs contributing to diabetes mellitus

Liver organoids. The liver is animportant organ in the development
of T2DM, and human liver organoids composed of hepatocytes are
potentially valuable. Indeed, liver organoids recapitulate fundamen-
tal aspects of the liver such as the architecture, certain functions and
genetic signature'”, attesting to their relevance as models for T2DM
pathogenesis. Liver organoids could be used to study glucose metabo-
lismintheliver, howinsulin resistance develops over time as well as non-
alcoholic fatty liver disease, a disease that increases the risk of T2DM,
and its progression to steatosis. Liver organoids are produced either
from PSCs or fromadult orembryonicliver tissue. The first experiments
were conducted using PSCs to produce hepatocytes, whichimproved
in functionality over time'*°. These cells exhibit features of fetal hepato-
cytes'” and protocols are being further developed to improve the
maturity of these cells'**'?, The PSC-derived hepatic organoids are
generally not composed purely of epithelial cells but tend to include
mesodermal derivatives such as stellate cells and immune cells, which
canbeexploited to model inflammation and fibrosis™°. Assays enabling
the screening of drugs or toxic compounds have been developed, mak-
ing use of these systems™’. Methods to add the vasculature to these
liver organoid systems have been developed, although perfusion of
the vascular compartment has not yet been achieved*"*’, Starting
from embryonic tissue has shown that, while some hepatoblasts com-
mitearly to the cholangiocyte lineage, bipotent cells that can give rise

to both hepatocytes and cholangiocytes remain throughout life'*>.
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In adults, such progenitors can be expanded and subsequently dif-
ferentiated into hepatocytes'. The ability to isolate and maintain
hepatocytes in vitro was achieved only recently, in 2018 (refs. **'%),
These epithelial organoids have already been used to model steatosis,
accompanied by fibrosis and inflammation in vitro™**,

Intestinal organoids. Intestinal organoids are one of the earliest and
most extensively studied organoid models™®. These self-organizing 3D
structures with regenerative ability simulate the phenotypic structure,
cellular compositionand partial function of the small intestine in vitro.
They can be generated either from adult intestinal stem cells™ or
hPSCs'°. In the context of diabetes mellitus research, small intestinal
organoids harbouring enteroendocrine cells are useful for investigat-
ing nutrientand drug transport, incretin hormone sensing and secre-
tion, andintracellular signalling processes, as demonstrated in mice''.
Intestinal enteroendocrine cells have also been used in 3D mouse
co-culture systems with pancreaticendocrine cells, such as 3-cells, to
measure the dynamic effect of enteroendocrine hormones oninsulin
productionina controlled environment'*. In humans, intestinal organ-
oids have been shown to be composed of around 1% enteroendocrine
cells'*°. Despite making up asmall percentage of cellsin intestinal organ-
oids, these cells could be exploited with the help of reporter lines or
genetic manipulations. For example, enteroendocrine cellsin organoid
culture could be used to further study the mechanism of endogenous
GLP1 secretion to improve incretin-based diabetes mellitus therapy,
such as for T2DM. Studies based onintestinal organoids and co-culture
systems can be used for transcriptomic, peptidomic and functional
analyses that can lead to the development of new anti-diabetic drugs
targeting the hormone-secreting intestinal enteroendocrine system,

thus aiding research into metabolism and diabetes mellitus**.

Muscle organoids. Primary cell-derived 3D skeletal muscle cultures
have been in use in the field for more than 25 years to model func-
tion and disease, notably in the form of a human bio-artificial muscle
model***. In the past 5 years, several groups have developed hPSC-
derived 3D human skeletal muscle cultures, some of which have already
been employed for various disease modelling approaches'*'*¢. Insulin
resistance in skeletal muscle is an important contributor to T2DM
development and is considered to be predictive of the disease'*’. For
thisreason, investigating the mechanisms underlying skeletal muscle
insulinresistance and its prevention and reversion is highly desirable
for diabetes mellitus research, particularly for T2DM. There have been
afew studies modelling insulin resistance in skeletal muscle differen-
tiated from human iPSCs, from either individuals with mutations in
theinsulin receptor or patients with T2DM"**°. However, a thorough
analysis in a 3D culture system is currently lacking. It would be highly
informative to use cells derived from patients with diabetes mellitus
todevelop similar organoid models. Thisiis feasible using 3D culture of
human iPSCs derived from patients with T2DM"¢, which recapitulate
muscle tissue functional units and niches.

Adipose organoids. In T2DM, adipocyte dysfunction can cause insulin
resistance. Furthermore, the accumulation of lipid intermediates in
otherorganssuchastheliver and the skeletal muscle canlead toinsulin
resistance™’. While adipose tissue cultures have been achieved in 2D,
recapitulating 3D architectures could enhance adipose tissue models,
asseenin3D models of other organs. Adipose organoids could be useful
indrugdiscovery studies to elucidate the progression of T2DM, as well
asthecomplications related to the disease. A few research groups have

been ableto culture adipose spheroidsin suspension using the adipose
stromal vascular fraction derived from both mice™"**and humans®™"',
Supplementing the adipose organoids with endogenous endothelial
cells™ or co-culture with immune cells”>"* broadens the complexity
of the analyses that can be performed with these systems, such as the
chronicinflammatory phenotype seeninrelation to T2DM. Adapting
the adipose spheroids to high-throughput formats such as multiwell
plates would allow large-scale drug and toxin screening complemented
by ongoing adipose-on-a-chip approaches™*'>. These systems also
have the potential to model healthy adipose tissue in comparison to
diabeticadiposetissue, to better predict responsesinaclinical setting.

Building multi-organ systems

Organ-on-a-chip approaches have great potential as they allow multi-
parametric assessments and scalable manufacturing, and hence permit
high-throughput culture and drug testing. Especially for complex meta-
bolic diseases that affect multiple tissues, such as diabetes mellitus,
being able to mimic the interaction of different organs in anin vitro
context is invaluable (Figs. 2 and 3).

In 2017, an early approach to modelling human pancreatic islets
and liver together made use of re-aggregated human pancreatic
pseudoislets and liver spheroids ina multi-organ-on-a-chip platform™®
(Fig. 2). Inthis study, the perfusable setup enabled the researchers to
investigate islet responses to glucose and insulin secretion as well as
glucose uptake by the liver spheroids. Such platforms are immensely
valuable for drugtesting approaches; for example, the effect of diabetic
drugs on glucose regulation and pancreas-liver crosstalk, as well as
the effect of specific pharmaceuticals oninter-organ communication,
could readily be studied. Further studies incorporating more organs
to create a ‘physiome-on-a-chip’ platformrelevantto T2DM arein the
pipeline™ " (Fig. 2).

Diabetes mellitus complications

Theincreasing incidence of diabetes mellitus worldwide is accompa-
nied by coincidentincreasesin diabetic complications, including retin-
opathy, neuropathy and nephropathy (Fig. 4). The complications arise
from the systemic nature of diabetes mellitus and are therefore not easy
to study in vitro. Moreover, these complications develop over years.
Organoids present an opportunity to study the cell types affected the
firstand the most, as well as the effect of glucose and other metabolites
inthe context of these diabetic complications. Organoid-based studies
would possibly complement mouse models toinspect human-specific
aspects of these complications.

Vascular complications

Inthe past10years, progress hasbeen madein the production of 3D vascu-
lar networks differentiated fromhPSCs, moving away fromsimilar systems
traditionally using HUVECs'®. Organoids composed of endothelial cells
and pericytes can be generated and exposed to hyperglycaemic condi-
tions or inflammatory cytokines in vitro. These conditions were shown
toinduce a thickening in the vascular basement membrane, similar to
the effect observed in patients with diabetes mellitus™ (Fig. 4). DLL4
and NOTCH3 were further identified as drivers of diabetic vasculopathy
using this system. With the realization that the vasculature is different
molecularlyand morphologicallyin different organs, protocols are emerg-
ing to mimic the vasculature within specific organs'®2.. Moreover, while
the systems above are self-organized, bioprinting can be used to create
designer blood vessels by subtractive (removing material) or additive
(addinglayer-by-layer) methods'**'**. Bioprinting can also be designed to
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impose a flow that can be used to present growth factors or therapeutic
drugs ontheapical side of endothelial cells and to promote their matura-
tion, whichis promoted by shear stress sensing. While these systems have
mostly been tested with vascular networks derived from HUVECs, similar
methods can, in principle, be applied to endothelial cells for specific tis-
sues, including those derived from hPSCs. Such platforms areamenable
tothescreening of drugsto decrease vascular complications, in the spirit
of what was done in 2D for diabetic cardiomyopathy'®.

Nephropathies

Diabetic nephropathy affects about one-third of patients with TIDM and
patients with T2DM, and there is a strong familial contribution to this
risk’*. Diabetic nephropathy has beenstudied in mouse models, which
recapitulate the early stages of the disease well, including mild albu-
minuria, mesangial matrix expansionand glomerular hypertrophy*¢.
However, mouse models fall shortin recapitulating the late progression
of diabetic nephropathy such as overt albuminuria, histopathologi-
cal changes of glomerulosclerosis, glomerular basement membrane
thickening, interstitial fibrosis and progressive renal insufficiency'.

Kidney organoids can be derived from large aggregates of hPSCs
but diabetic nephropathy has not yet been studied using kidney orga-
noids. However, a2022 study made use of organoids to reconstitute the
diabetic milieuin vitro by altering the concentration of glucose in the
medium from 5 mM to 25 mM in 24-h oscillatory cycles. This model
showed that these oscillating concentrations of glucose induce meta-
bolic programmingin the kidney thatincreases SARS-CoV-2infection
susceptibility ascompared with a culture with a constant glucose con-
centration of 5 mM, mimicking healthy individuals'’. Kidney organoids
canbederived from patient cells to recapitulate the genetic susceptibil-
ity to diabetes mellitus, or from genetically modified hPSCs that can
be used to test the function of specific genes'*®. Most kidney cell types
can currently be cultured in organoid format, including podocytes,
several types of tubules and interstitial stromal populations, including
mesangial cells (Fig. 4). Alimitationis that the currentkidney organoids
representafetal rather than amature organ'®, For this reason, kidney
organoids have so far been exploited to study diseases with fetal onsets,
such as cystic diseases. In these studies, sensitized conditions were
used toreveal disease phenotypesin cells harbouring disease-causing
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mutations as compared with cells without the mutation or variant of
interest’*®, In the same spirit, mouse models of diabetic nephropa-
thy have been improved by sensitive genetic backgrounds, such as
endothelial nitric oxide synthase deficiency, and this approach might
beadaptable toahumanorganoid setting. The current kidney organoid
models have been shown to be amenable to screening for molecules
that improve or worsen phenotypes of different diseases, although
assays relevant to diabetic nephropathy remain to be established.
These avascular organoids would be sufficient to test the effects of
glucose as well as other metabolites and proteins such as insulin on
kidney cells, particularly on podocytes, while many other diabetic
nephropathy symptoms would require vascularized organoids.

An important early component of diabetic nephropathy is
endothelial damage. Therefore, models including endothelial cells
and blood-like perfusion would be very useful, particularly to study
podocyte foot effacement and glomerular basement membrane thick-
ening. Theglomeruliproducedinvitroinorganoids canbe vascularized
upon in vivo transplantation or chicken chorioallantoic membrane
engraftment'® """, While a few endothelial cells were co-developed in
the early kidney organoids produced around 2015 (ref. %), these cells
were not able to establish the filtration barrier, even after endothelial
cell production was boosted'*®'”*>. However, culturing kidney organoids
under flow on microfluidic chips resulted in the expansion of perfus-
ablevascular networks, the formation of podocyte feet and a primitive
glomerular basement membrane, which will provide useful early read-
outs for diabetic nephropathy”*. However, the absence of glomerular
filtration willbe alimitation to studying diabetic nephropathy. Previous
experience with modelling other kidney diseases also suggests that pro-
teinuria will not be an easy phenotype to model. Another limitationin
the current organoidsis the absence of afully interconnected branched
network of glomerular filtration units, although this limitation might
be less important for diabetic nephropathy modelling'®®,

Invivo, endothelial damage is also strongly involved in promoting
the expression of inflammatory molecules such as cytokines that affect
podocytes and increase immune cell infiltration in diabetic kidneys.
Immune cells could be another component worth integrating into
future models.

The limited lifespan of kidney organoids will be an important
limitation to overcome for diabetic nephropathy studies as these orga-
noids undergo fibrosis and expansion of off-target populations after
30daysin culture'®, This background fibrosis would also make it more
difficult to detect the late-stage fibrosis found in diabetic nephropathy.
Hypertension and glomerularfiltration rate are two important features
of late-stage diabetic nephropathy that would probably be difficult to
recapitulate in organoids as it would require vascularized filtration
units reconstituting the architecture of glomeruli and a perfusion
system where pressure can be precisely controlled over weeks. More
bioengineered approaches, including bioprinting, have been designed

to model glucose reabsorption in patients with diabetes mellitus'”.

Neuropathies

Diabetic neuropathies affect multiple nerves, both sensory and autono-
mous. The most prevalently affected neurons are the longest, innervating
thefeetand, secondarily, the hands'¢. Organoids are emerging toserve
asmodels of peripheral sensory neurons'” (Fig. 4) and their connection
to peripheral organs such as the skin'®. However, given the long periods
during which complications of diabetes mellitus develop and the contri-
bution of genetic, metabolic, neurovascular and autoimmune factorsin
their aetiology"®, neuropathies will be very challenging to mimicin vitro.

Retinopathies

Diabetic retinopathies affect 80% of patients with diabetes mellitus
for more than 20 years"’. The first steps of diabetic retinopathy are
traditionally thought to target the vasculature, although there is also
evidence that multiple neuronal cell types of the retina are affected early
and that gliosis can also be a precocious event"’. Ideal models would
thus recapitulate the retina and the perfused vasculature. Mimicking
the specificities of the eye vasculature would enable addressing why
these blood vessels seem particularly affected in diabetes mellitus.
Retinal organoids mimicking the neural retina wereinitially generated
from mouse embryonic stem cells'® and subsequently from hESCs'™®’,
and protocols have since evolved to generate more functional and
diverse neuronal cell types and more faithful cell organization'®* In
2019, amicrofluidic system combining the retinal epithelium and reti-
nal pigmented epithelium was developed that could be used to easily
apply mediatosimulate the diabetic environment or to test drugs that
could protect neuronal or glial cells from the effects of diabetic retino-
phathy™* (Fig. 4). However, systems combining retinal vasculature and
theretinaare notyet available.

Conclusions

So far, organoid models have mostly been applied to monogenic
forms of diabetes mellitus and, rarely, to TIDM or T2DM. However,
the field is moving forward, adapting assays developed for cell lines
or in vivo models to organoids. Several organoid models are avail-
able for the pancreas, as are related systems using 3D aggregates of
endocrine cells, such as pseudoislets. The most advanced organoid
systems for other organs are the kidney and the liver. All systems
derived from hPSCs easily provide us with millions of cells to work
withand enable genetic manipulations to compare patient cellsto cells
from people without diabetes mellitus. However, progress towards a
more mature adult structure and function would be needed to best
model the adult stages of diabetes mellitus. Even for organoids derived
from adult cells, the retention of function in vitro requires careful
benchmarking. This limitation has been a long-standing problem
and although 3D culture has enabled in vitro systems to retain more
similarity to theirin vivo counterparts, culture mediaare simpler than
invivo physiological fluids.

Technological evolutions are also expected to provide growth
devices enabling more flexibility, multiwell formats amenable to
screening and microfluidic systems. Microfluidic systems would enable
retrieving multiple physiological parameters in parallel and connect-
ing organoid models of different human organs. These systems could
enable the recapitulation of inter-organ communications, although
challenges remain in finding stable conditions to maintain the func-
tionality of all organoid systems, especially for long periods of time.
Bioengineering and bioprinting are also developing, providing devices
that improve organ architecture. Given the links between architec-
ture, differentiation and function, hybrid culture methods providing
guiding geometrical constraints while enabling self-organization
properties of organoids are emerging. Although the field raises alot of
hope, we have to be careful, as even though organoids enable disease
mechanisms and potential drugs to be tested directly in human cells,
their relevance and whether they do better than animal models remain
open questions. Diabetes mellitus research has so far benefited from
complementary approaches, and organoids are anew type of weapon
in the fight against the disease.
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