
Nature Reviews Endocrinology

nature reviews endocrinology https://doi.org/10.1038/s41574-026-01295-0

Review article  Check for updates

The comparative cell physiology  
of stem cell-derived and primary  
human β cells

Jasmine Maghera1,2  , Chieh Min Jamie Chu3,4, Christopher Schaaf    1,2, Jennifer E. Bruin5,6, James D. Johnson    3,4, 
Francis C. Lynn7,8,9 & Patrick E. MacDonald    1,2 

Abstract

The ability to generate stem cell-derived pancreatic β (SCβ) cells 
and stem cell-derived islets has opened new opportunities for type 1 
diabetes mellitus therapies and disease modelling. Carefully assessing 
how closely SCβ cells resemble their primary counterparts is crucial 
to the support of ongoing clinical trials and human-centric studies on 
diabetes pathophysiology. Observed differences between SCβ cells 
and primary human β cells are generally attributed to the incomplete 
maturation of SCβ cells in vitro. However, even cells further matured  
in vivo can differ considerably from mature primary islet cells. In this  
Review, we examine key features of human β cells and islets, and 
summarize our current knowledge of these features in stem cell-derived 
products. We highlight knowledge gaps and discuss the requirements 
for comparative studies, emphasizing the importance of tissue quality, 
harmonizing approaches, integrating datasets and data sharing.
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take longer still7,19. In human trials, insulin independence following 
SC-islet engraftment can take up to 6 months9, considerably longer than 
the time it takes for insulin independence following transplantation of 
primary islets4. This finding indicates that improvements are needed 
in generating mature SCβ cells in vitro23.

Comparing key functional end points and cell markers in SCβ 
cells and ‘mature’ primary pancreatic β cells is, therefore, important. 
Primary mature pancreatic β cells can be broadly defined as a heteroge-
neous and probably dynamic population of polarized endocrine cells, 
defined by a core molecular signature that includes the transcription 
factors PDX1, NKX6.1 and MAFA, which couples oxidative glucose 
metabolism to a biphasic insulin secretory response through precise 
regulation of electrical and Ca2+ signalling events6,7. Primary mature β 
cells are characterized by the repression of ‘disallowed’ genes, a sophis-
ticated structural organization, and interaction with supporting cells 
that enables adaptation of functional output to fluctuating systemic 
metabolic demands. This Review aims to summarize current knowledge 
of the diverse range of human primary β cell phenotypes, to describe 
the progress (Fig. 1) and challenges in making SCβ cells closely mimic 
these phenotypes, and to offer a perspective on combining new and 
established technologies to study functional maturity as an important 
path towards improving SCβ cell functionality.

Molecular markers
Much of our insight into β cell development has come from animal 
models24–27, but although there are many similarities, these cells 
are not identical28 to those in humans29. In humans, the definitive 
endoderm stage begins at around the equivalent of day 25–27 after 
conception, and by day 30–33 pancreatic progenitors proliferate 
to form ventral and dorsal buds expressing PDX1 (which is detected 
slightly later in humans than in mice), SOX9, and then NKX6.1 and 
FOXA2, giving rise to multipotent pancreatic progenitors27. A more 
complete overview of early events in pancreas development is  
presented elsewhere30–32.

Within the multipotent progenitor population in humans, con-
current expression of NEUROG3, NKX2.2, NEUROD1 and ISL1 marks 
a transition to endocrine commitment. After this point, these 
endocrine-committed cells aggregate, delaminate from the trunk 
epithelium, and form into clusters known as the islets of Langerhans27,33. 
NKX6.1 is also essential for maintaining endocrine specification by 
blocking acinar lineage commitment, maintaining β cell identity and 
function by reducing GCG expression34, and supporting insulin secre-
tion at later stages26. Similarly, in mature β cells, PDX1 represses α cell 
identity, while transactivating INS, GLUT1 and GCK35. Insulin (encoded 
by INS) and its cleavage product C-peptide are hallmarks of β cell iden-
tity. INS expression increases as β cells mature, although the levels of 
INS activity are heterogeneous throughout development and in adult 
islets33,36. Indeed, mature β cells cycle in and out of states with more 
or less expression of the above maturity markers, including INS37,38. In 
mice and humans, β cells with high INS gene activity have upregulated 
expression of cellular components of the endoplasmic reticulum and 
Golgi, which enables increased insulin secretion rates, but are more 
fragile than those with low INS activity38. These more mature β cells 

Key points

	• Key features of mature primary β cells — including markers of 
maturity such as MAFA and insulin, and the repression of disallowed 
genes — are reduced in stem cell-derived β (SCβ) cells.

	• Important β cell functions — including metabolism, electrophysiology 
and Ca2+ handling — remain under-studied or underdeveloped in 
pancreatic SCβ cells.

	• Low functional glucose responsiveness of stem cell-derived islets 
(SC-islets) in vitro is linked with low metabolic coupling, weak Ca2+ 
coordination, and insufficient granule packing and mobilization.

	• Improving SCβ cell maturation requires more physiological culture 
conditions, targeted metabolic and signalling interventions, and 
stronger integration of molecular and functional benchmarking.

	• Optimizing SC-islet cellular composition, including the presence of 
various supporting cell types, will be important for improving SCβ cell 
functionality in vitro.

Introduction
For more than a century, type 1 diabetes mellitus (T1DM) has been 
treated with exogenous insulin replacement alongside frequent glucose 
monitoring, which does not entirely avert long-term complications1. 
Transplant of either the whole pancreas2 or isolated cadaveric islets3 has 
demonstrated long-term benefit for patients with T1DM4 but is limited 
by organ availability and strict patient inclusion criteria3. The differen-
tiation of human embryonic stem cells or human induced pluripotent 
stem cells towards a β cell fate generates cells that produce and release 
insulin5, express some β cell markers and can ameliorate diabetes in 
mouse models6,7. These stem cell-derived β (SCβ) cells typically arise 
alongside cells expressing other islet endocrine cell type markers, 
such as glucagon, but also off-target cells within stem cell-derived 
islets (SC-islet) clusters. Transplantation of SCβ cells has now dem-
onstrated clinical success in normalizing blood glucose levels and 
achieving insulin independence in patients with T1DM8–11. Beyond cell 
replacement therapy, SCβ cells also have an increasingly important role 
in disease modelling12–14, further highlighting the need to understand 
the similarities and differences between these cells and primary β cells 
to recapitulate disease15.

Most studies suggest that SCβ cells and SC-islets in vitro do not 
fully recapitulate all the molecular, functional and multicellular fea-
tures of primary human β cells and islets. Although there is ongoing 
debate about whether ‘more mature’ or ‘less mature’ SC-islets are more 
suitable for transplantation, it seems clear that engrafted SCβ cells con-
tinue to mature in vivo6,7,16–20. This in vivo maturation process, together 
with a need for graft vascularization to be established21, may explain 
why SC-islets take longer than primary islets to normalize blood glu-
cose level in mouse models of diabetes22, and that less mature SC-islets 

Fig. 1 | Selected key research studies in SCβ cells. A non-exhaustive timeline 
showing progress in SCβ cell differentiation since initial reports of glucose-
responsive SCβ cells in 2014. hESCs, human embryonic stem cells; hiPSCs, 
human induced pluripotent stem cells; hPSCs, human pluripotent stem cells; 

iPSC, induced pluripotent stem cell; ROCKII, Rho-associated coiled-coil 
containing protein kinase 2; SCβ cells, stem cell-derived pancreatic β cells; SC-
islet, stem cell-derived islet; T1DM, type 1 diabetes mellitus; TGFβ, transforming 
growth factor-β; YAP1, yes-associated protein 1.
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2014

2016

2017

2018

2019

2020

2021

2022

2024

2025

2026

Breakthrough protocol: 
conversion of hESCs into 
insulin-producing cells
(Rezania et al.19)

Breakthrough protocol: 
generation of insulin-pro-
ducing β cells from hPSCs
(Pagliuca et al.18)

Disease modelling: 
generation of SCβ cells 
from T1DM hiPSCs
(Millman et al.13)

Chemical maturation: ROCKII inhibition 
shown to promote maturation of human 
pancreatic β-like cells
(Ghazizadeh et al.55)

Mechanotransduction: discovery that the 
interaction of extracellular matrix with integrin 
α5 is an extracellular cue that controls the fate 
of bipotent pancreatic progenitors via the 
F-actin–YAP1–Notch mechanosignalling axis   
(Mamidi et al.57)

Cytoskeletal control: 
study showing that the 
actin cytoskeleton 
strongly influences 
human pancreatic cell 
fate specification
(Hogrebe et al.193)

Chronobiology: circadian 
entrainment shown to trigger 
maturation of human 
SC islets in vitro
(Alvarez-Dominguez et al.63)

Comprehensive benchmarking: 
evaluation of SC-islets, both 
their progress and bottlenecks 
to their maturation
(Balboa et al.7)

Scale-up: report 
of scale-up 
manufacturing 
approach for 
production of 
hPSC-derived 
SC-islets
(Dadheech et al.129)

In vivo 
metabolism: 
study reporting 
that SCβ cells 
mature 
metabolically 
upon murine 
engraftment
(Vähäkangas et al.69)

Clinical 
translation: 
multipatient 
phase I–II trial of 
an allogeneic 
SC-islet therapy 
in patients
with T1DM
(Reichman et al.9)

Morphological 
maturation: 
endocrine cell 
clustering in culture 
shown to promote 
maturation of 
human SCβ cells
(Nair et al.58)

Functional maturation: study 
showing that specific time 
frames for inhibiting and 
permitting TGFβ signalling are 
needed during SCβ cell 
di�erentiation for acquisition of 
dynamic function 
(Velazco-Cruz et al.62)

Protocol optimization: 
study exploring ways 
of specifically 
enriching for SCβ cells
(Veres et al.100)

In vivo transcriptomics: 
single-cell transcriptomic 
profiling shows  maturational 
changes that occur in SCβ 
cells after transplantation
(Augsornworawat et al.6)

Clinical translation: implanted 
pluripotent stem cell-derived 
pancreatic endoderm cells shown 
to secrete glucose-responsive 
C-peptide in patients with T1DM
(Ramzy et al.11)

Proteomic benchmarking: 
comparison of dynamic insulin 
secretion responses to 
macronutrients from primary 
human islets and identification
of proteomic signatures that 
underly the variation in responses
(Kolic et al.68)

Functional 
assessment: 
electrophysiological 
characterization 
of hPSC-derived 
SCβ cells
(Ja�redo et al.113)

Protocol optimization: 
tankyrase inhibition 
shown to promote 
endocrine 
commitment of 
hPSC-derived 
pancreatic progenitors
(Poon et al.56)

Bioinformatic 
benchmarking:
comparison of SCβ 
lines and primary 
cells to define 
gene networks 
controlling 
di�erentiation and 
maturation
(Yu et al.28)

Disease modelling:
study showing the 
power of patient 
iPSC-based 
modelling in 
understanding the 
consequences of 
genetic variants in 
diabetes
(Tong et al.14)

Protocol optimization: 
study showing that o�-target 
enterochroma�in cells can 
arise from pancreatic-com-
mitted progenitors in vitro 
and in vivo, and describing 
strategies to enrich or 
deplete this cell type within 
hPSC-islets
(Misra et al.101) 
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are associated with a more quiescent state, whereas less mature β cell 
populations seem to be more proliferative39.

High levels of PDX1, ISL1, NKX6.1 (refs. 40,41) and MAFA character-
ize mature β cells, and these markers correlate with robust Ca2+ dynam-
ics and insulin release25 (Fig. 2). Expression of MAFA also correlates with 
expression of genes involved in glucose sensing, insulin processing, 
Ca2+ influx and oxidative phosphorylation42. NEUROD1, in synergy 
with INSM1 and FOXA2, binds regulatory sequences in the genome of 
β cells to maintain insulin secretion, expression of key β cell maturity 
markers and responsiveness to glucose43. Also important for β cell 
differentiation and maturity is the repression of genes (also known as 
disallowance of genes) such as MCT1 and LDHA, to ensure appropriate 
shunting of glucose to the mitochondrial tricarboxylic acid (TCA) cycle 
and reinforcing a reliance on oxidative metabolism44. Other sets of 
disallowed genes in β cells are those involved in metabolism (SLC16A1, 
LDHA and OAT), growth signalling (PDGFRA and IGFBP4), immune 
function (CXCL12 and CD302) and general energy homeostasis45.

Several groups attempting to generate pancreatic β-like cells from 
stem cells succeeded in producing stem cell-derived cells positive for 
insulin, C-peptide, PDX1, NEUROG3, NKX2.2 and NKX6.1, but these cells 
lacked glucose responsiveness and were typically polyhormonal46–49. 

Subsequent efforts to mimic the 3D niche of developing β cells pro-
duced cells that developed some functionality when transplanted 
in vivo into mice50. Modifying the original approaches further, 
seven-stage protocols yielded SCβ cells that expressed NKX6.1, PDX1 
and C-peptide (and possibly MAFA), and displayed dynamic expression 
of genes necessary for maturation, such as CHGA, PDX1, NKX2.2, NKX6.1, 
PAX6, ISL1 and NEUROG3 (refs. 18,19). These cells were increasingly 
abundant and monohormonal, with some glucose-responsive insulin 
secretion evident (Table 1). However, insulin content and secretory 
responses remained considerably lower than in primary islets, with 
some evidence of improved functionality after engraftment in vivo18,19. 
Despite these successes, analysis of RNA following sorting51 suggested 
that the SCβ cells still lacked NKX6.1, PDX1 and MAFA expression at 
levels comparable to primary human β cells, and displayed heteroge-
neous PDX1 and MAFA expression profiles. At the RNA level, 40–70% 
of SCβ cells still co-expressed glucagon or somatostatin, and the 
insulin-expressing cells more closely resembled human fetal β cells 
than adult β cells52.

Further refinements increased production of monohormonal 
SCβ cells by optimizing differentiation conditions53 and timing of 
signalling factors54–57, engineering the culture niche by clustering  

Nucleus

Golgi

RER

Mitochondrion

PDX1

ISL1

MAFA

NKX6–1

PDX1

ISL1

NKX6–1

? ?

Primary β cells have: In vitro di�erentiated SCβ cells have:

A more clearly established 
polarized phenotype with 
ciliary signalling

Stronger, more consistent 
expression of identity and 
maturity markersa

More clearly defined RER 
and Golgi, with lower 
indicators of ER stress

Similar GLUT levels to SCβ cells but 
stronger glycolysis and oxidative 
phosphorylation capacity

A more balanced proinsulin-to-C-peptide 
ratio and denser, more homogeneous, 
mature insulin granules

Tighter regulation of key ion channels 
and more robust glucose-regulated 
action potential firing

In SCβ cells insulin secretion is often low, 
fatty acid-overresponsive, with occasional 
reasonable glucose fold-changea

Elevated expression of 
normally disallowed genesa

Lower mitochondrial area 
and cristae development, 
with deficits in respiration 
and oxidative metabolisma

Lower insulin mRNA and 
protein, with polyhormonal 
and o�-target cells common

Deficient generation of metabolic 
coupling factors

Responsiveness to incretin/cAMP 
agonists, like primary β-cells, but no 
glucose-dependent cAMP response

Expression of key ion channels, and 
some ability to fire action potentials

A Ca2+ response to KCI but poor response 
to glucose, with other aspects of Ca2+ 

handling currently uncharacterized

KATP

NaV

CaV

Primary
cilium

G-protein-coupled receptor

Ion
channels

Insulin secretion

GCG SST INS

MCT1 LDHA HK1

Dense core Di�use core

Fig. 2 | Comparison of in vitro primary β cell and SCβ cell physiology. 
Currently known similarities and differences between primary and in vitro 
differentiated stem cell-derived β (SCβ) cells. aProperty improves with 

maturation of SCβ cells in vivo. ER, endoplasmic reticulum; GLUT, glucose 
transporter; KCl, potassium chloride; RER, rough endoplasmic reticulum.
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endocrine-rich cells58 or use of microporous scaffolds59, surface-marker-
based cell sorting60,61 and other multistage protocol modifications7,62. 
Other refinements included targeted epigenetic modification20, modu-
lation of circadian signalling63, modulation of actin64,65 and manipula-
tion of Zn2+ transport21. The result of these modifications has been 
improved yield of C-peptide+NKX6.1+ populations lacking other endo-
crine hormone expression and improved insulin secretory responses 
to glucose in vitro. However, expression of maturity markers such as 
MAFA, SIX2, SIX3, UCN3, G6CP2 and IAPP consistently remains lower in 
SCβ cells than in primary human β cells6,66, while expression of several 
disallowed genes is appreciably higher in SCβ cells than in primary 
human β cells7,58,67,68. In one study that compared two differentiation 
protocols, SC-islet MAFA transcript expression was ~1.1% to ~0.4% of 
levels in primary β cells, and even lower than in fetal islets66. Com-
parative transcriptomics also reinforces that in vitro differentiations 
still produce SCβ cells that are transcriptionally juvenile and have 
impaired metabolic programming7,67,69,70. Of note, engraftment in mice 
consistently drives major transcriptional changes in genes encod-
ing the above markers and others (that is, CHGB, MNX1, HOPX, KLF9, 
SLC30A8, ABCC8 and PDX1), suggesting functional remodelling towards 
insulin-secreting cells that more closely resemble primary human β 
cells6,7,69. Although at least one study suggests that after transplanta-
tion, expression of genes encoding these markers increases to levels 
resembling those in primary β cells71, it remains difficult to determine 
whether expression of these markers consistently reaches the level of 
their primary β cell counterparts.

Ultrastructure and cell composition
Primary human β cells fixed in slices are polygonal, with a centrally 
located nucleus often occupying a notable portion of the cell volume, 
and polarized in both their structural and functional organization72. 

Insulin granules and fusion proteins are concentrated in the basal 
domain, while glucose transporters (GLUT1 (encoded by SLC2A1) and 
GLUT3 (encoded by SLC2A3)) and contacts to other endocrine cell 
types are located laterally72,73. The apical domain contains tight junc-
tions and primary cilia that project into the extracellular space and 
contain high proportions of receptors and ion channels to coordinate 
downstream signalling74. This polarity ensures directed insulin secre-
tion towards capillaries, coordinates cell-to-cell signalling and enables 
rapid adaptation to the microenvironment.

In the cytosol of primary β cells, mitochondria are numerous 
and dynamic. In addition to producing energy for the cell, mitochon-
dria act as central sensors coupling metabolism to secretion, Ca2+ 
homeostasis, reactive oxygen species handling, and β cell survival 
and proliferation. Mitochondrial fusion, fission and mitophagy are 
necessary for balancing energy demands and quality control, especially 
under stress75,76. Mitochondrial density in SCβ cells is typically reduced 
relative to that in primary β cells (0.38 versus 0.67 mitochondria per 
micrometre squared)69, which correlates with clear deficits in mito-
chondrial respiration and oxidative metabolism seen even with more 
recent differentiation protocols67,69.

Initial proinsulin synthesis occurs at the ribosomal interface of the 
rough endoplasmic reticulum (RER) lumen77, where the RER ensures 
that misfolded proteins are recognized and swiftly degraded, a process 
mediated by the unfolded protein response78. The primary β cell Golgi 
apparatus acts as a central receiving, sorting and packing station for 
incoming proinsulin, which is modified and packaged into immature 
secretory granules at the trans face79–81. Acidification of these immature 
granules, which appear more diffuse and less electron-dense in electron 
microscopy studies compared with mature dense-core granules82, aids 
in proinsulin cleavage83 and insulin hexamerization with Zn2+ (ref. 84). 
Microtubules formed of α-tubulin and β-tubulin heterodimers, their 

Table 1 | Papers reporting direct comparison of SC-islet and primary islet insulin responses

Study Test conditions Response relative to primary 
islets (%)a

Summary

Pagliuca et al.18 Static GSIS using 2 mM and 20 mM glucose ~170 Glucose-responsive, but poor in-study primary 
islet comparator

Rezania et al.19 Static GSIS using 3.3 mM and 16.7 mM glucose ~88 Glucose-responsive in static GSIS

Perifusion using 3 mM and 20 mM glucose ~11

Velazco-Cruz et al.62 Static GSIS using 2 mM and 20 mM glucose ~85 Glucose-responsive

Perifusion using 2 mM and 20 mM glucose ~62

Nair et al.58 Perifusion using 2.8 mM and 20 mM glucose ~33 Somewhat glucose-responsive

Hogrebe et al.193 Perifusion using 2 mM and 20 mM glucose ~50–70 Glucose-responsive

Docherty et al.97 Perifusion using 0.5 mM and 16.7 mM glucose ~75 Somewhat glucose-responsive

Balboa et al.7 Perifusion using 2.8 mM and 16.7 mM glucose ~250 Glucose-responsive, but authors question quality 
of primary islet comparator

Liang et al.92 Perifusion using 2.8 mM and 16.7 mM glucose ~40 Poorly glucose-responsive

Kolic et al.68 Perifusion using 3 mM and 15 mM glucose ~28 Poorly glucose-responsive

Dadheech et al.129 Static GSIS using 3 mM and 17 mM glucose ~83 Somewhat glucose-responsive

Perifusion using 3 mM and 17 mM glucose ~30

Hogrebe et al.65 Perifusion using 2.8 mM and 16.7 mM glucose ~24–36 Somewhat glucose-responsive (largely higher 
basal insulin secretion)

GSIS, glucose-stimulated insulin secretion; SC-islets, stem cell-derived islets. aRelative stimulation index (fold change in glucose level) comparing SC-islet responses versus primary human 
islet responses. Note that this excludes differences in absolute insulin levels, which are typically much lower in the SC-islets.
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molecular motors (that is, kinesin and dynein), and actin filaments 
composed of G-actin subunits, organize cellular architecture and 
enable directional insulin granule transport to the cell periphery85,86. 
Typically 100–350 nm in diameter, and numbering ~10,000 per cell, 
less than 2% of insulin granules in primary β cells are docked at the 
plasma membrane85. It is not clear whether the RER and Golgi are as 
robustly formed in SCβ cells, but evidence of upregulation of endo-
plasmic reticulum stress markers such as HSPA5 and ATF4 has been 
noted in SCβ cells in some transcriptional studies7. Proteomic analysis 
of sorted human primary β cells and SCβ cells revealed thousands of 
differentially abundant proteins with notable differences in the abun-
dance of pathways relating to endoplasmic reticulum–Golgi traffic87. 
A 2021 study showed that the proinsulin to insulin ratio88 is higher in 
SC-islets differentiated from multiple stem cell lines than it is in human 
islets. Early studies suggested that the insulin content of SC-islets is 
either comparable to18, or lower than19, that of primary human islets. 
This variability has also been found in more recent studies, with some 
suggesting similar insulin content in SC-islets and primary human 
islets89–91, some showing much lower insulin content in SC-islets than in 
primary human islets67,88,92, and some suggesting that it may depend on 
the stem cell line used93. Canonical mature insulin granule architecture 
does appear visible in various preparations of SCβ cells. However, the 
relative abundance of granules classified as mature is typically much 
lower (only ~14%) than in primary β cells (~50% or more)6,7,18,54,58,67,69.

Although SCβ cell polarity has not yet been assessed in depth, 
cell–cell interactions between cells expressing glucagon and insu-
lin have been observed within SC-islets7. Emerging non-invasive 
approaches might help to define these interactions more clearly in 
grafts and determine their contribution after transplantation94. Islet size 
also influences this coordination, with primary islets <125 µm in diam-
eter faring better in transplantation settings than larger islets (~300 µm 
in diameter)95. Similarly, smaller SC-islet clusters (~150 µm) seem to have 
improved function over larger clusters, perhaps owing to better diffu-
sion of nutrients and oxygen96. Current differentiation protocols do not 
yet produce SC-islets containing all pancreatic endocrine cell types, 
and will often generate several off-target cell populations, including 
enterochromaffin-like cells and other non-endocrine cell types that per-
sist even after transplantation16,60,97. As loss or dysfunction of non-β-cell 
pancreatic endocrine cell types in primary islets also impairs native islet 
function, probably through disruption of paracrine signalling98,99, the 
generation of SC-islets more closely matching primary islet cellular 
composition may prove important. Furthermore, off-target cells lead 
to reduced product purity, increased variability between preparations, 
difficulties interpreting graft performance and potential safety risks if 
off-target cells replicate in vivo93. For example, depletion of enterochro-
maffin cells has been shown to enhance SCβ cell function93,100,101. Stud-
ies in the past few years have sought to better recapitulate the native 
islet microenvironment to improve SCβ cell function and integration. 
This includes efforts to identify the ideal composition of SC-islets for 
more bidirectional glycaemic control, to introduce vascularization in 
co-culture models, and by engrafting in mice71,102–104.

Electrical and Ca2+ responses that drive  
insulin exocytosis
Ca2+ signals are fundamental to regulated insulin release in mature pri-
mary β cells, acting both as the primary trigger for insulin granule fusion 
and as a signal that enables the activity of amplifying pathways that are 
fine-tuned by other signals such as cAMP98. Metabolism-driven control 
of ATP-sensitive K+ (KATP) channel activity governs action potential firing 

and Ca2+ responses in mature β cells. These hetero-multimeric chan-
nels close when the ATP to ADP ratio is high105. Subsequent membrane 
depolarization first opens low-voltage-activated Ca2+ channels, such 
as the T-type channels, driving further depolarization and opening of 
voltage-gated Na+ channels that mediate the action potential. Near 
the peak of the action potential, the high-voltage-activated L-type Cav 
channels open. These channels are typically considered the essential 
pathway for Ca2+ entry driving insulin exocytosis106. To reset β cells for 
the next cycle of activity, voltage-gated potassium channels repolarize 
the cell membrane, limiting insulin release107. In addition to plasma 
membrane Ca2+ channels, Ca2+ can be mobilized from intracellular 
stores gated by inositol 1,4,5-trisphosphate (IP3) receptors, ryanodine 
receptors and/or NAADP-sensitive channels108. To regulate intracellular 
Ca2+ homeostasis, foster Ca2+-dependent enzymatic processes and 
prevent Ca2+ overload, β cells depend on networks of intracellular Ca2+ 
stores within various organelles, including the endoplasmic reticulum, 
mitochondria, cytosol, acidic stores and secretory granules109. Not 
only do these stores buffer Ca2+ signalling, but they also act as a source 
of Ca2+ to amplify and regulate insulin release and gene expression 
when exposed to nutrient-related signals, incretins, neurotransmit-
ters and other metabolic regulators109,110. Cell health depends on the 
efficient extrusion of Ca2+ via pumps, such as sarcoendoplasmic reticu-
lum calcium ATPase, plasma membrane Ca2+-ATPases and Na+–Ca2+ 
exchangers110–112. Together, the coordination of plasma membrane 
Ca2+ influx, intracellular Ca2+ store dynamics and fine-tuned regula-
tory mechanisms helps ensure that insulin secretion is appropriately 
regulated while protecting from the deleterious effects of Ca2+ overload.

SCβ cells express KATP channel subunits54 and currents that can be 
activated by diazoxide to prevent glucose-dependent Ca2+ responses7,90. 
Blockade of KATP channels can stimulate SCβ cell Ca2+ responses58 and 
insulin secretion90. However, whether KATP channels respond to glucose 
metabolism or ATP/ADP within SCβ cells remains unclear, and limited 
reports suggest that under basal conditions KATP currents may either 
be much smaller7 or larger113 than those in primary β cells. SCβ cells 
are, however, capable of firing action potentials, indicating that they 
do possess functional excitatory machinery7,113,114. In some SCβ cells, 
action potential firing appears to be glucose-dependent113,114, mostly 
occurring in those cells expressing the maturity marker IAPP114,115. 
Synchronization of Ca2+ responses between cells was also shown to 
be less coordinated under conditions of high glucose level in SCβ cells 
than in primary β cells113.

The above findings are consistent with observations that SCβ 
cells can respond to various stimuli by mounting an intracellular Ca2+ 
response19,116. Responses to glucose are often poor, however, even in 
the most recent studies21. Estimates suggest that between <10%58,102 
and ~80%7 of SCβ cells respond to glucose stimulation by elevating 
intracellular Ca2+; this glucose response may be improved by density 
purification93 or co-culture with vascular medium102. The expression of 
key ion channels might be dysregulated in SCβ cells. Both voltage-gated 
Na+ and Ca2+ currents are notably larger in SCβ cells than in primary 
β cells7,68,113. It remains unclear which exact ion channel isoforms or 
aspects of the cellular milieu mediate these increased currents, and 
the impact of these increased currents on excitability and insulin 
secretion remains to be determined. Even less is known about Ca2+ 
stores, integrated Ca2+ signalling and Ca2+ handling in SCβ cells. These 
processes could underlie the observed kinetic differences in Ca2+ sig-
nals between SCβ cells and primary β cells, such as the less robust 
oscillatory patterns7. Although the ability of SCβ cells to produce 
a glucose-regulated Ca2+ signal is remarkable, many key aspects of 

http://www.nature.com/nrendo


Nature Reviews Endocrinology

Review article

stimulus–secretion coupling remain to be compared and understood 
in SCβ cells.

Dynamic insulin secretion
The characteristic insulin response of primary islets is variable across 
islets from individual donors68, but is generally characterized by a 
biphasic response pattern to a step-increase in glucose level result-
ing from two phases of Ca2+ signalling and granule pool dynamics, and 
the coordinated recruitment of β cell responses through intercellular 
communication within the islet86. The first phase of secretion is rapid 
and short-lived, and followed by a sustained second phase of insulin 
release that can last for several hours. The first phase of insulin release 
corresponds well to the early Ca2+ response and rapid exocytosis of a 
readily releasable pool of granules86. However, most insulin granules 
are in a reserve pool located deeper in the cytoplasm and are not imme-
diately available for release. Mobilization of these insulin granules is 
promoted by prolonged exposure (minutes to hours) to high glucose 
levels, during which granules are transported along microtubules by 
motor proteins117. The second secretion phase is often attributed to 
refilling the releasable pool from either the docked pool of granules 
or via mobilization of intracellular stores86,118.

This dynamic insulin secretory response is modulated by second 
messengers, such as cAMP formed upon G-protein-coupled receptor 
activation by hormones (for example, GLP1) or neurotransmitters119. 
The effect of cAMP on insulin secretion is pleiotropic, promot-
ing mobilization of Ca2+ from intracellular stores120, inhibiting 
voltage-dependent potassium channels to prolong action potentials121, 
and directly enhancing the frequency of granule fusion events when 
the glucose level is elevated122–124. Indeed, a basal cAMP tone conferred 
by paracrine signalling from neighbouring α cells may be critical for 
robust dynamic insulin secretory responses98,125. Other second mes-
sengers also have important roles, such as diacylglycerol (DAG), which 
is produced upon G-protein-coupled receptor activation of phospho-
lipase C, which hydrolyses PIP2 into DAG and inositol IP3 (ref. 126). DAG, 
alongside protein kinase C, regulates exocytotic machinery that ampli-
fies the second phase of insulin secretion and enhances intracellular 
Ca2+ levels, which leads to a potentiation of insulin secretion under 
conditions of high glucose level127. We only briefly touch here on the 
role of cAMP and other second messengers, which are discussed in 
more detail in other reviews119,128.

Early protocols for producing SC-islets resulted in little or no 
dynamic responsiveness to glucose19, but as in vitro differentiation 
and maturation of SCβ cells improved, so has the ability to produce 
a biphasic insulin response to glucose. Reasonably robust biphasic 
insulin responses from SC-islets have been demonstrated either in 
absolute terms62,129–131 or as fold changes (that is, insulin response 
to high glucose level divided by the insulin response to low glucose 
level)7,69. A larger number of studies of SCβ cells and SC-islets have still 
shown overall poor responsiveness61,68,90,93,132, or a lack of clear biphasic 
secretion58,91,93,133–135. Of the relatively limited number of studies directly 
comparing insulin responses between SC-islets and primary islets, the 
fold-change responses to glucose can approach those seen in primary 
human islets (Table 1), with the caveat that such responses do not always 
reflect absolute insulin levels. Also, some studies have made compari-
sons against relatively few human donors or have used preparations of 
questionable quality. These limitations could be addressed by increas-
ing harmonization of approaches to enable improved comparisons 
across studies, and for benchmarking against large primary human 
islet datasets becoming available through online repositories136.

Sub-membrane cAMP increases in SCβ cells occur in response to 
GLP1 receptor activation, while only a minority of cells show a cAMP 
response to glucose7. SCβ cells have long been known to respond 
directly to second messenger pathways that act through cAMP. An 
early study found that stimulation with the phosphodiesterase inhibi-
tor 3-isobutyl-1-methylxanthine could increase C-peptide secretion137, 
and even if SCβ cells are unresponsive to glucose, most contemporary 
reports suggest a relatively consistent insulin response to incretin 
receptor agonists or cAMP-raising agents7,58,62,89,90,92,113,138. Overall, SCβ 
cells generally have less robust insulin secretory responses to glucose 
than primary human islets, but these responses are much improved in 
the presence of cAMP-raising agents.

Metabolic phenotypes
Glucose enters human primary β cells predominantly via GLUT1 
(encoded by SLC2A1)139, where it is quickly phosphorylated to glucose-
6-phosphate140. Glucose-6-phosphate is metabolized via glycolysis to 
generate pyruvate, NADH and ATP. The normally low levels of lactate 
dehydrogenase in primary β cells prevent pyruvate from being shunted 
away from the TCA cycle, although lactate dehydrogenase B is sug-
gested to control basal insulin secretion141. The resulting metabolism 
of pyruvate by pyruvate dehydrogenase and pyruvate carboxylase, and 
intermediates produced by the TCA cycle, are important regulators of 
insulin secretion142. Although there is some debate about the location 
of events controlling ATP and ADP at the plasma membrane143,144, a 
rise in the ATP to ADP ratio nonetheless closes KATP channels. Insulin 
secretion from primary islets is modulated by additional metabolites 
derived from glycolysis or the TCA cycle. These metabolites include 
glyceraldehyde-3-phosphate (G3P) and phosphoenolpyruvate (PEP), 
which enhance Ca2+ signals and modulate KATP channels145, and the 
mitochondrial export of reducing equivalents via (iso)citrate and its 
conversion to α-ketoglutarate146. This pathway seems to be particularly 
relevant in obesity or with high-fat feeding (in mice), where increased 
insulin responses compensate for insulin resistance147. Fatty acids such 
as oleic acid and palmitoleic acid can also augment insulin release 
and regulate Ca2+ levels in β cells68. Pyruvate kinase activation further 
supports insulin secretion by reinforcing Ca2+ oscillations through 
mitochondrial anaplerosis, replenishing the supply of TCA cycle inter-
mediates (in this case PEP)105. In addition, metabolism-regulated signal-
ling molecules such as cAMP, glucose, ATP and fatty acids also influence 
insulin granule mobilization and secretion by directly impacting motor 
proteins such as the ATP-dependent motor protein KIF5B117, or through 
the restructuring of microtubules118.

SCβ cells show notable differences in their metabolic phenotypes 
and metabolite-sensing abilities compared with primary human β cells, 
especially when differentiated in vitro, and often fail to secrete insu-
lin in response to glucose or pyruvate6,7,67,69, with small responses to 
membrane-permeable methyl pyruvate90. Secretory responses of 
SC-islets to glucose when KATP channels are closed using sulfonylurea 
(a protocol used to assess the ‘metabolic amplification’ of secretion) 
are blunted or absent7,90. Indeed, SC-islets respond to fatty acids (at 
basal glucose level) similarly to human islets on average68, indicat-
ing that they have potential for nutrient-regulated insulin secre-
tion. This response to fatty acids could also reflect a preference for 
non-carbohydrate fuels, similar to newborn mammalian β cells70. Some 
differentiation protocols produced SCβ cells that were unresponsive 
to amino acids (alone or in conjunction with glucose)68, and others 
found that SCβ cells could be transiently responsive to amino acids 
with increased insulin secretion and oxygen consumption7,148.
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However, in vitro-generated SCβ cells seem to exhibit metabolic 
profiles resembling fetal rather than adult β cells52,66,70. SCβ cells have 
reduced capacity for oxidative metabolism and are often unable 
to increase oxygen consumption upon glucose stimulation, with 
limited mitochondrial spare capacity7,58. Mitochondrial fatty acid 
metabolism and anaplerotic cycling to generate TCA cycle metab-
olites such as malate, PEP, and the NAD+ to NADH and ATP to ADP 
ratios are also deficient, possibly owing to the aberrant production 
of lactate67. Interestingly, insulin secretion more closely resembling 
that of primary islets might be achieved by bypassing glycolytic bot-
tlenecks with membrane-permeable metabolic intermediates such 
as glyceric acid and monomethyl succinate7,90. Several disallowed 
genes related to metabolic programmes, such as HK1, LDHA, G6PC2, 
ADCYAP1 and MCT1, are expressed more highly in in vitro stem cell 
differentiations than in primary human β cells7,44,89. However, sev-
eral weeks after in vivo transplantation, SCβ cells begin to exhibit 
glucose-stimulated insulin secretion, regulating glucose similarly to 
implanted human islet controls. Not only do mitochondrial numbers 
increase after transplantation, but so too does glucose-sensitive 
TCA cycle activity7,69 and the ability to raise the oxygen consumption 
rate in response to high glucose levels58,69. In addition, sensitivity to 
pyruvate is also reduced after transplantation, accompanied by lower 
MCT1 expression6,62,67,69.

Adaptation to nutrient signals and  
metabolic demand
Pancreatic β cells are remarkably adaptive and flexible, adjusting their 
function and mass in response to nutrient availability and/or periph-
eral insulin demand149. A wide array of growth factors and nutrient 
signals such as free fatty acids can stimulate β cell replication and 
proliferation109,119. Beyond changes to the overall mass, β cells dynami-
cally tune insulin output by enhancing insulin secretion in response to 
increased demand by modulating ion channel activities107, intracellular 
Ca2+ (refs. 109,111) and insulin granule dynamics150. If glucose levels 
remain elevated chronically, β cells upregulate pathways involved 
in secretion and oxidative stress handling to increase function and 
survival151–153. This adaptation is critical to avoiding damage when 
insulin demands of the body are increased acutely, causing periods 
of endoplasmic reticulum stress. Activation of the PERK pathway154,155 
also enables endoplasmic reticulum stress handling and control of 
Ca2+ dynamics155, which improves proinsulin processing by regulat-
ing protein chaperones156. Despite these protective mechanisms, 
chronic exposure to hyperglycaemia and excess free fatty acids induces 
glucolipotoxicity157, which can disrupt mitochondrial coupling and 
culminate in β cell identity loss through dedifferentiation or trans 
differentiation158–160.

This adaptive flexibility is also fundamental to the transition of 
fetal β cells into a mature, glucose-responsive state. The regulation of 
insulin biosynthesis in human fetal β cells is mainly cAMP-dependent, 
but glucose transport is limited by reduced GLUT expression161,162. 
Together with preferential expression of the MTORC1 pathway, pro-
liferation, expansion and functioning of the β cell population occur, 
ensuring adequate expansion84,163,164. Changes in the dietary nutrient 
composition during weaning (that is, high fat from maternal milk to 
a higher carbohydrate diet) elicit drastic changes to the cellular and 
microRNA landscapes165, leading to reduced basal insulin secretion and 
an increase in glucose sensitivity166. This shift in nutrient signals inhibits 
MTORC1 pathways and causes AMPK signalling to dominate, leading to 
suppressed oxygen consumption and reduced ATP generation at low 

glucose levels, but increases oxidative phosphorylation in response 
to high glucose levels148,164.

SCβ cells are vulnerable to inflammatory, endoplasmic reticulum 
and metabolic stress but, surprisingly, are not more vulnerable than 
human primary β cells167. A possible explanation for this is that SCβ 
cells retain features of developmental plasticity, relying heavily on 
MTORC1 signalling during in vitro differentiation, and show persistent 
activation of progenitor transcription factors such as PBX1 and SOX4 
(refs. 78,168), although the latter is also important for mature β cell 
function169. SCβ cells show limitations in mitochondrial program-
ming in the electron transport chain and oxidative phosphorylation 
systems67, and bottlenecks in glycolysis beyond G3P, which restrict the 
generation of metabolic coupling signals required for robust insulin 
secretory capacity90. Consistent with this, SCβ cells have been observed 
to be lipid-responsive68, and this persistent reliance on non-glucose 
fuels could limit their ability to switch between glycolytic and oxida-
tive pathways in response to nutrient demand, as human primary β 
cells do15. Furthermore, SCβ cells show increased expression of genes 
involved in amino acid catabolism70, phenocopying the utilization of 
fat and amino acids as the major carbon sources for immature β cells 
in newborn mammals. Engraftment of SCβ cells improves glucose 
responsiveness, with upregulation of genes governing insulin secre-
tion and stress responses. For example, in a study investigating the 
persistence of the immature phenotype of SC-islets, 4 months after 
engraftment, the pyruvate to glucose reactivity ratio dropped from 2.1 
to 0.5, and TCA cycle enrichment of labelled carbons from glucose to 
citrate increased from 12% to 29%, seeming to approach adult human 
primary β cell characteristics in vivo69.

To add to this complexity, the achievement of enough SCβ cells 
per differentiation, but also SCβ cells that are mature enough, relies 
on a tight balance between proliferation and focused maturation. The 
DYRK1A–NFAT pathway has been found to be a regulator of prolifera-
tive adaptation in β cells when metabolic demand increases (such as 
in pregnancy)170. Use of DYRK1A inhibitors in SC-islet protocols has 
been shown to increase the yield of cells expressing PDX1 and NKX6.1, 
and to improve functionality171. Conversely, modulation favouring 
more proliferation over speciation, such as YES-associated protein 
overexpression often leads to the formation of polyhormonal cells172. 
Stem cell lines also differ in genetic background, with line-to-line het-
erogeneity causing stalls in differentiation, which must be overcome 
by protocol-specific optimization, although the implications of these 
stalls in differentiation on SCβ cell maturation remain somewhat 
unclear9,88,91.

Conclusions
Efforts to assemble large human islet and pancreas datasets have 
provided deep phenotyping resources173–177, promoted the uni-
form and consistent reporting of basic islet functions and donor 
characteristics178–181, and highlighted donor-to-donor variability as an 
inherent feature of primary human islets. Comparisons of SCβ cells and 
islets to only a few contemporaneous islet preparations can, therefore, 
be misleading. To better define benchmarks for SCβ cell maturity, it 
is essential to also anchor comparisons to large-scale human datasets 
generated using standardized protocols. Utilizing combined or paired 
approaches that visualize key aspects of β cell function across many 
parameters is a necessary step to increasing the stringency in how we 
define ‘mature’ or ‘functional’. Although some studies7 have assessed 
molecular, cytoarchitectural and functional parameters to system-
atically quantify similarities and differences between primary and 
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SCβ cells, benchmarked comparisons remain extremely limited and 
generally do not account for variations in SC-islet outcomes across 
laboratories or stem cell sources.

Advances in experimental approaches, such as new multi-omic 
profiling and analysis methods, provide an opportunity to deepen the 
characterization of SC-islet cells (Table 2). The current era of large-scale 
omics is producing rapidly expanding datasets and overwhelming 
volumes of data that require integrative models182 or simplification 
of multiparameter data183. Integrating and mining diverse multi-omic 
datasets, and using more complex computational approaches, repre-
sents an opportunity to gain insights that might not be evident from 
individual datasets alone184–187. Together, these approaches could 
enable predictive modelling of experimental manipulations188 and 
guide future experimental design. Importantly, the power of these 
integrative methods and predictive frameworks depends on consistent, 
harmonized protocols and high-quality primary cell datasets as bench-
marks for maturity. We can no longer ignore the need for parallel and 
thorough characterization of stem cell-derived and primary islet cells, 
particularly if the goal is to represent human biology with high fidelity.

Many benchmarks that define a ‘good’ SCβ cell have been reached. 
These benchmarks include the expression of lineage identity markers, 
some insulin response to glucose, and reversal of diabetes in immuno-
deficient animal models and in patients. It is, therefore, reasonable 
to ask whether further efforts to improve SC-islet maturation in vitro 
are even warranted; however, at least a few arguments remain for 
continuing to improve our understanding and characterization of 
SC-islet maturation in vitro. Although ‘less mature’ SC-islets might be 
protected against ischaemia189, ‘more mature’ SC-islets probably nor-
malize glucose levels more quickly58,62 and there has been recent clear 
success in achieving insulin independence with ‘fully differentiated’ 

SCβ cell transplants9. The term ‘fully differentiated’ remains loosely 
defined, however, and it is unclear what the ideal cell composition of 
SC-islets for transplant should be, given improvements in products 
following density purification of insulin-positive clusters93 and the 
probable importance of paracrine signalling from α cells190,191 and  
δ cells192. Finally, although stem cell transplants will remain inaccessible 
to most people with T1DM for the foreseeable future, SCβ cells and 
SC-islets will become increasingly valuable tools for drug screening and 
disease modelling. To realize this potential fully, strategies to promote 
and benchmark in vitro maturation will be crucial.

Ultimately, collaboration and data sharing are critical to advancing 
this field by leveraging collective knowledge of optimized protocols, 
resources and specific expertise in aspects of β cell function. A multi-
disciplinary approach should bring together experts in fields such as 
stem cell biology, pancreatic organogenesis, β cell physiology, compu-
tational modelling and bioinformatics, to comprehensively integrate 
diverse data in an optimized, multi-lens approach. This method could 
offer fresh new perspectives that a single laboratory, or siloed consor-
tium, might not have considered in the first place. Through shared 
resources, we can accelerate discovery and innovation, leading to novel 
strategies to enhance SCβ cell maturity and functionality.
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