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Abstract | Diabetes mellitus is a metabolic disorder that affects more than 460 million people
worldwide. Type 1 diabetes (T1D) is caused by autoimmune destruction of B-cells, whereas type 2
diabetes (T2D) is caused by a hostile metabolic environment that leads to B-cell exhaustion

and dysfunction. Currently, first-line medications treat the symptomatic insulin resistance and
hyperglycaemia, but do not prevent the progressive decline of f-cell mass and function. Thus,
advanced therapies need to be developed that either protect or regenerate endogenous B-cell mass
early in disease progression or replace lost B-cells with stem cell-derived B-like cells or engineered
islet-like clusters. In this Review, we discuss the state of the art of stem cell differentiation and islet
engineering, reflect on current and future challenges in the area and highlight the potential for cell
replacement therapies, disease modelling and drug development using these cells. These efforts in
stem cell and regenerative medicine will lay the foundations for future biomedical breakthroughs
and potentially curative treatments for diabetes.

Currently, more than 460 million people around the
globe have diabetes mellitus — a chronic metabolic
disorder resulting from progressive loss or dysfunc-
tion of the endogenous insulin-producing B-cells that
reside in the islets of Langerhans in the pancreas' (BOX 1).
According to the World Health Organization (WHO),
two main types of diabetes can be distinguished. In type 1
diabetes (T1D), organ-specific autoimmune destruction
of B-cells causes hyperglycaemia. T1D typically mani-
fests during childhood, is thought to result from a com-
bination of genetic and environmental factors, and is
precipitated by defects in the immune system, parts of
the exocrine pancreas and/or B-cells”. Whereas approxi-
mately 10% of patients with diabetes have T1D, the
majority (90%) have type 2 diabetes (T2D)'. In T2D,
hyperglycaemia is a consequence of a hostile metabolic
environment, which triggers 3-cell hyperresponsiveness,
compensation and dedifferentiation. A dedifferentiated
B-cell is characterized by the loss of identity, function
and maturation features, such as the glucose-sensing and
insulin secretion machinery®=. In addition to genetic
factors, the risk of developing T2D increases with
unhealthy diet, physical inactivity and weight gain®.
The symptoms of T1D and late-stage T2D can be
treated with exogenous insulin. Although the admin-
istration of insulin is life-saving and can noticeably
improve the quality of patients’ lives, the disease is not
cured. These patients need lifelong insulin treatment
and those who fail to normalize blood glucose within
a narrow range may have a reduced life expectancy and

severe secondary complications. Furthermore, albeit a
rare event, life-threatening hypoglycaemic episodes can
occur in patients with diabetes who are treated with
insulin. Approaches to protect and regenerate p-cell
mass — for example, via immunotherapy’, intensive
insulin therapy®, bariatric surgery’ or pharmacological
intervention'®'! — could be curative or prevent disease
progression and are being actively pursued. For phar-
macological intervention, targeting these therapies to
cells within the islet should help minimize side effects
from systemic dosing, although this is challenging to
achieve'.

Another possible therapeutic approach for T1D is to
replace the insulin-producing 3-cells. For T2D, however,
this approach is only an option when peripheral tissues
are still responsive to insulin and the cardiovascular
status of the patient allows transplantation surgery".
Currently approved replacement therapies for T1D
include the transplantation of either the whole pancreas
or isolated islets of Langerhans. The traditional recip-
ients for whole pancreas transplants are patients with
T1D and end-stage renal disease, who usually receive
a pancreas and a kidney transplant at the same time'*.
Isolated donor islets can be transplanted into the por-
tal vein of the liver following the Edmonton Protocol®.
Although islet transplantation is among the safest organ
transplantations and is minimally invasive, the therapy
often requires infusion of islet preparations isolated
from multiple donors'®. Availability of donor islets is
limited, and receiving an allogenic graft presupposes
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Box 1| Islets of Langerhans — composition and function

Composition

The human pancreas accommodates about 3.2 million islets, which make up 1-2%

of the organ. Both mouse and human islets are very heterogeneous and are diverse in
their size, shape, cell type composition, blood supply and innervation'*’. The predominant
endocrine cell type of the human pancreatic islets is the insulin-producing p-cell
(50-75%), alongside glucagon-secreting a-cells (25-35%), somatostatin-secreting
6-cells (10%), pancreatic polypeptide-secreting cells (PP-cells, <5%) and ghrelin-
producing e-cells (<1%)'°**. Islet cell architecture varies substantially between
organisms. In humans, for example, B-cells and a-cells are intermingled, whereas in

the mouse, islet a-cells are found preferentially at the periphery and B-cells are located
closer to the centre?”. Islets are highly vascularized by microvasculature®*®, which
enables them to measure nutrient concentrations and release hormones into the
bloodstream to regulate systemic glucose levels. The endothelial cells play a crucial role
in B-cell function, regeneration and polarization®*. Furthermore, islets are innervated
with sympathetic and parasympathetic neurons, which connect islets to the autonomic
nervous system”?’. Surrounding mesenchymal stromal cells play a crucial role in the
development of insulin-producing p-cells in mice and humans**2. The extracellular
matrix (ECM) within human pancreatic islets mainly consists of components such as
collagen, namely type IV and VI collagen, as well as laminins, and is mostly secreted by
endothelial cells**’. The ECM molecules interact with o/f integrin heterodimers, which
are present on islet cells, and thus alters numerous cellular processes. For example, the
interaction between the ECM and human and murine B-cells regulates the cytoskeletal
state as well as apical-basal and planar cell polarity. These processes regulate
endocrine formation, B-cell maturation and function in vivo and in vitro®*%%°,

Function in glucose homeostasis

The release of the hormones insulin, glucagon and somatostatin is adjusted to maintain
blood glucose levels in a defined range. All three hormones influence one another’s
secretion via intra-islet paracrine signalling, which is crucial for functionality of the
human islet******%. The endocrine cell types are intermingled in the human islet, and
paracrine interactions include signalling via membrane-bound molecules and electrical
coupling®®*=%. The released insulin is distributed via the circulation and binds to insulin
receptors, which are located on fat, liver, muscle and other cells. This initiates glucose
uptake into these peripheral tissues. Insulin also promotes glycogenesis in the liver.
During fasting, a-cells maintain blood glucose levels by releasing glucagon and, thus,
stimulating hepatic glucose production.

a strong cardiovascular system and requires lifelong
immunosuppression in order to avoid graft rejection.
The foundations for a stem cell-based cell replace-
ment approach to cure diabetes were laid by the dis-
covery of a population of insulin-producing cells that
spontaneously differentiated from human pluripotent
stem cells (hPSCs) in vitro'”'. Rebuilding endogenous
islets of Langerhans (BOX 1) from hPSCs could be the next
step in developing an effective stem cell-derived prod-
uct to treat both early and late-stage disease. Compared
with a stem cell-derived population of p-like cells
(SC-P-cells), defined stem cell-derived islet-like clusters
(SC-islets) will likely have improved and more predict-
able functionality in vitro and after transplantation.
For research purposes in T1D, SC-islets could be used
to model autoimmunity and identify molecular targets
and drugs that protect -cells. Patient-derived SC-islets
in combination with immune cells isolated from periph-
eral blood, for example, are a powerful model system
to study alloimmunity and autoimmunity". Combining
SC-islet experiments with genome-wide association
studies could inform disease mechanisms in both T1D
and T2D. For example, SC-islets could be used to inves-
tigate the effects of modifying genes that are associated
with an increased risk of T1D and T2D in genome-wide
association studies*”*'. Furthermore, SC-islets could be
generated from induced pluripotent stem cells (iPS cells)

that were themselves reprogrammed from cells isolated
from patients with T1D or T2D. These SC-islets could
be used to study the diseases, characterize potential
disease-causing variants and test novel targets and
therapies™ (FIC. 1).

This Review summarizes advances in the genera-
tion and maturation of SC-B-cells and introduces an
interdisciplinary approach combining stem cell biology,
tissue engineering, single-cell genomics and microflu-
idics to reproducibly engineer homogeneous SC-islets.
Furthermore, the potential to use SC-islets as advanced
therapeutic medicinal products for replacement ther-
apy will be discussed. Finally, we describe the uses of
SC-islets in drug screening and disease modelling, and
thus in developing diabetes treatments that address the
underlying causes of the disease.

Engineering islets from hPSCs

hPSCs, such as human embryonic stem cells (hESCs)
and human iPS cells, can self-renew indefinitely and
differentiate into every cell type. Therefore, hPSCs are
a virtually unlimited source to generate human endo-
crine cells for diabetes therapy and research. Whereas
pancreatic differentiation protocols were initially estab-
lished with hESCs**, recent protocols can use human
iPS cells as starting material”’*'. The advantages of
using human iPS cells include fewer ethical concerns,
the potential for autologous transplantation and the
potential to model disease in a patient-specific manner.
However, the application of human iPS§ cells is limited
by mutations that are introduced during reprogram-
ming and expansion, which could increase the risk of
tumour formation upon transplantation of a human iPS
cell-derived product®. Furthermore, the generation,
maintenance and adaption of differentiation proto-
cols for patient-specific human iPS cells using current
good manufacturing practice (¢cGMP) standards is
cost-intensive and time-consuming. SC-islets derived
from T1D human iPS cells might also be susceptible to
recurrent autoimmune attacks because the antigens that
initiated the disease-causing autoimmune response will
still be expressed. Hence, cell biobanks with high-quality
hPSC lines that cover most human leukocyte antigens
(HLAs) in the population could be generated*. To cover
93% of the population of the United Kingdom, as an
example, such a bank would consist of approximately
150 human iPS cell lines™.

The islet of Langerhans is composed of multiple
endocrine cell types and supporting cells, which com-
municate through paracrine signalling to regulate
blood glucose levels* (BOX 1). hPSC-based diabetes
research and therapy should aim to engineer SC-islets
that closely resemble the endogenous human counter-
parts. The rest of this section discusses the generation of
stem cell-derived a-like cells (SC-a-cells) and SC-B-cells,
the key hormone-producing cell types in the islets of
Langerhans that regulate systemic blood glucose levels.
Reconstitution following differentiation can produce
more complex engineered islets that could be suitable as
research tools and therapeutic options. We discuss the
shortcomings of existing protocols as well as resulting
implications for the generation of SC-islets.
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of hPSCs towards SC-[-cells were established that mirror
pancreas and islet development in vivo™ (FIG. 2).

All published protocols start by inducing mesendo-
derm and anterior definitive endoderm (ADE), from

Engineering SC--cells

The first insulin-expressing SC-B-cells were generated by
spontaneous differentiation of hESCs'”'%. Since then, step-
wise differentiation protocols for guided differentiation

Pancreas

\

Blastocyst

hPSCs

Reprogramming

3D differentiation

Native islet

Capillaries
ECM

Stromal cell
a-Cell

Neurons

Other
endocrine
cell types

Islet capsule
B-Cell

Insulin
secretion
§ //
L

Time

State-of-the-art in vitro islet

\II
= O 0O

Multipotent Immune Endothelial
mesenchymal cells cells
stromal cells

a-Cells

@%7 Enterochromaffin
@ @ cells

Polyhormonal
cells (o/B)

Other
endocrine cell

SC-islet assembly

(

Regenerative therapy

Disease modelling/drug screening

Insulin
secretion &
/
/

\

Fig. 1| Approaches to generate pancreatic human islets. A native islet of
Langerhans shown for comparison (top right). In addition to the various
hormone-producing endocrine cell types, endogenous islets are innervated
by neurons, fenestrated with capillaries, embedded within the extracellular
matrix (ECM) and surrounded by an islet capsule?*. Upon glucose
stimulation, native B-cells switch on their tightly regulated insulin secretion
machinery, and insulin release over time has characteristic dynamics.
Existing stem cell-derived products are based on human pluripotent stem
cells (hPSCs). In vitro differentiation generates functionally immature
stem cell-derived B-like cells (SC-B-cells) and stem cell-derived a-like cells

(SC-a-cells) with impaired secretory function. In addition, off-target cell
types such as progenitor cells, polyhormonal cells and serotonin-producing
enterochromaffin cells are present inislets derived from in vitro protocols®’.
Future stem cell-derived islet engineering approaches could design a
mini-organ that closely mimics its native counterpart by integrating
additional cell types. Complementing the in vitro derived SC-B-cells and
SC-a-cells with other cell types could be useful for cell regenerative therapy,
and including immune cells isolated from blood could further increase their
relevance for drug screening and disease modelling. SC-islet, stem
cell-derived islet-like cluster.
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which organs such as the lung, liver and pancreas are
derived. Activation of the transforming growth factor-f
(TGFp) and WNT signalling pathways triggers mesen-
doderm induction in vitro and is thought to recapitulate
the events that occur during mouse gastrulation®****=%,
Currently, C-X-C chemokine receptor type 4 (CXCR4;
a pan-endocrine marker) or the expression of the tran-
scription factors Forkhead transcription factor (FOXAZ2;
also known as hepatocyte nuclear factor 3p) and SOX17

is used to measure endoderm induction efficiency,
which is usually >90%°"*".

However, because the liver and pancreas are derived
from specific organ progenitors shortly after gastru-
lation, it is important to identify and isolate distinct
endoderm subpopulations using novel surface mark-
ers to select for cells of the pancreatic lineage. In this
respect, expression of CD177 (also known as NB1) gly-
coprotein marks ADE cells that will differentiate down
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Fig. 2 | Translation of the in vivo differentiation of islets of Langerhans to a dish.
Islets of Langerhans are derived from the endoderm germ layer that forms from the
blastocyst during gastrulation at embryonic day 7 (E7) in mouse, which corresponds

to roughly 13-17 days post coitus (dpc) in humans, and is then transformed into the
primitive gut tube (E8). Pancreatic buds emerge at E9.5 from the posterior foregut region,
specified by signalling factors from the surrounding tissues (E9). Endocrine progenitors
leave the pancreatic epithelium in two waves, peaking during the second wave at E14.5.
These progenitors form the islets of Langerhans (E17.5), which respond to glucose by
postnatal day 8 (P8). Because little is known about human pancreas development, the

in vitro differentiation process of human pluripotent stem cells (hPSCs) towards stem
cell-derived a-like cells (SC-a-cells) and stem cell-derived B-like cells (SC-B-cells) is based
on the events of mouse development. In vitro differentiation protocols aim to recapitulate
many of the signals that occur during development, including those that activate the
transforming growth factor-p (TGFp), thyroid hormone triiodothyronine (T3), receptor
tyrosine kinase (RTK), Sonic hedgehog (SHH), NOTCH, protein kinase C (PKC), WNT,
retinoic acid (RA) and mechanistic target of rapamycin complex 1 (mTORC1) pathways,
using small molecules and growth factors. Three commonly used protocols from

the Hebrok laboratory (H)*, Kieffer laboratory (K)”” and Melton laboratory (M)*® and
corresponding small molecules are depicted. Corresponding signalling pathways
involved in mouse development and targeted during in vitro differentiation are indicated
with the same colours. Other metabolites or reducing agents that promote in vitro
differentiation are shown in dark grey. E17.5 B-cells metabolize predominantly amino
acids, which also trigger insulin secretion; glucose is the major energy substrate and
provides the signals for insulin release in postnatal p-cells, which are considered functionally
mature'®. Functional maturation in vitro could be enhanced by targeting molecules
involved in signalling pathways and metabolic processes to which postnatal islets are
exposed as well as by circadian entrainment that mimics the feeding—fasting rhythms'®“.
Cells in various stages of maturation can be identified with markers including Forkhead
transcription factor (FOXAZ; also known as hepatocyte nuclear factor 3f), SOX17,CD177
(also known as NB1), ICOS ligand (ICOSL; also known as CD275), pancreas/duodenum
homeobox protein 1 (PDX1), NKX-6.1, neurogenin 3 (NGN3) and hormone secretion.

A, anterior; BMP, bone morphogenic protein; CER1, cerberus; CS, Carnegie stage; EGF,
epidermal growth factor; FGF, fibroblast growth factor; P, posterior; ROCK, Rho-associated
protein kinase.

the pancreatic lineage, whereas ADE cells that express
ICOS ligand (ICOSL; also known as CD275) differenti-
ate towards the liver’’. These populations are also segre-
gated by non-canonical WNT signalling, which favours
pancreatic fates, and canonical WNT signalling, which
induces liver fates, similar to what is described in the
mouse embryo™ (FIG. 2). Hence, sorting for CD177* cells
increases the efficiency of pancreatic differentiation and
functional maturation of SC-B-cells™.

In vivo, pancreas development continues as morpho-
genetic movements transform the naive endoderm germ
layer into the primitive gut tube. An anterior—posterior
gradient along the primitive gut tube is established
and specifies regions including the posterior foregut
region, which eventually gives rise to the pancreas*'.
Interactions with neighbouring cells pattern the poste-
rior foregut and specify stomach, liver, pancreatic and
intestinal fate via retinoic acid (RA), fibroblast growth
factor (FGF), bone morphogenic protein (BMP) and
Sonic hedgehog (SHH) signalling®.

Those events are recapitulated in vitro by vari-
ous combinations of growth factors that target the
above-mentioned pathways to generate stem cell-derived
pancreatic progenitors (SC-PPs) from stem cell-derived
ADE cells. Removal of TGFp agonists that are crucial
for ADE formation is sufficient to induce differentia-
tion towards the primitive gut tube fate, and FGFs are
added to enhance the induction**. For differentiation
towards posterior foregut and, subsequently, SC-PPs,
differentiation protocols include RA****** and RA alone

is enough to induce the posterior foregut fate”. BMP
inhibitors present in most of the differentiation proto-
cols prevent differentiation towards intestine and hepatic
progenitors®>***. Most differentiation protocols also
include SHH inhibitors***”*, as, in vivo, SHH blocks
dorsal pancreatic bud differentiation”’. However, SHH
inhibition is dispensable for SC-PP induction in vitro
as not all protocols rely on SHH inhibitors*>**. Addition
of epidermal growth factor (EGF), nicotinamide* and
activation of protein kinase C (PKC)* also improves the
formation of SC-PPs.

To compare the efficiencies for generating SC-PPs
in vitro, pancreatic progenitor markers such as pancreas/
duodenum homeobox protein 1 (PDX1), which marks
posterior foregut cells®, are analysed. Later in murine
development, pancreatic progenitors express homeobox
protein NKX-6.1, which specifies cells that differentiate
towards an endocrine fate and is required to establish
and maintain B-cell identity®. NKX-6.1 is commonly
used to identify in vitro generated SC-PPs***2. The cell
surface marker GP2 can identify differentiated PDX1/
NKX-6.1 double-positive SC-PPs and is therefore used
for sorting this population to enhance differentiation
efficiencies**. Pancreas transcription factor 1 subunit-a
(PTF1A)> and SOX9 (REF ™), which are restricted to the
acinar and ductal lineages, respectively, and are down-
regulated during endocrine lineage acquisition, are also
markers of SC-PPs.

Next, these SC-PPs differentiate into common endo-
crine progenitors, from which all hormone-producing
cells are derived. This process, called endocrine induc-
tion, is orchestrated in mice and presumed to be
orchestrated in humans by transient expression of the
transcription factor neurogenin 3 (NGN3)**%. NGN3
expression is linked to morphological changes during
endocrine induction: endocrine specified cells delami-
nate from the pancreatic epithelium to form peninsular
structures that are juxtaposed to the pancreatic epi-
thelium, and these are the progenitors of the islets of
Langerhans®. This requires F-actin depolymeriza-
tion, which is associated with inhibition of YAP1 and
YAP1-induced NOTCH®. Actin depolymerization is
orchestrated by loss of the Rho-GTPase CDC42 (REF.")
and increased laminin content of the extracellular
matrix (ECM), which reduces mechano-signalling
via a5 integrin®. Reduced NOTCH signalling then
induces NGN3 expression®>*’. NGN3 is degraded fol-
lowing phosphorylation by cyclin-dependent kinase 2
(CDK2) and CDK4/6; therefore, lengthening of the cell
cycle is required for its stabilization and transcriptional
activity®“°. Stable expression of NGN3 upregulates
cyclin-dependent kinase inhibitor 1 (also known as p21,
encoded by CDKNIA), and cells exit the cell cycle®.

To ensure efficient endocrine induction dur-
ing in vitro differentiation, NOTCHI is inhibited by
y-secretase inhibitors and TGFp inhibitors*%3*4>67,
Loss of cell polarity and actin polymerization is obtained
either by culturing cells in three dimensions*”*** or by
pharmacologically targeting cytoskeletal components®.
A chemical inhibitor of YAP was also shown to induce
endocrine differentiation and reduce progenitor
proliferation®. Common markers for hPSC-derived
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Box 2 | Features of mature $-cells — goals for SC-B-cells

Recent differentiation protocols aim to generate stem cell-derived f-like cells
(SC-B-cells) that mimic the features of human B-cells. The following features describe
mature human B-cells, and should be used to evaluate SC-B-cells:

1.

Insulin expression: the most commonly used B-cell marker is the hormone insulin,
the main protein synthesized by p-cells. Alternatively, cells can be stained for
C-peptide, which is cleaved from pro-insulin during insulin processing and is absent
from the culture medium.

. Expression of B-cell-specific transcription factors: B-cells express transcription

factors that maintain their identity and regulate their function. These include PAX6
(REF.**), NEUROD?%, pancreas/duodenum homeobox protein 1 (PDX1)*®, ISLET1
(REF77), NKX-6.1 (REFY), MAFA'®2, MAFB®*, SIX2 and SIX3 (REF).

. Downregulation of so-called disallowed genes, including those that promote

proliferation and anaerobic glycolysis (lactate dehydrogenase A and
monocarboxylate transporter 1) or handle oxidative stress'’®**°.

. Insulin granules: the B-cell is characterized by insulin granules, which can be

visualized by transmission electron microscopy imaging. The granules contain an
electron-dense core, which is surrounded by a halo that separates the core from the
granule membrane”®.

. Insulin content: to evaluate the insulin secretion capacity of a cell, the insulin or

C-peptide concentration of the cell lysate can be measured by enzyme-linked
immunosorbent assay (ELISA) and normalized to the cell count.

. Pro-insulin to insulin ratio: in a functional B-cell, pro-insulin is processed to

biologically active insulin. If the cell is stressed or immature, pro-insulin is not
converted and is present at higher levels than processed insulin®’.

. Glucose-stimulated insulin secretion (GSIS): the hallmark of a mature p-cellis to

secrete insulin upon glucose stimulation. Specifically, mature human -cells secrete
insulin when glucose is present at 3-4 mM or higher and show maximal insulin release
upon stimulation with 15 mM glucose?°. The response is biphasic, characterized by

a first peak that results from a readily releasable pool of granules (first phase) and a
following smaller peak during which a reserve pool of granules is first transported to
the membrane (second phase)’®. Instead of measuring released insulin, C-peptide,
which is more stable than insulin and has an increased half-life after secretion in vivo,
can be used as a surrogate marker for insulin®*’.

. Calcium flux: the response to glucose can also be evaluated by measuring the calcium

level in the cytoplasm with imaging approaches. Glucose causes calcium influx into
the B-cell, leading to the release of insulin granules™.

. Oxygen consumption rate: functional B-cells are characterized by an increased rate

of mitochondrial oxidative phosphorylation'*". Dynamic and static mitochondrial
respiratory function after glucose treatment can be measured by a Seahorse XF
assaylll,l‘ﬂ.

endocrine progenitors are chromogranin A (CHGA),
NKX-2.2 and neurogenic differentiation factor 1
(NEURODL1), which are permanently expressed after
endocrine induction by NGN3 (REFS"*"").

SC-p-cell specification and expansion are driven by
additional factors identified in mouse studies, such as
RA and TGF inhibitors. In vivo, RA is required for
the specification of B-cells from endocrine progenitors
because it regulates expression of WNT pathway com-
ponents, in fact it inhibits canonical WNT signalling’>".
Expression of adenomatous polyposis coli protein
(APC), a negative regulator of WNT signalling, dis-
tinguishes endocrine from progenitor cells and drives
endocrine specification in murine development as well
as during in vitro differentiation”. TGF{ inhibitors
also specify SC-B-cells in vitro-*". In vivo, expression
of insulin and genes involved in B-cell function are
repressed by TGFp signalling via SMAD3 (REF.”). TGFf
inhibition drives B-cell expansion in mice and humans
by repressing expression from the INK4a/ARF locus,

thus stimulating proliferation’. Differentiation media

can also include betacellulin, a member of the EGF
family®**; in vivo, betacellulin increases expression
of PDX1 and insulin”. Furthermore, betacellulin pro-
motes endocrine specification by inhibiting atypical
PKC (aPKC), thus modifying apicobasal polarity and
inhibiting NOTCH1 (REF”®). In addition to chemical
cues, air-liquid interface culture may promote p-cell
specification”’. Exposure to atmospheric oxygen levels
downregulates hypoxia-inducible factor la (HIFla),
which is associated with p-cell differentiation”.

Early specified p-cells are marked in mouse and
human by transient expression of PAX4 (REFS*%).
Terminally specified SC-B-cells are identified by expres-
sion of insulin and C-peptide, a linker peptide that is
cleaved in a 1:1 ratio from insulin during its maturation,
in combination with B-cell-specific transcription fac-
tors such as NKX-6.1 and PDX1 (REFS*$°1°2838% (BOX 2).
Recent protocols produce a heterogeneous cell popu-
lation, of which approximately 40-60% are C-peptide/
NKX-6.1 double-positive cells”’~"%.

Engineering SC-a-cells

The SC-B-cell differentiation protocols described in
the previous section also generate SC-a-cells*’. In vivo,
a-cells produce glucagon during fasting to maintain
blood glucose levels by stimulating hepatic glucose
production. SC-a-cell progenitors express ARX***’, and
SC-a-cells express glucagon and a-cell-specific trans-
cription factors such as IRX1, IRX2 (REFS***) and pro-
hormone convertase 2 (also known as PC2), which is not
expressed in -cells™.

In vitro differentiation protocols also generate cells
that simultaneously express insulin and glucagon.
These cells were previously considered immature
B-cells?*>*5%1 but recent studies argue that they are
SC-a-cell precursors”*. Similarly, insulin/glucagon
double-positive cells were observed from 8 to 21 weeks
of fetal age during human pancreas development
in vivo’>”. The insulin/glucagon double-positive cells
expressed a-cell-specific transcription factors such as
ARX and lacked B-cell-specific transcription factors,
such as PDX1 and NKX-6.1 (REF.??. In vitro, insulin/
glucagon polyhormonal cells could arise from wrongly
timed endocrine induction (before the specification of
NKX-6.1* SC-PPs)*#*>%4-%_ Accordingly; early induction
of NGN3 in mice greatly increased the formation of
a-cells””. Addition of vitamin C to the medium during
the early in vitro differentiation stages inhibited NGN3
expression and prevented premature endocrine induc-
tion, and could therefore reduce the generation of poly-
hormonal cells”. Similarly, exclusion of BMP inhibitors
from the medium for SC-PP specification” or shorten-
ing the posterior foregut specification stage* prevented
premature endocrine induction.

Few studies have focused on the enrichment and
functional maturation of SC-a-cells. SC-a-cells can be
generated from endocrine progenitors by removing nog-
gin from the culture medium, which allows for upreg-
ulation of TGFp signalling, as noggin inhibits BMP*.
In vivo, TGFp signalling induced by BMP4 promotes
a-cell formation®®. Furthermore, insulin/glucagon
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double-positive cells can be converted to mature
SC-a-cells by activation of PKC”. SC-a-cells generated
with this protocol show glucagon secretion profiles
similar to those of endogenous human a-cells (that is,
glucagon is secreted when glucose concentrations are
<7mM). When transplanted into mice, the animals had
reduced fasting-induced hypoglycaemia and increased
average blood glucose levels, suggesting that they
secreted glucagon®.

Glucagon secretion from a-cells is dependent on
PKC'”, but there is no known role for PKC in a-cell
specification in vivo. Novel a-cell and B-cell human iPS
cell reporter lines will further clarify the signals and fac-
tors that orchestrate fate specification and segregation
and will improve current differentiation protocols'”'-'%.
In addition, a recently generated glucagon knockout
mouse model will enable in vivo studies of SC a-cell
regulation and function'”.

Limitations of SC-derived islet cells

Studies on human pancreas development are limited, so
the in vitro differentiation protocols for SC-a-cells and
SC-B-cells are predominantly based on findings from
mouse models. However, murine and human develop-
ment of pancreas and islets differ'®, as illustrated by dif-
ferences in islet architecture'® and gene expression®'"’.
Of particular relevance to in vitro differentiation proto-
cols, human endocrine cells appear only during one
phase of development and B-cells emerge first®>'*s,
whereas endocrine induction in mice is biphasic'®” and
starts with a-cell formation”. Furthermore, expression
of differentiation markers such as PDX1, GATA4 and
NKX-2.2 occurs later in human development than in
mouse development®’. Most importantly, the generation
of endocrine cells during murine development and using
in vitro differentiation protocols takes approximately
2 weeks, whereas the process is completed in humans
18 weeks after conception®. Those evolutionary and
developmental differences currently impede our capac-
ity to understand pancreas and endocrine development
in vivo to improve SC-a-cell and B-cell differentiation
protocols in vitro'”.

There are three major concerns with current proto-
cols discussed in detail in the following paragraphs. First,
the differentiated population is heterogeneous, and the
presence of unintended cells could impair the overall
function of the transplant. Second, the reproducibility
of protocols is low for different hPSC lines, suggesting
that there are cell-intrinsic differences that have not been
accounted for and that could compromise the utility of
the cells. Third, the cells generated incompletely recapit-
ulate the differentiation and maturation status of adult
human B-cells. Strategies are being developed to further
characterize and address these concerns, as discussed in
the next section.

Recent single-cell RNA-sequencing studies char-
acterized the heterogeneous mixture of cells gen-
erated with SC-islet cell differentiation protocols,
identified cell types and tracked their lineages during
the differentiation®*’. Three major endocrine popula-
tions were identified: SC-a-cells, SC-B-cells and cells
resembling enterochromaffin cells (SC-EC-cells).

Detection of serotonin-producing enterochromaf-
fin cells is surprising because in vivo they reside in the
intestine. If a cell product is transplanted into a patient
with diabetes, the presence of SC-EC-cells is concern-
ing because serotonin influences digestion and other
functions'’. SC-EC-cells presumably arise in vitro
during endocrine induction from primitive gut tube
progenitors that were specified for intestinal instead of
pancreatic fate**'!!. Accordingly, the ratio of SC-EC-cells
to pancreatic endocrine cells varies when the signalling
factors for the primitive gut tube and the pancreatic
progenitor specification stage are modified*. However,
SC-B-cells and SC-EC-cells seem to emerge from a
common NGN3* intermediate®”*”. Further studies are
required to refine protocols so that they more precisely
specify pancreatic, rather than intestinal, progenitors.

Cultures differentiated using current protocols also
include non-endocrine cells, which eventually differen-
tiate into other pancreatic lineages such as acinar-like,
ductal-like and mesenchymal-like cells*”*. Pancreatic
progenitors are proliferative compared with differenti-
ated endocrine cells, which have exited the cell cycle,
increasing the risk of uncontrolled proliferation upon
transplantation.

Different hPSC lines behave differently during dif-
ferentiation into SC-p-cells. For example, the hESC line
HUESS differentiates more efficiently into pancreatic
cells upon spontaneous and induced differentiation
than the HUES6 line''”. Similarly, generation of SC-PPs
can vary from approximately 0 to 80% between differ-
ent human iPS cell and hESC lines*. The differentiation
potential of 12 nuclear transfer hESC lines ranged from
8 to 75%, as measured by C-peptide-positive cells'".
These variations are thought to result from differences
in gene expression and DNA methylation profiles'*'",
which predict the differentiation success of individual
hPSC lines''*"'"®. Recent protocols efficiently induce
differentiation in multiple lines, but still require
time-intensive optimizations, such as strict control of
the seeding density**.

Sorting for cell types of interest and reassembling
them into SC-islets reduces the presence of unwanted
cell types in the final differentiated population and
reduces the problems caused by variable differentiation
efficiencies. Simply dissociating and reaggregating cells
after the endocrine induction step enriches for endo-
crine cells, for example®. However, SC-EC-cells and
a small fraction of proliferative non-endocrine cells
still remain.

Genetically engineered reporter hPSC lines can
help sort for SC-a-cells and SC-B-cells. These cells
express either a fluorescent marker protein under a cell
type-specific promoter or a cell type-specific protein
fused to a fluorescent protein. Fluorescent cells are then
sorted by flow cytometry. Recently, reporter hPSC lines
were generated using CRISPR-Cas9 genome engineer-
ing to insert the transgene at a target site and express
the protein at endogenous levels'. Existing reporter
lines for SC-B-cells include the heterozygous INSSF/™
hESC line, in which one insulin allele is replaced by
GFP!**"?!, Loss of one insulin allele is suboptimal, but
newer insulin human iPS cell reporter lines avoid this
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problem'>', For pre-a-cell and a-cell analysis, we

recently generated a homozygous human iPS cell line
in which a nuclear-localized histone 2B-cyan fluores-
cent protein (nCFP) is fused to ARX'"". These genet-
ically engineered lines are useful tools for research
purposes, but their use in therapeutic approaches is
limited by the risk of chromosomal abnormalities
or mutations.

To circumvent using genetically modified human
iPS cell or hESC lines, SC-a-cells and SC-p-cells can
be identified with cell type-specific surface markers.
The markers can be targeted on living cells with spe-
cific fluorophore-labelled antibodies and, subsequently,
sorted by flow cytometry or magnetic cell sorting.
SC-B-cells express al integrin (CD49a). Magnetic sort-
ing for CD49a and reaggregation of the sorted cells
generated aggregates with up to 80% SC-B-cells®'*.
To sort SC-a-cells, the CD49a" population was sorted
for dipeptidyl peptidase 4 (DPP4; also known as CD26),
resulting in a population of 50% SC-a-cells'>'**. In addi-
tion, CD9 was used as a cell surface marker for nega-
tive selection of glucose-responsive SC-f-cells (which
express the transcription factor MAFA, NKX-6.1 and
C-peptide)'*. Additional cell surface markers have
been identified for human endocrine cells'**'**, such as
the human p-cell marker ectonucleoside triphosphate
diphosphohydrolase 3 (NTPDase-3). However, surface
markers that identify human adult B-cells might not be
suitable to identify immature SC-f-cells.

Future directions: SC-islet protocols

Current research focuses on the generation of SC-B-cells
by following stepwise in vitro differentiation protocols
that mimic mouse development. To engineer SC-islets,
the most relevant cell types for glucose control —
SC-a-cells and SC-B-cells — should be included. Both
cell types can be generated simultaneously with cur-
rent in vitro differentiation protocols, reducing the
complexity of manufacturing SC-islets. An ideal dif-
ferentiation protocol would generate aggregates that
are highly enriched for SC-a-cells and SC-B-cells and are
shaped like islets. However, current protocols also
produce substantial numbers of other endocrine cell
types, particularly SC-EC-cells or proliferative SC-PPs.
Therefore, sorting SC-a-cells and SC-B-cells will likely
generate a better biomimetic islet. The sorted cells can be
reassembled into SC-islets either through spontaneous
aggregation in suspension culture or by culturing them
in micromoulds to generate aggregates with defined cell
type composition, size and cell numbers'**'*". However,
as many cells are lost during sorting and reaggregation,
this approach might not be suitable for applications that
require large-scale production, and thus, current differ-
entiation protocols should be improved to reduce the
presence of unwanted cell types.

Maturation of SC-islets

In vitro generated SC-islets composed of SC-f-cells
and SC-a-cells form the core insulin-producing unit for
transplantation and research purposes. However, in vitro
generated SC-{3-cells are functionally immature, as indi-
cated by impaired glucose-stimulated insulin secretion

(GSIS), so their therapeutic applications are limited.
Although SC-p-cells have the capacity to mature in an
in vivo environment after transplantation, this process
takes several weeks and therefore comes with a delay
in functionality*>**%°>?512512 In addition, assays for
research purposes often require in vitro functionality of
SC-B-cells and introducing an in vivo maturation step is
not always feasible. This section gives an overview of the
cues that can induce functional maturation of SC--cells,
the resulting implications for in vitro differentiation
protocol modifications, and SC-islet assembly.

In addition to the capacity for GSIS, the phenotype
of a functionally mature adult B-cell (BOX 2) includes a
switch from glycolysis to oxidative phosphorylation'*’
and expression of urocortin 3 (UCN3) and MAFA'*"'%2,
However, recent studies show inter-species differences
in their expression profiles, which questions the useful-
ness of these markers. In particular, UCN3 is expressed
in both B-cells and a-cells in humans®*'** and levels of
MAFA were high in adult, but not juvenile, f-cells'.

In vivo, islets functionally mature postnatally.
Immediately after birth, p-cells of murine pups have
impaired GSIS because the glucose threshold for insu-
lin secretion is lower, so these cells are considered
immature'’"'*, Similarly, human f-cells of newborns
show a weak response to glucose, but increased insulin
secretion upon amino acid stimulation'**'*”. SC-f-cells
functionally resemble fetal B-cells’*! and, accordingly,
share similar gene expression profiles'*, impaired
GSIS and lower glucose thresholds, so these cells
secrete high levels of insulin even under unstimulated
conditions®”*.

Recent approaches have substantially advanced
the capacity to induce the functional maturation of
SC-B-cells. Transplanting SC-B-cells into mice can
reliably and efficiently trigger functional maturation.
Alternatively, functional maturation can be induced
in vitro by recapitulating the pancreatic niche and mod-
elling postnatal p-cell maturation. Those approaches
generated SC--cells with GSIS profiles that are simi-
lar to human islets and should therefore be considered
when engineering SC-islets? %%,

Transplantation and in vivo maturation

Functionally impaired SC-f-cells mature after transplan-
tation into functional p-cells, which can reverse diabe-
tes in mice within 40 days after transplantation®*%'*.
Even SC-PPs will differentiate into functional B-cells
after transplantation, although this process takes up to
4 months in murine models****>>. However, the timing
and efficiency of this in vivo maturation in humans is
currently unclear.

In vivo maturation is accompanied by changes in
energy metabolism'* and redox balance'*'*’, mediated
by HNF1A and HNF4A ">, Furthermore, increased
signalling through the FOS-JUN pathway was observed
in in vivo matured SC-pB-cells'”. The upstream factors
of this in vivo effect most likely come from the trans-
plantation niche, for example through vascularization'"',
but remain largely unknown. Therefore, one research
approach to mature SC-islets is to closely mimic the
in vivo microenvironment.
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Recapitulating the pancreatic niche

The endogenous pancreatic islets are embedded within
a multicellular environment built up by non-endocrine
cells including mesenchymal cells, neural cells,
immune cells, endothelial cells and the ECM components
as well as paracrine factors, which these cells produce'*.

Multipotent mesenchymal stromal cells. Integrating fac-
tors with known roles in pancreas development into the
directed differentiation protocols can greatly improve
the in vitro development of SC-P-cells. For example,
treating SC-[-cells with the glycoprotein SLIT3, which
is naturally present in the human pancreatic mesen-
chyme, resulted in a higher fraction of cells that express
C-peptide and NKX-6.1 as well as increased GSIS'*.

Similarly, co-culturing human multipotent mesen-
chymal stromal cells (MSCs) isolated from bone marrow;,
skeletal muscle, adipose tissue or umbilical cord with
mouse and human-derived primary islets improved
insulin secretion in vitro and prolonged normo-
glycaemia in mice after transplantation in vivo'*~'*,
In addition, MSCs could reverse 3-cell dedifferentiation
associated with T2D diabetes and improve glycaemic
control in two distinct mouse models'*®. MSC co-culture
improves islet function through direct contact, which
is mediated via N-cadherins'** and has been associated
with mitochondria transfer'*’. Furthermore, the benefi-
cial effect of the co-culture could be attributed to ECM
components secreted by MSCs'**; pre-co-culturing islets
with MSCs was sufficient to improve islet functionality
in vitro'¥’.

Neural cells. During in vivo development, signals from
the neural crest regulate the B-cell mass via a non-cell-
autonomous feedback loop between the neural pro-
genitor and pancreatic endocrine transcription factors
paired mesoderm homeobox protein 2B (PHOX2B) and
NKX-2.2, respectively'**.

Co-transplantation of neural crest stem cells and
murine pancreatic islets improved insulin release from
the transplant in normoglycaemic mice and p-cells
seemed to be more proliferative'”. Transplanted mouse
islets that were surface coated with neural crest stem cells
showed a better response after glucose challenge and
improved graft innervation as well as vascularization
in diabetic mice. Neural crest stem cells on the surface
partially migrated into the islet tissues and terminally

differentiated into glial and neural cells'.

Endothelial cells. Endothelial cells, derived via directed
differentiation from hPSCs'*"'*? or from primary mate-
rial such as human umbilical vein endothelial cells, could
further complement SC-islets. Stem cell-derived human
endothelial cells and pericytes self-assemble into capil-
lary networks'*. Including such a capillary network in
SC-islets would therefore allow for vascularization of the
transplant and prevent hypoxia-induced cell death.

In addition to improving oxygenation, paracrine
factors secreted from endothelial cells have a ben-
eficial effect on B-cell functionality. The presence
of endothelial cells during pancreatic differentia-
tion of hPSCs enhanced the expression of SC-B-cell

maturation markers, such as UCN3, and increased
the insulin secretion capacity in vitro via activation of
BMP signalling'**. Furthermore, SC-PPs differentiated
towards endocrine cells when they were cultured in close
proximity to endothelial cells in vitro without added
differentiation-promoting chemical cues'*. Upon trans-
plantation into diabetic mice, SC-f-cells co-cultured
with endothelial cells had increased secretion of
C-peptide and significantly reduced hyperglycaemia'*.
Co-culturing the human p-cell line EndoC-pH3 and
human umbilical vein endothelial cells in a two-layered
pseudo-islet suggested that co-culture with endothelial
cells promotes GSIS'*. In addition, co-culture of rat islets
with endothelium-conditioned medium improved GSIS
and insulin content within the islets via upregulation of
glucokinase and the mitochondrial glycerol-3-phosphate
dehydrogenase 2 (encoded by GPD2), most likely
because of laminins produced by the endothelial cells'**.

Extracellular matrix. The ECM could also contribute
to B-cell differentiation and function. Adding decel-
lularized ECM obtained from rat p-cells to hESC cul-
tures that were differentiating into SC-PPs increased
SC-B-cell functionality, as demonstrated by improved
GSIS and restoration of normoglycaemia when trans-
planted into mice with diabetes induced by streptozo-
tocin treatment'”’. Studies combining human iPS cells
and decellularized rat pancreatic ECM identified that
collagen V regulates endocrine lineage commitment
and improves insulin and glucagon secretion after
glucose challenge'®. In addition, the decellularized rat
pancreatic ECM promoted self-assembly of differenti-
ating human iPS cells into structures resembling native
human islets'**. However, further studies need to eluci-
date which chemical and mechanical properties of the
ECM contribute to improved SC-f-cell commitment
and would, hence, be beneficial for SC-islets.

Future directions: islet niche. Taken together, these
studies demonstrate that non-endocrine cell types that
occur naturally in the islet niche likely impact endocrine
differentiation and function. To generate more physio-
logical SC-islets, the minimal functional complexity of
the multicellular SC-islet that can recapitulate endoge-
nous human islet function needs to be defined. These
other cell types can be primary cells or cells generated by
hPSC differentiation. However, generation of a defined
SC-islet requires standardized differentiation protocols
for every cell type; the fewer the better, to have the least
complicated production for therapeutic purposes.

Mimicking postnatal f-cell maturation

To induce expression of the -cell maturation marker
MAFA, protocols for SC-B-cell differentiation in vitro
use the thyroid hormone triiodothyronine (T3), the
reducing agents vitamin E and N-acetylcysteine as well
as an inhibitor of the tyrosine kinase receptor AXL*"*.
In vivo, treatment with growth arrest-specific protein 6
(GAS6), an AXL agonist, decreased MAFA expression
and impaired GSIS'. Reduction of oxidative stress
via overexpression of glutathione peroxidase pre-
served nuclear MAFA in a mouse model'®. T3 induced
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MAFA expression in rats, leading to enhanced insulin
expression and B-cell function'®'. However, it was also
suggested that removing both T3 and TGFp inhibitors
during the final step of the protocol promotes -cell
maturation”. SC-B-cells generated with this protocol are
characterized by GSIS with a biphasic response to glu-
cose (which is characteristic of human primary islets),
indicating their advanced maturation status. Both T3
and TGFp inhibitors are present in the maturation stages
of other differentiation protocols that produce cells
with similar GSIS profiles’* and underlying molecular
mechanisms need to be identified.

In vivo, the metabolic environment of the -cell
drastically changes after birth, as B-cells are exposed
to intermittent feeding-fasting cycles and nutritional
input gradually changes from predominantly amino
acids to glucose'™”'*>'%*, These changes contribute to
the functional maturation of -cells and can be mim-
icked in vitro to promote the maturation of SC-f-cells.
Accordingly, exposing SC-f-cells to circadian fasting
and feeding rhythms'** and reducing the concentra-
tion of amino acids in the culture medium of the final
differentiation stage*”'® improved GSIS.

Mechanistic target of rapamycin complex 1
(mTORCI) is the master regulator of the response to
metabolites, and thus provides a link between the nutri-
tional environment and maturation status of p-cells.
Mouse studies revealed that, after birth, mTORC1 is
activated and promotes p-cell maturity by upregulating
maturation markers, such as PAX6, UCN3, GLUT2 and
MAFA'*'%, and by increasing the insulin content of
B-cells'”'**. mTORC1 is also required for postnatal -cell
mass expansion by increasing the p-cell size'*®'*"!¢,
decreasing B-cell apoptosis'®*'®” and boosting p-cell
proliferation'®”'*’,

However, sustained hyperactivation of mTORCI in
older mice is associated with B-cell apoptosis'®>'”’ and
loss of maturity'”' due to endoplasmic reticulum stress,
inhibition of autophagy'”® and downregulated IRS-
AKT-FOXOL signalling'®. The change in mTORC1
activity after birth has been linked to changes in
nutrition'”. The mTORCI signalling pathway in fetal
B-cells was sensitive to amino acids, but not to glucose,
and was therefore constitutively active as fetal p-cells
are constantly exposed to high levels of amino acids.
In adult B-cells, mMTORCI activity was downregulated
and dynamically activated by glucose. SC-p-cells were
similar to fetal B-cells and showed high basal activity
of mTORCI. Consequently, inhibiting mTORCI in
SC-B-cells could enhance GSIS'*.

Secretion of insulin relies on increasing the ATP to
ADP ratio, meaning that oxidative phosphorylation
is crucial for GSIS, which can be further potentiated
with metabolites from the tricarboxylic acid (TCA)
cycle'””. In mature {-cells, a high proportion of glu-
cose that enters glycolysis proceeds to the TCA cycle'”.
Postnatal -cells are less reliant on oxidative phospho-
rylation. Accordingly, comparison of the proteome'”*
and the transcriptome'*'”* of young and adult mouse
B-cells revealed an age-dependent increase in metabolic
enzymes involved in ATP biosynthesis and oxidative
phosphorylation. By contrast, the genes encoding lactate

dehydrogenase A and monocarboxylate transporter 1,
enzymes involved in anaerobic glycolysis that, in other
tissues, are considered housekeeping genes, are down-
regulated during postnatal functional maturation'”.
This ensures effective oxidation of glucose and prevents
exercise-induced hyperinsulinaemia.

It was suggested that the enhanced oxidative phos-
phorylation that leads to metabolic maturation of
B-cells could be coordinated by the orphan nuclear
receptor oestrogen-related receptor-y (ERRy)"*.
mTORCI activation also enables the postnatal increase
in oxidative phosphorylation by promoting mitochon-
drial biogenesis'*®. With the transition from mater-
nal milk to a carbohydrate-rich diet during weaning,
5’-AMP-dependent kinase (AMPK) replaces mTORC1
as the metabolic master regulator, which also promotes
oxidative phosphorylation'”". Further studies confirmed
the link between weaning and the switch to oxidative
phosphorylation'”” and showed that this switch is
accompanied by changes in islet microRNA levels'”*.

SC-B-cells show impaired oxidative phosphorylation,
which limits their maturation status'*'. Hence, increased
mitochondrial oxidative phosphorylation by over-
expression of ERRy improved the GSIS of SC-f3-cells'*.
Furthermore, genetic disruption of SIX2, a positive
regulator of mitochondrial respiration and calcium sig-
nalling, impaired the functionality of SC-f-cells'”’. The
impaired GSIS of SC-B-cells is associated with reduced
metabolic flux through the mitochondrial TCA cycle.
In particular, these cells had a bottleneck in glycoly-
sis, which could be bypassed by treating the cells with
cell-permeable intermediates to increase the function of
SC-pB-cells'™.

To boost oxidative phosphorylation in SC-f-cell dif-
ferentiation protocols, upstream mechanisms and path-
ways need to be identified. Studies in primary mouse and
human islets as well as SC-islets showed that acquisition
of 3D architecture and activation of non-canonical WNT
signalling promotes oxidative phosphorylation®>'®'.
In particular, WNT-planar cell polarity signalling via
JUN induces -cell specification'®’. Furthermore, WNT4
enhanced the metabolic maturation of SC--cells by
inducing ERRy®. In line with this finding, the WNT-
planar cell polarity reporter flattop marks a mature 3-cell
population'®"'*3, Furthermore, a chemical screen identi-
fied that a Rho-associated protein kinase 2 (ROCK2)
inhibitor promotes SC-f-cell maturation'. In vivo,
ROCK signalling in B-cells is associated with impaired
maturation status; ROCK inhibits GSIS through actin
polymerization and inhibition of RhoA'®. Although
another study could not confirm the involvement
of ROCK2 inhibitors in SC-f-cell maturation®, the
majority of studies indicate that 3D architecture induces
metabolic maturation'®’.

Future directions: SC-islet maturation

In conclusion, SC-B-cells resemble fetal B-cells in their
maturation status and thus have impaired functionality,
but have the potential to mature after transplantation
in vivo. Current SC-f-cell differentiation protocols
aim at recapitulating this maturation entirely in vitro
by refining the final differentiation steps. An attractive
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Fig. 3 | Potency assay for SC-islets to predict function after transplantation. Stem cell-derived islet-like clusters
(SC-islets) must be subjected to a series of potency assays to ensure cell type composition, viability, structure and function
before they could be used for transplantation. For this, current islet potency assays must be translated to the single SC-p-cells
and whole SC-islet levels or new sets of these assays need to be developed. A central future research question will be to
define iterative standards, metrics for tests, the components of multivariate analysis and criteria to score SC-islet potency
together with clinical trial data. When designed in a scalable fashion, the potency assay will be concomitantly applicable
for quality control during the manufacturing processes and/or drug screening applications. GSIS, glucose-stimulated

insulin secretion; IHC, immunohistochemistry.

approach could be to recreate the pancreatic p-cell niche,
which is crucial for maturation of endogenous -cells,
by, for example, including cell types such as endothelial
cells into a SC-islet or supplying factors secreted by cells
of the pancreatic niche. Improving functional matura-
tion in vitro can furthermore be tackled by mimicking
the postnatal in vivo maturation of p-cells governed by
metabolic and morphological factors. Hence, modify-
ing the 3D architecture of SC-islets or available nutrients
in the culture medium could be promising approaches
to enhance the SC-B-cell maturation status.

Potency analysis of SC-islets

Replacement therapy with SC-islets will require a new
set of potency tests to ensure manufacturing quality
and efficacy of the cell product after transplantation
(FIG. 3). In analogy to the potency of a drug compound,
the potency of a cell product can be defined as the ther-
apeutic activity of the cells as indicated by appropriate
in vitro and/or in vivo assays, including clinical data.
The first set of potency assays for islets has been previ-
ously defined for donor material used in transplantation
therapies'®. Procedures and protocols implemented for
human donor islets are described under the Clinical
Islet Transplantation protocol CIT-7 (REF.'¥") and fur-
ther FDA regulations including good clinical prac-
tice guidelines'®*'*. However, the high variability of
donor material and graft failure have made it difficult
to establish quantitative correlations between in vitro

characterization data of the starting material and the
capacity of transplanted islets to provide glucose homeo-
stasis in humans'”. Animal studies are of limited use
because the time frame of potency testing is a few weeks
or a month. Furthermore, the mouse — the main host
for preclinical islet studies — is too metabolically dis-
tant from humans to predict efficacy'*"'. Therefore,
new in vitro potency assays are urgently needed for
SC-derived islets to assess islet cell type composition,
maturation and structure, and islet function'. Potency
assays for traditional cell characterization parameters
could be based on protocols established for donor islets,
but assays with criteria for maturation state of the cells,
in particular, structure and function, need to be estab-
lished. These new assays need to be reproducible and
specific, and need to be performed within a few hours
with single islets or even with single-cell-level resolution.

Viability, composition and structure

The reference method to evaluate islet viability is to
stain disaggregated islet cells with fluorescein diacetate,
propidium iodide or ethidium bromide to identify dead
cells'?. This method is usually performed by islet iso-
lation centres to characterize and validate islet prepa-
rations before transplantation and could be applied in
the same way to SC-islets'”*. The difference from donor
material validation is that cell viability is a somewhat
secondary factor because cells come from a defined man-
ufacturing process and not from a patient. The metabolic
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state can also be used to validate cell viability. Indeed,
mitochondrial activity'”!, ADP to ATP ratios'” and
the presence of reactive oxygen species' have all been
linked to insulin secretion function of p-cells. Static and
glucose-stimulated oxygen consumption rates of donor
islets have previously been used to predict the trans-
plantation efficacy'” (BOX 2). Other secreted biomark-
ers, including microRNAs'*® or apoptosis markers'”,
which are used for donor islets, are less useful for
SC-islets because these biomarkers are released during
the harsh human islet preparation procedure. Staining
of whole-mount islets with chelating zinc dyes such
as dithiozone is used to quantify the p-cell content'”;
zinc ions are present at up to millimolar concentrations
in insulin granules, which are the storage organelles for
insulin in B-cells. Concomitantly, from cross-sectional
light microscopy images of dithiozone-stained islets,
the fraction of islets (by volume) is determined, with the
assumption that islets exhibit a spheroidal shape. By con-
vention, one islet equivalence (IEQ) is defined as the vol-
ume of spheroidal islets with a diameter of 150 pm. IEQ
parameters are central to establishing a dose-response
correlation between the number of SC IEQs and the
in vivo contribution of these islets to regulating glucose
homeostasis. Particle light-scattering techniques with
low sample consumption rates are an attractive rapid
alternative method to determine IEQs*®.

For determining the cell type composition of SC-islets,
cell marker profiles are measured on the single-cell
level. Immunohistology and fluorescence-activated
cell sorting methods are widely used and could be readily
applied to clinical workflows. The expression of insu-
lin and glucagon identifies B-cells and a-cells, respectively,
and transcription factors can also be used. Quantitative
approaches for probing the a-cell and B-cell content
of intact SC-islet clusters are possible with cell type-
specific fluorescent dyes and imaging. To further dis-
tinguish between mature and immature SC-(-cells, the
ratio of pro-insulin to insulin can be assessed (BOX 2).
Maturation markers for a-cells and B-cells can also
serve as targets for potency testing. Broadly available
imaging techniques such as light microscopy can be uti-
lized to classify SC-B-cells. For more detailed analysis,
state-of-the-art multiplexed cell markers could be used
and protocols could be modified as more cell subtypes
are identified. Unfortunately, there are currently no
unique cell surface markers with corresponding analy-
tical antibodies for B-cells and a-cells; however, cell
type-specific fluorescent dyes are being developed™’’-**.

Imaging techniques are used to characterize struc-
tural SC-islet properties. The insulin granules exhibit
a high electron density within B-cells, and thus can
be visualized by transmission electron microscopy
imaging’”. The scattering electron density maps from
electron microscopy can distinguish mature from
immature insulin granules'?'. Equally, the maturity of
glucagon-containing granules in SC-a-cells could be
assessed upon morphological comparison with glucagon
granules of human adult a-cells”**"". Electron micros-
copy cannot currently be integrated into standard pro-
cedures because of the long sample preparation time and
the need for specialist equipment: however, with rapid

improvements of the technology, such analysis will
become increasingly relevant.

SC-islet function

The central parameter for predicting donor and SC-islet
therapeutic potency is GSIS. In a GSIS assay, a bulk
islet sample is first exposed to a low glucose concen-
tration and then stimulated with a high glucose con-
centration. Secreted insulin in the respective glucose
stimulation phases is quantified by enzyme-linked
immunosorbent assay (ELISA). Under static glucose
stimulation conditions, the ratio of islet-secreted insulin
at low and high glucose is the stimulation index, which
is unfortunately a poor predictor for transplantation
outcome’”. Reasons for these consistent findings are
multilayered but stressing donor material may lead to
extensive degranulation and/or insulin leakage, which
influences the GSIS quantifications. After transplan-
tation the donor material can recover, which is not
reflected in the in vitro potency analysis.

A more accurate way to assess 3-cell function is to
measure the dynamic insulin secretion capacity. Insulin
secretion from human and mouse islets is characterized
by a two-phase profile upon high and constant glucose
stimulation for a defined period of time (known as a
square pulse). In the first phase, insulin secretion peaks
after 5-10 min, whereas insulin secretion is sustained
in the second phase but at a lower level, and persists
under high glucose stimulation®”. Insulin secretion
stops when the glucose concentration is lowered to the
fasting level. Newer differentiation protocols generate
SC-pB-cells that more accurately recapitulate the bipha-
sic insulin secretion profile of human islets upon high
glucose stimulation and shut down insulin secretion at
low glucose concentrations”®. If the SC-islets contain
a-cells, glucagon secretion (which counteracts insulin)
can be quantified in parallel. Similar to primary human
a-cells, SC-a-cells secreted increased levels of glucagon
in an in vitro test under low glucose conditions™*.

Currently, dynamic GSIS assays of donor islets and
SC-islets do not serve as a quantitative metric to predict
potency because they are too variable and lack a gener-
ally accepted standard. For example, the glucose concen-
trations used to recapitulate the resting and high glucose
states are 1-6 mM and 10-28 mM, respectively'®*"".
Furthermore, insulin secretion is sensitive to local
oxygen tension, which is not accounted for in existing
protocols.

Human islet donor material has become the gold
standard for referencing SC-islet GSIS profiles. However,
variability in patient material, islet preparation and sta-
bility and the low availability of donor material mean
human islets are not an ideal standard to assess SC-islets.
In addition, technological limitations and challenges,
including low sample handling, limited time resolution
of the hormone secretion profiles and missing hetero-
geneity information among islets, result in high variability
in dynamic GSIS experiments. Standardized dynamic
GSIS assays are also required for drug screening. For
example, the functional potency or dose-responses of
secretagogues™ can be determined with dynamic GSIS
profiles in the presence of the drug?”’, amino acids'® or
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ions such as potassium chloride to decouple the cellu-
lar membrane potential. Notably, functional potency
assays based on GSIS measurements are only applicable
for advanced therapeutic medicinal products based on
SC-B-cells and not on SC-PPs, as SC-PPs acquire insulin
secretion function upon transplantation.

One of the major bottlenecks in this respect is
ELISA technology, which was not designed for mas-
sive parallel time-resolved measurements. For estab-
lishing one dynamic GSIS profile of a SC-f-cell batch
with a time resolution of 1 min and technical repeats,
the ELISA costs are more than €200. Alternative assays
for pancreas hormones have been developed, using
affinity reagents including aptamers®'**!!, fluorescent
engineered hormone-binding proteins®'?, fluores-
cent engineered reporters or sensor cell lines’. These
affinity-based sensors have usually been coupled to flu-
orescent signal read-out technologies to obtain real-time
information®'*.

Instead of profiling hormone secretion, SC-islet func-
tion can be determined by monitoring the islet electrical
membrane potential. Alterations in ion currents regu-
late insulin release from -cells*”®. Glucose stimulation
of B-cells leads to oscillatory electrical activity, and ion
currents can thus provide information about the func-
tional state of SC-B-cells*'**"". Although pB-cells from
murine islets’’® and human islets*"” have been investi-
gated using the patch clamp technique, the technique
has not yet been used for SC-B-cells. By contrast, patch
clamp experiments provided evidence that SC-a-cells
had physiological characteristics similar to those of pri-
mary human a-cells”. In the future, the combination of
patch clamp analysis and single-cell sequencing should
be able to validate the maturity of the physiological func-
tions of SC-islets, as has been done for donor 3-cells*.
For standardized potency assays, however, a techno-
logically simpler and more cost-effective approach
is required to obtain electrophysiological signals: for
example, measuring membrane potentials by calcium
imaginglll,lll'

The main challenges for the development of a func-
tional islet potency assay are the need for low-cost assays
that can be automated and analyse multiple samples in
parallel. Miniaturizing the assays on microfluidic chip
platforms would be an enabling step. Indeed, numerous
chip platforms have been developed to integrate human
and rodent islets and subject them to insulin secretion
profiling”****. These chips have reduced the volumes of
reagents and cells needed for potency assays, increased
the homogeneity of glucose stimulation profiles and
increased the resolution down to single islets?>***. The
majority of chip platforms for SC-B-cells are still focused
on optimizing cell differentiation protocols rather than
improving functional testing®”’. To leverage the chip
technology to test islet potency, sensitive and specific
hormone sensors are required. Currently available hor-
mone sensors either lack the specificity for hormones
diluted in cell culture media instead of an appropriate
buffer system or lack the sensitivity to accurately detect
hormones at low concentrations in biological fluids.
The most attractive strategies for developing future
secreted hormone assays could include DNA barcoding

strategies™ for parallelization of the assays or platforms
that compartmentalize samples in droplets*****° or

microwells*'.

Applications for SC-islets

After passing quality controls, SC-islets could be used
in B-cell replacement therapy, screens for antidiabetic
drugs and to investigate human f-cell physiology and
pathological mechanisms in T1D and T2D. To date,
their application is hypothetical, but studies performed
with human SC-PPs and SC-f-cells inform about the
enormous potential for future studies.

p-Cell replacement therapy

Engrafted allogeneic human islets can efficiently reg-
ulate blood glucose levels in patients with T1D, as
demonstrated by islet transplantation according to the
Edmonton Protocol®. In this protocol, 12,000 IEQs per
kilogram of patient body weight were infused into the
portal vein of patients with T1D and were functional
after 10 years**>***. The Clinical Islet Transplantation
Consortium was then founded. It defined guidelines for
islet preparation and quality controls to ensure trans-
plantation of a defined cell product and then initiated
a phase III clinical trial*****. In this trial, 87.5% of the
graft recipients met their treatment goals, including
glycaemic control and reduced severe hypoglycaemia,
during the first year after transplantation, a result that no
other treatment strategy has achieved in the clinic'>**.
Rapid progress is also being made in the development
of closed-loop insulin systems, which automatically
deliver an algorithm-computed amount of insulin using
an insulin pump. Those systems effectively improve
glycaemic control in patients with T1D compared with
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standard therapies™”.

SC-islet transplantation. The first successful hPSC-
derived transplant to mice was composed of SC-PPs that
matured into functional MAFA?, insulin monohormo-
nal SC-pB-cells”. Improved in vitro SC-PP differentiation
protocols produced SC-PPs that could revert diabetes in
mice and rats’**>%**, SC-PPs were chosen over SC-B-cells
because correctly specified SC-f-cells could not be
reliably generated at that time. In addition, the hypoxia-
induced stress resistance of SC-PPs is greater than that
of SC-B-cells, so the transplant would be more likely to
survive the initial phase, when the transplant is not yet
vascularized”’. SC-PPs are furthermore characterized
by low HLA expression compared with endocrine cells,
which should minimize the anti-transplant immune
response*’’. In 2014, Viacyte launched clinical trials
to test the transplantation of SC-PPs in patients with
T1D (NCT02239354, NCT02939118, NCT03162926,
NCT03163511 and NCT04678557). Early clinical eval-
uation of the transplant demonstrated survival of the
graft 24 months after transplantation as well as the for-
mation of SC-a-cells and SC-B-cells*"'. The first clinical
studies investigating graft efficacy will be completed in
summer 2021.

However, differentiation of SC-PPs into functional
SC-B-cells in animal studies varies with alterations in the
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in vivo environment, including nutritional conditions™,
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gender”* and the concentration of thyroid hormones™*.
Furthermore, in vivo maturation takes up to 4 months,
which requires bridging with exogenous insulin after
transplantation. Transplantation of properly specified
SC-B-cells generated with recent, improved protocols
circumvents those concerns. After transplantation of
those cells into diabetic mice, human C-peptide was
detected 2 weeks after transplantation and glycae-
mic control was achieved within 40 days*>*. Further
advanced protocols generated SC-B-cells, which led
to glucose control similar to human islets upon trans-
plantation into mice®. Based on these findings, Vertex
Pharmaceuticals launched a phase I/II clinical trial in
patients with T1D to test VX-880, an investigational
SC-islet therapy (NCT04786262).

To treat diabetes by islet replacement therapy, 5,000
13,000 IEQs are required per kilogram of body weight
according to the Edmonton Protocol”. Assuming a
similar number of IEQs are needed for SC-islet trans-
plantation, a minimum of 375,000 SC-islets would be
required for a patient weighing 75kg. If approximately
50% of the cells of one differentiation batch become
endocrine cells and can be assembled into SC-islets of
approximately 1,000-2,000 cells, 1 x 10° starting cells
are required per patient. Large numbers of cells can be
cultured in two dimensions in multiple stack cell facto-
ries, but large-scale manufacturing is typically done in
3D cultures®”. Upscaling the differentiation is feasible;
in one experiment, 3.3 x 10° SC-PPs were generated in
one differentiation round using cGMP standards**.

Differentiating large numbers of hPSCs towards
SC-islets under cGMP conditions is, however,
cost-intensive. Establishing patient-specific human iPS
cell lines would further increase the cost of generating
SC-islets. Differentiation costs — including cytokines,
growth factors and small molecules — could be reduced
by better understanding the in vivo development and
honing the differentiation steps. Sorting correctly speci-
fied endoderm progenitors by targeting CD177 (REF.*)
or sorting SC-PPs by targeting GP2 (REFS™*) might ena-
ble the in vitro expansion of stem cell-derived ADE or
SC-PPs that still have proliferative capacity. This might
reduce the differentiation costs because protocols that
expand these intermediate cells could start with fewer
hPSCs and therefore use fewer cytokines during the early
differentiation stages. Indeed, SC-PPs can be expanded
in 3D culture using chemically defined conditions that
include R-Spondin-1 and EGF*”, or FGF2, a ROCK
inhibitor and B27 (REF'?). Other studies have expanded
endoderm cells by co-culturing them with feeder cells***
or mesenchymal cells**, which is difficult to adapt to
c¢GMP standards. Cryopreservation of progenitor cells
derived from a set of HLA-matched hPSC lines™ in
working cell banks would not reduce the production
costs but could accelerate the process of SC-islet gen-
eration as it would allow for the advance generation of
stocks, which can be thawed when required. Few pro-
tocols are established for cryopreserving SC-PPs'"**
and endocrine precursors”’, demonstrating the fea-
sibility of the process. However, most studies rely
on the well-established expansion of hPSCs, which
divide rapidly.

SC-islet encapsulation. Grafts can be encapsulated
before transplantation, which protects the graft from the
host’s immune response and protects the host from
potential tumours arising from the graft. Two encapsu-
lation strategies can be used. During microencapsula-
tion, single cells or islets are typically encapsulated with
alginate, whereas macroencapsulation devices contain
more cells or islets and allow for easy graft retrieval®'.
Encapsulated as well as non-encapsulated SC-p-cells and
SC-PPs have been studied in immunocompromised
and immunocompetent rat and mouse models (TABLE 1).
In 2014, Viacyte launched clinical trials to test the safety
and potential of encapsulated SC-PPs with two different
devices.

The macroencapsulation device Encaptra (PEC-
Encap, VC-01) that Viacyte used for the first phase I/II
clinical trial (NCT02239354) is derived from the
Theracyte device. The device, which is half the size of
a business card, is transplanted subcutaneously and is
characterized by a porous polytetrafluorethylene mem-
brane that allows oxygen, nutrients and hormones to
pass through but prevents contact with immune cells*>.
SC-PPs residing in this device matured into SC-p-cells
after transplantation in multiple animal studies®*->*.
However, functional maturation, as measured by com-
prehensive glycaemic control and diabetes reversal,
required up to 1 year of maturation after transplantation
into mice*. Recent reports from phase I/II clinical trials
confirm the safety of the device®", but its efficiency for
glycaemic control has not been demonstrated so far. Ina
second clinical phase I/II trial, Viacyte is currently test-
ing an open device that allows blood vessels to centre the
device but requires immunosuppression to avoid graft
rejection (NCT03163511; PEC-Direct, VC-02). Other
macroencapsulation devices, which could be used to
deliver SC-islets to patients, are currently being tested
in clinical trials with human primary islets'***. For
example, the Sernova cell pouch (NCT01652911)* and
the 8Air device (NCT02064309)*"' both aim to improve
graft oxygenation, which is beneficial for SC-f-cell
survival after engraftment'*!. The Sernova cell pouch
is transplanted subcutaneously, where it is allowed to
vascularize before being filled with graft cells*”. The
BAir device is composed of the graft, encapsulated in an
alginate hydrogel and an external gas chamber, which
is filled with oxygen daily**. However, very low levels
of circulating C-peptide were observed in the clinical
trials with human islets, indicating the need for further
optimization***,

The initial clinical studies with encapsulated cells
indicate that the design of the devices needs further
optimization and transplanting unencapsulated SC-islets
after thoroughly confirming their safety might be a
viable alternative.

Regulating the immune response. Transplanted SC-islets
are the targets of an alloimmune reaction, which occurs
when HLAs on the graft cells are recognized by the host
T cells, which leads to graft rejection'***". In patients with
T1D, the presence of islet autoantigen-specific T cells
multiplies this immune attack. Therefore, drugs that
broadly suppress the immune system, such as sirolimus,
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Table 1| Strategies for SC-islet delivery for p-cell replacement therapy

Encapsulation  Transplantation Differentiation Tested Outcome in diabetes Immunosuppression Currently Refs
technology site stage of model model required? tested in
transplanted cells system clinics?
No encapsulation
None Kidney capsule SC-B-cells Mouse  Glycaemic control after Yes No 2
~40 days of maturation
None Epididymal SC-PPs Mouse, Glycaemic control after Yes No AR
fat pad, rat ~4 months of maturation
subcutaneously,
or kidney capsule
Microencapsulation
Alginate plus Intraperitoneal ~ SC--cells Mouse  Prolonged graft No No o
CXCL12 survival compared
with encapsulation with
alginate only; glycaemic
control
Triazole- Intraperitoneal SC-B-cells Mouse  Long-term glycaemic No No 18
thiomorpholine control, mitigated immune
dioxide alginate response
Conformal coating
Thin film Gonadalfatpad ~ SC-B-cells Mouse  Insulin secretion similar Yes No 0
encapsulated to non-encapsulated cells
Macroencapsulation
Viacyte Subcutaneous SC-PPs Mouse  Functional maturation Yes Yes, device A
Encaptra of the graft within 1 year, met safety
sufficient functional B-cell standards
mass for glycaemic control
Viacyte Direct Subcutaneous SC-PPs NA NA Yes Yes, ongoing
RAir Subcutaneous SC-PPs Rat No glycaemic control No No, but the 259
device has
been clinically
tested for
human islets
Sernova cell Subcutaneous Not specified NA NA Yes Yes, planned 292
pouch
Nanoporous thin  Liver SC-B-cells Mouse  No glycaemic control No No 20
film membranes
Pre-vascularization
None Subcutaneous SC-PPs Mouse  Glycaemic control after Yes No, but the L

~100 days of maturation;
no graft failure

technique has
been tested
for human
islets

CXCL12, C-X-C motif chemokine 12; NA, not available; SC-B-cell, stem cell-derived B-like cell; SC-islet, stem cell-derived islet-like cluster; SC-PP, stem cell-derived

pancreatic progenitor.

tacrolimus and daclizumab, are administered after islet
transplantation according to the Edmonton Protocol.
However, treatment with these drugs increases the risks
of infections or cancer*. Novel approaches aim to mod-
ulate the immune response; for example, using regula-
tory T cells (T, cells), which can suppress an immune
response. Graft-specific T, cells were isolated from
patients, trained, modified and expanded ex vivo, and
these cells reduced the graft-specific immune response
when readministered to the patients*”. Another
approach is to specifically block effector T cells, but
not T, cells, by targeting cell surface molecules linked
to intrinsic immunoinhibitory pathways’****°. As one
example, the development of T1D in individuals with
increased T1D risk could be delayed by the anti-CD3

monoclonal antibody teplizumab, which inhibits effector
T cells’.

Modifying the composition of SC-islets could
modulate the immune response. In particular, inclu-
sion of immunomodulatory cells could dampen the
resulting alloimmune reaction. In animal studies,
co-transplantation of mesenchymal stem cells and
human islets into mice reduced the immune response
to human islets by regulating the balance between
T helper 1 cells (T,1 cells) and T,;2 cells*”. Furthermore,
co-transplanted T, cells decreased the autoimmune
response’*>*,

The immunogenic properties of the hPSC-derived
cells of the SC-islet can also be altered. hPSCs can be
genetically engineered by CRISPR-Cas9 to generate
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hypoimmunogenic endocrine cells. Deleting HLA-A,
HLA-B, HLA-C and HLA class II genes and/or over-
expressing immunomodulatory genes diminishes the
immune responses mediated by both T cells and natural
killer cells***”°. Moreover, the transplanted cells could be
engineered to withstand the immune attack, for example
by deleting the endoplasmic reticulum stress mediator
renalase’”" or by overexpressing a high-affinity variant
of a fusion protein containing the extracellular domain of
CTLA4 and a modified Fc portion of human immuno-
globulin (CTLA4-Ig), a T cell co-stimulation inhibitor”>.
Accordingly, overexpression of the immunoinhibitory
cell surface protein PDL1 or induction of endogenous
PDL1 expression by IFNy enabled SC-islet survival in
immunocompetent mice and immunodeficient mice
engrafted with human immune cells®.

Finally, the encapsulation material — the barrier
between the graft cells and the immune cells — should
be minimally immunogenic®'. In animal studies, mod-
ifying the porosity or nano-topography of the mate-
rial influenced the immune response by polarizing
macrophages®”’. Immunosuppressive factors such as
the cytokines C-X-C motif chemokine 12 (CXCL12;
also known as SDF1) or TGFp increase graft survival
when embedded into the encapsulation material®’**”>.
Therefore, designing a rational encapsulation strategy
for SC-islets before their transplantation will define their
success as an advanced therapeutic medicinal product.

Studying human B-cell physiology

SC-islets can be utilized to examine whether patho-
logical mechanisms identified in mice are relevant to
humans. SC-islet engineering also opens new direc-
tions for in vitro modelling of different stages of disease
progression.

Monogenic diabetes can be modelled by SC-islets
derived from hPSCs that carry disease-related muta-
tions and are generated either from patients or by
CRISPR-Cas9 genome engineering'”’. Genome editing
can reduce the variabilities caused by using different
genetic backgrounds'”. For example, point mutations in
the transactivation domain of PDXI1 found in patients
at increased risk of diabetes impaired the formation of
SC-PPs and reduced the functionality of SC-B-cells*”.
In vitro models of monogenic diabetes variants affecting
B-cell specification and functionality have also led to
insights into the underlying biology, such as the role of
increased endoplasmic reticulum stress””’. Endoplasmic
reticulum stress was upregulated in models of Wolfram
syndrome”** and diabetes caused by either mutations
in the insulin gene*® or loss of MANF*'.

Genome-wide association studies have discovered
risk-associated genes for T1D and T2D***'; for example,
alterations in KCNJ11, KCNQI and CDKALI confer an
increased risk of developing T2D. Disrupting these genes
in SC-B-cells increased glucolipotoxicity and decreased
insulin secretion*****,

Interestingly, SC-p-cells that were differentiated
from human iPS cells derived from patients with T1D
have not generally shown a conclusively diabetes-like
phenotype*>'"’. However, one study using SC-f-cells
derived from a donor with fulminant T1D demonstrated

increased apoptosis of SC-B-cells after treatment with
inflammatory cytokines**. SC-islets that incorporate
other aspects of T1D, such as immune cells, could
reveal novel T1D pathomechanisms”. Modelling T1D
with SC-islets could be further improved by consid-
ering the different stages of disease progression. By
the time of clinical diagnosis of T1D, the pancreas has
already undergone architectural and functional changes,
including a loss in overall weight. Some of these changes
have been identified in human islets from donors with
short-term (<2 years), mid-term (5-11 years) and
long-term (>21 years) T1D disease using imaging mass
cytometry’®. In vitro models that recapitulate some of
these stages should be developed.

Screening chemical compounds
The failure rate of compounds in clinical trials is
more than 90%”*¢ and has not improved over the past
50 years™”, despite improvements in target identifica-
tion and compound manufacturing. Animal models
have been indispensable for drug discovery, but often
do not accurately predict efficiency and toxicity in clin-
ical studies because there are substantial inter-species
differences. Hence, SC-islets, which are of human origin
and can be customized for the assay, are a valuable tool
for screening compound libraries to identify antidia-
betic drugs. This approach could improve success rates
in clinical trials or could be used to test the toxicity and
efficacy of previously identified drug candidates.
Multiple compound screens have identified fac-
tors that improve the differentiation of hPSCs into
SC-B-cells*'*!. For example, compounds that induce
differentiation towards the endodermal lineage —
such as the TGFp activators IDE1 and IDE2 (REF.*¥),
the negative regulator of MYC stauprimide’® and the
ROCK inhibitor Fasudil** — were discovered by
high-throughput chemical screens. Other screens per-
formed in 2D cultures have identified novel drugs and
targets for diabetes therapy by investigating the death
and expansion of SC-B-cells. For example, screens iden-
tified an activator of TGFp signalling for the treatment
of diabetes associated with mutations in GLIS3 (REF.*"")
and a compound that inhibits the FOS-JUN pathway
rescued a diabetic phenotype induced by an alteration in
the diabetes-associated gene CDKALI (REF*%).
Microfluidic platforms have been developed that
can be used for the functional assessment of -cells by
monitoring insulin secretion, oxygen consumption and
calcium concentrations'”. Advantages of microfluidic
platforms are that they require small amounts of mate-
rial, allow for automation and real-time read-outs, and
can take measurements from single islets. Combining
SC-islet cultures that are able to recapitulate the insulin
secretion profile of human islets with microfluidic chip
technology will make it possible to investigate drugs that
improve GSIS.

Outlook

Although great progress in diabetes research has been
made, the number of patients with diabetes is estimated
to rise to 700 million by 2045. As insulin injections
have side effects and only treat the symptoms, and the
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availability of cadaveric islets is limited, new therapeu-
tic approaches are needed to meet the rising future
demands.

In an ideal future scenario, defined SC-islets could be
manufactured and used to treat patients with brittle T1D
and late-stage T2D diabetes. The first clinical trials with
SC-PPs and SC-f-cells as well as the Edmonton Protocol
demonstrate that transplantation is feasible and that
those therapies can improve the quality of patients’ lives.
However, hurdles — such as the need to improve endo-
crine differentiation protocols and determine which
cell types in which ratios can generate a safe and func-
tional SC-islet — need to be overcome. A better under-
standing of human islet development will facilitate the
engineering of physiologically relevant SC-islets.

In addition, protocols for manufacturing SC-islets
need to be designed. This includes strategies to maximize

REVIEWS

yields by expanding progenitor cells and to cryopreserve
cells in banks. Furthermore, reliable and valid potency
assays and definitions of thresholds for transplantable
SC-islets need to be established.

Reducing the immunogenicity of transplants will
also improve their efficacy. For example, genetically
engineering immune-evasive hPSCs or developing and
optimizing a protective device for the transplant could
be important strategies. Finally, the improved produc-
tion of functional and mature SC-islets in vitro will
allow T1D and T2D to be modelled. Such models could
improve our understanding of the pathomechanisms of
these diseases and be used to perform drug screens to
identify and validate new molecular targets for improved
therapy.
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