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Abstract
Efforts to phenotype pancreatic islets have contributed tremendously to our present understanding of endocrine function and
diabetes. A continued evolution in approaches to study islet physiology is important given the need to establish reference points
for mature islet functionality, understanding biological variation amongst individuals and cells, and the ongoing appreciation of
the role for islets in diabetes susceptibility. Recent efforts in islet biology have focused on technological improvements in
imaging, molecular profiling and data analysis, along with a push for enhanced transparency and reporting. The integration of
these approaches within a classical islet physiology framework, and approaches to link these data with in vivo human pheno-
types, will be critical as we move towards a better understanding of islet function in health and disease. Here we discuss what we
feel are important issues and useful approaches to consider as we move forward as a field in islet and beta cell phenotyping.
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Introduction

Through a series of electrical, Ca2+ and molecular signalling
processes, endocrine cells within the pancreatic islets of
Langerhans regulate the release of key metabolism-
regulating hormones. Early characterisation of these cells
primarily consisted of histopathological analyses and indirect
assessment of beta cell activity by measurement of circulating
hormones or C-peptide. Modelling extended these measure-
ments to extract indices of islet function [1]. Dynamic
measurements in vivo and in isolated perfused pancreases
provided key insights into islet function, such as the dynamic
properties of insulin release and its Ca2+-dependence, yielding
models of biphasic insulin secretion that remain foundational
[2]. The establishment of methods to isolate islets, first by
microdissection and then by digestion and density centrifuga-
tion, ushered in a new era in the study of islets and islet cells
that continues today [3].

The key roles for cellular metabolism, excitability and
entry of Ca2+ as key determinants of insulin secretion were
demonstrated in studies throughout the 1970s to 1990s, which
established what we now think of as key islet and beta cell
‘functional phenotypes’. In beta cells, these include glucose-
dependent metabolic activity and resultant signal generation,
ATP-dependent action-potential firing, oscillations in
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intracellular Ca2+ and dynamic biphasic insulin secretion [4].
Characteristic alterations in these phenotypes, for example the
loss of pulsatile Ca2+ responses and insulin output, are thought
to define islet dysfunction in diabetes. Importantly, these func-
tional phenotypes have long been known to vary between
individuals, between islets from the same individual and even
amongst different beta cells. Although the factors driving
heterogeneity at these levels remain to be fully elucidated, it
is likely they are determined, at least in part, by the underlying
‘molecular phenotypes’ of these individuals, islets and cells.
Genetic variation can now be linked to insulin secretory
responses in individuals [5] and to the secretory responses of
isolated islets [6]. Extensive genomic phenotyping of human
islets and single cells promises to unravel relevant regulatory
and pathophysiological mechanisms, and this has been recent-
ly reviewed [7].

At the single-cell level, improved technologies and analyt-
ical methods, principally in molecular profiling of transcript
and protein expression, have extended our understanding of
human beta cell heterogeneity, and advanced methodologies
in imaging and network analysis suggest important roles for
beta cell subtypes as important contributors to global Ca2+

waves. However, direct links between molecular and func-
tional heterogeneity remain difficult to assess and many of
the studies thus far are limited to a relatively modest number
of donors. Biological readouts from the same cell also remains
rather limited. Phenotyping whole intact islets at scale has
proved somewhat easier. Key insights that have been re-
iterated as a result of newer phenotyping efforts include the
substantial variation in insulin secretion amongst islet prepa-
rations [8], and important strides have been made in the eluci-
dation of links between metabolic phenotypes and islet geno-
mics [9]. Nonetheless, important challenges remain in under-
standing the association between the impact of molecular vari-
ation on islet function and in vivo glucose homeostasis. Here
we discuss human pancreatic islet phenotyping with a focus
on improving links between functional and molecular assess-
ment of beta cells and intact islets, and technological
approaches that can be used to connect this understanding to
in vivo human phenotypes (Fig. 1).

Linking molecular and functional
heterogeneity of human beta cells

Molecular heterogeneity in beta cells Largely due to the emer-
gence of technologies that enable the molecular profiling of
single cells on the one hand [10], and functional profiling of
interconnected beta cell Ca2+ signalling networks on the other
[11], human beta cell heterogeneity has received renewed atten-
tion [12]. Most studies examining sufficiently large numbers of
beta cells suggest the presence of between three and five molec-
ularly and/or functionally distinct beta cell subpopulations.

Although questions persist about an apparently limited overlap
of observed subpopulations and markers between single-cell
RNA sequencing (scRNA-seq) studies [13], it remains that this
may, in part, be addressed by ongoing efforts to improve the
bioinformatic and systems biology approaches used in this
context. Recent meta-analyses combining published datasets
[14], including our own recent work [15], largely confirm the
existence of these beta cell subpopulations across several studies
and donors. It seems likely that some of these beta cell subpop-
ulations, in fact, represent ‘cellular states’ throughwhich the cells
cycle at the transcriptional and functional levels [14, 16]. For
example, the cycling of beta cells through states of high stress
vs high insulin expression would be consistent with the recent
observation of ‘extreme’ beta cells, postulated to disproportion-
ately contribute to basal insulin secretion [17]. Our analysis
suggests three beta cell states consistent with: high levels of beta
cell identity and functional markers (state 1); high expression of
p53, along with Wnt and insulin–IGF1 signalling (state 2); and
ribosomal biogenesis and mRNA translation (state 3) [15].

Functional heterogeneity in beta cells It is often assumed that
the different beta cell states translate directly to differential
functionality. For example, populations expressing higher
levels of the glucose transporter GLUT2 (encoded by
SLC2A2) or GLP-1 receptor (encoded byGLP1R) are thought
to be ‘more functional’. This is perhaps an over-simplistic
interpretation and only a single study, to our knowledge, has
successfully linked molecularly distinct human beta cell states
(or subpopulations) with the measurement of insulin secretion
from beta cell subpopulations sorted through the use of two
cell surface markers [18]. While some markers (of stress or
dedifferentiation, for example) may indeed delineate ‘poorly
functional’ beta cells, it should be considered that beta cells
with low insulin-secretion rates may be important for islet
function. This is suggested by recent studies on ‘hub’ or ‘lead-
er’ beta cells that represent a beta cell state (whichmay or may
not be stable over time) that exerts disproportionate control of
Ca2+ signalling when present in situ [11, 19]. Hub/leader beta
cells have high levels of metabolic enzymes (i.e. glucokinase),
increased mitochondrial density and function, and highly
responsive Ca2+ signals; yet, they have low expression of
insulin and beta cell identity genes [11]. Similarly, we ask:
are low-insulin-secreting but proliferative beta cells consid-
ered ‘non-functional’, or are they performing a function that
represents important physiology? We may need to re-think
‘functionality’ within the context of heterogeneous beta cell
populations and how this translates to whole-islet physiology
and in vivo phenotypes.

Linking molecular and functional heterogeneity One
approach to directly link single-cell molecular profiling and
functional assessment uses combined or sequential measure-
ment of multiple parameters per cell. One such approach to
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multi-modal profiling links electrophysiological and
transcriptomic profiling: a method called Patch-seq [20]. We
recently integrated Patch-seq into our human islet isolation
and phenotyping programme in Edmonton (www.isletcore.
ca) and have, so far, reported the combined function and
transcriptional profiles of >1300 human islet cells [21]. This
provides a resource describing correlations between ~5000
transcripts and beta cell properties, such as Ca2+ and Na+

channel activities and insulin granule exocytosis, and has
provided evidence in support of dysfunction-driving pathways
in type 2 diabetes. Intriguingly, we report some strong func-
tional differences amongst beta cell subpopulations using
previously reported heterogeneity markers, particularly
RBP4 [10], and evidence that some metabolic pathways actu-
ally correlate best with ‘low-exocytosis’ beta cells, perhaps
indicating a role for these as a ‘hub-like’ population that are
more directly involved in glucose-sensing and Ca2+ signalling
than in insulin exocytosis per se. Because of limitations in
throughput with the Patch-seq approach, however, it is diffi-
cult to directly look for small hub-like subpopulations in the
current dataset. However, approaches in ‘predictive electro-
physiology’ [21] and spatial transcriptomics [17] should even-
tually allow mapping of functional properties onto larger
scRNA-seq datasets, and translation of these in situ.

Seeing is believing: beta cell heterogeneity
and a role for ageing?

Beta cell heterogeneity in space and time The limitations of
islet cell scRNA-seq studies have recently been discussed

[22]. Also, the interpretation of stress responses may be chal-
lenging since some highly stressed cells could be lost and
stress markers in cells that do survive tend to rise early after
islet dissociation and then dampen after overnight culture
[21]. Therefore, such aspects of beta cell heterogeneity must
be validated in situ, namely the expression of molecular
markers (e.g. at the level of mRNA transcripts and/or protein
markers) and aspects of nutrient metabolism and cell secretory
function (e.g. Ca2+ and/or secretory granule dynamics [23]).
Interesting in this respect are lineage tracing experiments,
which have revealed the presence of alpha cell-derived beta
cells located in the periphery of the islet [24] and that beta cells
can be derived from other cell types upon extreme beta cell
loss [25]. Furthermore, the spectrum of beta cell heterogeneity
might change over time and during disease; recent studies
have found that a subset of beta cells within ageing islets of
mice and humans showed an age-dependent increase in the
expression of the IGF1 receptor protein (IGF1R) and that
these cells also had a senescent cell signature [26]. In fact,
these senescent beta cells, which are mainly characterised by
expression of the cell-cycle inhibitor CDKN2A (or p16) and
by the display of a senescence-associated secretory phenotype
(SASP), may constitute a specific beta cell ‘state’ that contrib-
utes towards the dysfunction and/or death of neighbouring
beta cells [27].

Novel imaging technologies to map beta cell heterogeneity
Recently, the existence of different types of beta cells, includ-
ing proliferative beta cells, has been visualised using in situ
mass cytometry. Here, cells are labelled with a panel of anti-
bodies conjugated to heavy metals and imaged using time of
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flight (TOF) mass spectrometry, which can achieve single-cell
resolution [28]. This approach identified three different clus-
ters (or states) of beta cells based on the expression of cell
identity markers (e.g. pancreatic and duodenal homeobox 1
[PDX1], C-peptide), proliferation markers (i.e. ki67) or
markers previously associated with beta cell heterogeneity
(i.e. CD9 and ST8SIA1) [18]. Perhaps the most well-
documented aspect of beta cell heterogeneity is the presence
of rare ki67-positive beta cells, which are thought to be in a
proliferative state (or that have at least activated the cell repli-
cation programme) and decrease in number with age [25].
Proliferating beta cells have an immature phenotype, not
unlike the hub-cell population described above, characterised
by an overall low expression of beta cell identity and function
genes [26]. Interestingly, ki67-positive beta cells can be found
in at least two different subtypes of beta cells in humans,
which in turn may change as a function of age [28].

The age of beta cells These observations suggest that most
beta cells could remain largely quiescent for long periods of time
(some of these may become senescent over time), while rare beta
cells can replicate and generate new beta cells in adults [28], and
that the relative frequency of different beta cell states could
change as a function of age, ultimately suggesting that the make-
up of beta cell heterogeneity is dynamic. As a result, the pheno-
type of beta cells may be in a certain state of molecular and
temporal ‘flux’, ultimately creating a heterogeneous scenario in
which beta cells could have changing molecular and/or function-
al phenotypes over their lifetime, and also vastly different ages.
Accordingly, mathematical modelling [29] and direct measure-
ments of 14C in beta cells from humans of different ages suggests
that formation of new beta cells occurs in the first three decades
of life [30]. Furthermore, using a combination of electronmicros-
copy and multi-isotope mass spectroscopy (called ‘MIMS-EM’
[multi-isotope imaging mass spectrometry-electron microsco-
py]), we have mapped the longevity of different islet cell types
in situ [31]. While most beta and alpha cells and all delta cells
were as old as neurons and did not turnover for an entire lifetime,
a subpopulation of alpha and beta cells had indeed undergone
turnover and, thus, were responsible for the maintenance of islet
mass during adulthood [31]. The commitment of these cell types
towards a lifelong post-mitotic phenotype occurred in a hetero-
geneous fashion before and after weaning, a process that triggers
changes in beta cell metabolism and functional maturation medi-
ated by a mammalian target of rapamycin (mTOR) to AMP-
activated protein kinase (AMPK) switch [32]. Together, these
studies support the idea that most human beta cells are remark-
ably long-lived and, as such, they face a lifetime pressure (which
in humans can last for over a century) to maintain their cellular
identity and function in order to sustain normal glucose homeo-
stasis. Understanding the different aspects of the beta cell life-
time, and the molecular and functional changes that these cells
undergo during the adult human lifetime, will be critical to

understanding the basic biology of islets and to develop concepts
that could be applied to target studies aimed at preventing beta
cell loss or stimulating beta cell regeneration.

Increasing scale: connecting molecular
and functional phenotypes in human islets

Human islet isolation and phenotyping initiatives Studies on
beta cell heterogeneity have been performed, so far, onmodest
numbers of donors due to the technical demands and costs of
single-cell profiling, and to the complexity in access to human
islets. As the costs of molecular profiling drop, single-cell
phenotyping will increasingly be integrated within large-
scale human islet phenotyping programmes. These initiatives
often focus on functional and quality assessment and are
propelled, in part, by recent calls for improved human islet
reporting [33]. The Integrated Islet Distribution Program
(IIDP) Human Islet Phenotyping Program (HIPP) provides
functional, viability and basic cell-composition phenotyping
of all human islet isolations coordinated by the IIDP and the
Alberta Diabetes Institute (ADI) IsletCore [34]. A web tool
from our own human islet isolation programme (ADI
IsletCore) was recently released (www.isletcore.ca, accessed
1 April 2020) and provides publicly available insulin secretion
and quality control data on human islet preparations (now
standing at 360 donors) in real time, with gene expression
panels available for a subset of these. Other initiatives focus
primarily on the molecular phenotyping of human islets, such
as the Integrated Network for Systematic analysis of
Pancreatic Islet RNA Expression (InsPIRE) group [35].
These reveal important insights into islet gene regulation (as
previously reviewed [7]) and make important contributions to
understanding the impact of islet-localised genetic signals on
in vivo glycaemic traits [9], but no programme has yet
released data on the combined molecular and functional
profiling of a large number of human islet preparations.
‘Islet Gene View’, developed by the Excellence of Diabetes
(EXODIAB) research group in Sweden and described in a
recent preprint [6], may fill this gap once it is made publicly
available, by connecting genetic variation, transcript expres-
sion and insulin responses in samples from 188 donors.

Expanding phenotyping within networks A limitation of the
above initiatives is the narrow phenotyping that occurs
beyond molecular genomic profiling. It can be argued that
measurement of insulin secretion, even combined with some
basic cell-type composition analyses, is a shallow assessment
of islet physiology. Ideally, human islet phenotyping
programmes will include detailed information on islet func-
tion (i.e. metabolic and electrical activity), in situ interactions
(i.e. morphology and interaction of beta cells with nerves and
blood vessels) and detailed single-cell profiling (i.e. analysis
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of heterogeneity markers). Integrating this kind of deep
phenotyping with detailed genomic profiling, genome-wide
association study (GWAS) data and in vivo human pheno-
types promises to shed important light on the observed varia-
tion in islet function, and the contribution of this to the hetero-
geneity of metabolic phenotypes and type 2 diabetes risk.
Important strides are indeed being made in this direction.
The Human Pancreas Analysis Program (HPAP; hpap.
pmacs.upenn.edu, accessed 1 April 2020), part of the
National Institutes of Health (NIH)-funded Human Islet
Research Network (hirnetwork.org, accessed 1 April 2020),
focuses on the phenotyping of pancreas from donors with type
1 diabetes and matched control donors [36]. Data from 50
donors are available and the programme has been extended
to include samples from donors with type 2 diabetes. This
effort brings together morphological, physiological and
genomic analyses with profiling approaches, such as
imaging mass cytometry, that can assess beta cell
heterogeneity [37]. The focus of this programme on
comparing pancreases from individuals with type 1 diabetes
and type 2 diabetes with appropriately matched control donors
will provide valuable data for the study of disease
pathogenesis, and the provision of data openly and in ‘real
time’ should be applauded. However, the ability to integrate
the deep physiological phenotyping on very large numbers of
preparations required for insight into human functional
variation remains somewhat unclear and challenges in
dataset integration remain.

Moving towards in vivo human phenotypes Data from HPAP
may eventually be used to link detailed islet phenotypes to
in vivo human metabolic function by integration with
GWAS and phenome-wide association studies (PheWAS), as
has been done with islet transcript-expression data
[9]. More direct connections between islet molecular and
physiological profiles can, however, be facilitated by the study
of tissues taken directly from metabolically phenotyped indi-
viduals. As part of the Innovative Medicines Initiative in
Diabetes (IMIDIA) programme, the Risk Assessment and
ProgreSsiOn of Diabetes (RHAPSODY) Consortium have
been collecting pancreas samples from metabolically
phenotyped patients undergoing partial pancreas resection
[38]. Notwithstanding the potential impacts of the pancreatic
tumours being resected on metabolic phenotypes, this
approach has allowed the direct linking of islet transcript
profiles and expression quantitative trait loci (eQTL) with
impaired glucose tolerance and type 2 diabetes in patients
[39] and may address some of the quality concerns inherent
to the study of islets isolated from pancreases of organ donors,
such as the potential impact of prolonged ischaemic times or
hospital stays [38]. This approach is now suggested as a
source of living donor tissue and live-islet assessment [40]
which would allow direct correlations spanning from cell

physiology, to molecular genetic and genomic profiling, to
in vivo human phenotypes. Although many patient samples
(>100) have been assessed for molecular profiling using laser-
captured islets from fixed pancreas samples, it remains to be
determined how efficiently this can be adapted to the in vitro
assessment of live islets. Importantly, a very recent study [41]
has now successfully demonstrated the in vitro islet dysfunc-
tion within live pancreas slices from individuals with impaired
glucose tolerance or type 2 diabetes.

Perspective

The development of modern high-throughput sequencing
platforms has injected a fresh perspective into the idea that
beta cells are indeed heterogeneous, first observed nearly three
decades ago [42, 43]. Importantly, the integration of such
methods with high-resolution functional, spatiotemporal and
molecular phenotyping, and microscopy pipelines has the
potential to provide additional insights and allow the dissec-
tion of pathways involved in the heterogeneity of, not only
beta cells, but also other endocrine and exocrine cell types,

Connecting molecular and 
functional profiles of human islets: 

from cells to tissues to people

Pancreatic beta cells, heterogeneous in their 
molecular and secretory profiles, work together 
within intact pancreatic islets to control insulin 
output and glucose homeostasis.

Insulin secretory function, in itself, varies amongst 
individuals, in part due to diverse genetic and 
environmental influences.

Multi-modal single-cell approaches, such as pan-
creas Patch-seq, can link molecular and functional 
profiling in individual beta cells.

Mapping of functional markers within intact tissue 
and pancreas slices can help reveal spatial interac-
tions and phenotypes.

Continued integration of data from human islet 
isolation and phenotyping networks can link genetic 
variation and signals for diabetes risk with islet 
function.

A move towards linked patient profiling and
pancreas/islet phenotyping will improve our under-
standing of the links between islet biology and 
metabolic phenotypes.
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and the relevance of this heterogeneity to cell function and
overall human glucose homeostasis in health and disease.
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