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Abstract

Cells in different tissues, including endocrine cells in the pancreas, live in complex
microenvironments that are rich in cellular and acellular components. Intricate interactions with
their microenvironment dictate most cellular properties, such as their function, structure and size,
and maintain tissue homeostasis. Pancreatic islets are populated by endocrine, vascular and
immune cells that are immersed in the extracellular matrix. While the intrinsic properties of beta
cells have been vastly investigated, our understanding of their interactions with their surroundings
has only recently begun to unveil. Here, we review current research on the interplay between the
islet cellular and acellular components, and the role these components play in beta cell physiology
and pathophysiology. Although beta cell failure is a key pathomechanism in diabetes, its causes
are far from being fully elucidated. We, thus, propose deleterious alterations of the islet niche as
potential underlying mechanisms contributing to beta cell failure. In sum, this review emphasises
that the function of the pancreatic islet depends on all of its components.
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Introduction

The main cellular compartment in charge of the specific tissue function of an organ is the
parenchyma, which in the pancreatic islet consists of the endocrine cell mass. Endocrine
cells of the pancreas, however, do not exist in a vacuum. The endocrine parenchyma is
infiltrated by vascular cells that form capillary tubes, thus connecting the organ to the
systemic circulation. The parenchymal and vascular elements are immersed in a web of
macromolecules, the extracellular matrix (ECM). Within this matrix, stretched between
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blood vessels and the parenchyma, live other cells, such as fibroblasts and macrophages. The
microenvironment is not only a scaffold holding beta cells together or a conduit for nutrients
and gases; it is clear now that the microenvironment plays a more active and complex role in
regulating the function of cells immersed in it. Most research in islet biology, however,
focuses on the insulin-secreting beta cell. This narrow view is oblivious to the fact that
pathologies in nearly every organ system are caused by, or reflect, dysfunction or destruction
of the microenvironment’s integrity. The goal of this review is to present the biology of the
islet from the point of view of the islet microenvironment and, using recent findings on the
interactions between pericytes and beta cells, illustrate how the microenvironment and beta
cells depend on each other. The take-home message is that the function of the pancreatic
islet is only as good as the sum of all of its parts.

Acellular components of the islet microenvironment

The ECM and basement membrane

The ECM is a three-dimensional network composed of fibrous-forming proteins, such as
collagens, elastin, laminins, glycoproteins, proteoglycans and glycosaminoglycans [1, 2].
The reader can consult several excellent reviews for a catalogue raisonné of the components
of the islet ECM [3-5]. Yet the authors of these reviews also point out that there is no
consensus about the production and distribution of ECM components in islets. If results vary
from study to study, it is mainly because the ECM differs between species and changes
during development [6-11]. To date, most studies aimed to demonstrate how beta cell
interactions with the ECM increase insulin secretion and beta cell proliferation. Although
these outcomes may be desirable from a clinical perspective, this strategy does not reveal
how the ECM contributes to long-term tissue homeostasis (e.g. constancy of islet structure
and size). In vivo studies, pointing to the ECM as a guide of pancreas development and beta
cell function, are limited to rodent islets, which may not accurately model the human islet
microenvironment. Cell-to-ECM signalling in human islets is generally studied after
isolation, under in vitro conditions and with a partially digested ECM, which may not reflect
the local interactions in the native environment. Under in vivo conditions, beta cells in
mouse and human islets are polarised towards islet blood vessels, and insulin-granule fusion
occurs mostly in regions that contact the vascular basement membrane and are enriched in
synaptic scaffold proteins [12, 13]. Clearly, we still have much to learn about the
mechanisms producing the distinctive, fine-tuned composition of the islet ECM that
empowers endocrine cells to adequately secrete their hormones during an organism’s
lifespan.

The basement membrane is a specialised and denser form of ECM that is associated with
cells that gives structural support, stores growth factors, determines cell polarity and
influences cell metabolism [1]. The individual basement membrane consists of two distinct
layers: the basal lamina that is immediately contiguous to the vascular cells and contains
various ECM glycoproteins, including collagen 1V, laminin, fibronectin and proteoglycans
[14]; and the reticular lamina, which is generally produced by fibroblasts of the underlying
connective tissue and contains fibrillar collagens. The basement membrane exemplifies how
islet matrix architecture differs between species; the interior of the human islet is lined by
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two layers of basement membrane, a vascular and an endocrine layer, whereas the interior of
the mouse islet lacks the endocrine basement membrane [11]. These differences are likely to
have an impact on how leucocytes infiltrate the islet in type 1 diabetes [15] or how fibrosis
develops inside the islet (see below).

Anatomical and functional disruption of the microenvironment leads to organ dysfunction

ECM composition and dynamics are tightly regulated and ensure tissue homeostasis. This
involves multilayered, redundant mechanisms that affect the cellular expression and
secretion of ECM molecules and their degradation by ECM-modifying enzymes. If left
unchecked, the potent ECM degrading and remodelling enzymes can destroy tissues. The
vast majority of known diseases can be traced back to hardening, manipulating or
dysregulating the composition of the ECM [16-19].

Already in 1884, Frerichs reported gross changes in the pancreas of individuals with
diabetes [20], with 70% showing demonstrable histopathology in islets. Most of the
alterations associated with diabetes involve the ECM (fibrosis, amyloidosis) and insulitis,
which in turn potentiates fibrosis [21]. Fibrosis is a damaging process that results from
excessive production of connective tissue. It is very common in the islets of people with
diabetes (present in 60% of early-onset cases, as well as in maturity-onset cases [22, 23]).
Perivascular accumulation of ECM is seen in chronic type 1 diabetes and in type 2 diabetes
and is associated with diffuse pancreatic fibrosis. The causes of islet fibrosis are not known
in detail and may not be singular. While an inflammatory aetiology has been proposed [24,
25], a vascular aetiology may play a predominant role [26].

Amyloidosis results from deposition of a hyalin substance between the capillaries and islet
cells. This substance, islet amyloid polypeptide (IAPP or amylin), is produced and secreted
by beta cells [27, 28]. Islet amyloidosis is more common in individuals with type 2 diabetes,
than in those with type 1 diabetes [22], with studies showing that it is present in every
person with type 2 diabetes [29]. Amyloid deposition in perivascular regions in human islets
is associated with decreased beta cell mass [30]. Indeed, amyloid leads to apoptosis of beta
cells, as assembly of IAPP into small oligomers exerts toxic effects on beta cells by
interfering with plasma membrane integrity [31].

By limiting the capacity for beta cell proliferation, inducing apoptosis, disrupting the islet
cytoarchitecture or by compromising nutrient and gas exchanges, vascular fibrosis and
amyloidosis may contribute to diabetes pathogenesis or aggravate diabetes [22, 32—-34]. Why
these mechanisms are not universally included in models of diabetes pathogenesis is
probably because the evidence is not conclusive [35]. It is difficult to study the functional
consequences of a disrupted microenvironment and establish causal relationships given that
long-term interventional studies are not possible in human beings. Common mouse strains
do not model human islet vascular fibrosis and amyloidosis [36]. Nevertheless, studies using
transgenic mice producing human islet amyloid or rodent models showing increased islet
fibrosis [37-41] may help elucidate the pathophysiological mechanisms related to these
vascular aberrations. For instance, a transgenic mouse model of beta cell expansion shows
significant vascular alterations in islets, such as perivascular fibrosis and altered pericyte
phenotype and coverage of islet capillaries [41].
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Cellular components of the islet microenvironment

Beta cells interact with other cells that populate the islet niche, including neurons, immune
cells, Schwann cells and vascular cells, all of which are known to support proper insulin
secretion [42]. The other endocrine cell populations in the islet work together with beta
cells, establishing complex paracrine communication networks that ensure proper control of
blood glucose levels [43]. By secreting hormones (e.g. somatostatin, glucagon), delta and
alpha cells regulate the function of beta cells [44, 45]. In addition, islets are scattered
throughout the exocrine pancreas and, thus, maintain intimate anatomical and functional
interactions with acinar tissues. Indeed, diabetes is often associated with reduced pancreas
size and abnormal pancreatic exocrine function [46, 47], and individuals with pancreatic
ductal adenocarcinomas also have an increased risk of developing diabetes [48]. Below, we
review the role of vascular cells, and cells residing between the islet vasculature and
parenchyma.

Cells residing between the vascular and parenchymal compartments

By synthesising several components of the ECM, fibroblasts produce the structural
framework of the islet and determine the tissue’s physical properties. Fibroblasts are thought
to reside in the islet’s periphery, where they produce the capsule’s collagens. However, it is
likely that there is an additional population of fibroblasts that produce the relatively higher
levels of collagen and laminin that surround the microvasculature inside the human islet, as
compared with the mouse islet (Fig. 1). Research on islet fibroblasts is fixated on how islet-
derived fibroblasts or fibroblast factors promote beta cell glucose sensing, insulin
processing, clustering, postnatal expansion and survival in tissue culture or after
transplantation [49-58]. Studies aimed at demonstrating the beneficial effects of ECM
components added in vitro are, thus, plentiful, but little is known about the production of
ECM molecules by endogenous fibroblasts and their interactions with other cells inside the
islet.

While fibroblasts synthesise ECM molecules, resident tissue macrophages have been shown
to remodel the ECM by producing enzymes involved in ECM breakdown. The main role of
the resident macrophage is to regulate tissue homeostasis [59], but most research has
focused on their immune functions. Only recently have bona fide resident macrophages been
demonstrated in the mouse islet [60]. Recent findings support a positive role for
macrophages in promoting beta cell mass and function through the secretion of different
signalling molecules [61-64]. While supporting beta cells in the steady state, obesity-
associated changes in the number and phenotype of islet macrophages have been suggested
to contribute to beta cell failure during type 2 diabetes [65, 66]. In human islets, perivascular
macrophages are the main local source of the anti-inflammatory cytokine IL-10 and, also,
matrix metalloproteinase (MMP)-9. Expression of the receptors for these two homeostatic
factors is reduced in obese and diabetic states [67].

Vascular cells of the islet microcirculation

Blood vessels not only deliver nutrients and oxygen but are also an important source of
developmental signals during pancreatic organogenesis. Islets form next to blood vessels and
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require signals from endothelial cells for their differentiation [68]. Endocrine and endothelial
cells depend on each other to establish and maintain normal islet vascularisation, innervation
and function, in vascular endothelial growth factor-A (VEGF-A)-dependent manners [62,
69-71]. Islet endothelial cells contribute key components of the ECM, such as different
laminins (a4 and as) and collagen IV a4 and a chains. Recent findings show that the islet
microvasculature also contains pericytes, which are mural cells that extend contractile
cytoplasmic processes along the endothelial tube [72]. Of note, pericytes have enormous
plasticity and can adopt various phenotypes [73, 74]. In particular, pericytes can be a source
of myofibroblasts and produce ECM proteins in fibrotic diseases in different tissues [41, 75—
77].

Communication between pericytes and beta cells

Although endothelial cells have been shown to support beta cell function and mass [78],
research on the role of islet pericytes has lagged behind. Until very recently, pericytes had
mainly been studied in tissues that suffer from complications of diabetes (e.g. the retina).
Work by us and others point to pericytes as key players in pancreatic islet function [72, 79—
82]. Pericytes are present in mouse and human islets (Fig. 2). They regulate islet blood flow
and serve as a source of cues that regulate beta cell function and replication (Fig. 3).
Furthermore, abnormal pericyte phenotype, gene expression and coverage of islet capillaries
have been associated with impaired beta cell function during diabetes [72, 80, 83-85].
Pericyte loss leads to endothelial cell hyperplasia, vessel dilation and vascular leakage [86—
89]. Thus, pericyte abnormalities may directly contribute to diabetes by affecting beta cells
and islet blood flow, or indirectly through influencing other cell types (e.g. endothelial cells)
or the islet ECM.

Adequate insulin secretion from beta cells depends on them having a mature phenotype.
Mature beta cells are equipped with sophisticated machinery, allowing accurate glucose-
stimulated insulin secretion [90]. A series of studies by us and others showed that pancreatic
pericytes support the mature beta cell phenotype and regulate glucose-stimulated insulin
secretion [79-81]. Ablation of pancreatic pericytes resulted in glucose intolerance due to
impaired glucose-stimulated insulin secretion and loss of the mature beta cell phenotype
[81]. Ex vivo depletion of pericytes in isolated islets also resulted in beta cell
dedifferentiation [81], indicating that pericytes act within the islets to support beta cell
function independent of their role in blood flow regulation, through either the secretion of
critical signals or a direct cell—cell interaction.

Nerve growth factor (NGF) was recently shown by Houtz et al to be involved in pericyte-
dependent beta cell function, by acutely regulating glucose-stimulated insulin exocytosis
[79]. Beta cells express the NGF receptor tropomyosin receptor kinase A (TrkA) and the
activation of this receptor promotes the release of insulin from its granules. NGF is
expressed by pancreatic pericytes and vascular smooth muscle cells when its secretion from
these cells is stimulated by high glucose levels [79]. Thus, pericytes promote acute insulin
secretion directly through the secretion of NGF.
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The primary route of new beta cells after birth is via replication [91-93]. Beta cell
replication rate declines with age, reaching its peak in the neonatal period [94-96]. Recently,
we showed that pancreatic pericytes promote physiological neonatal beta cell proliferation
[82]. Furthermore, neonatal pericytes stimulate adult beta cell replication in an integrin-
dependent manner, suggesting that pericytes promote beta cell proliferation through the
production of basement membrane components.

Type 2 diabetes is influenced by several lifestyle factors, including age, pregnancy and
obesity, and has a strong genetic component [97, 98]. Polymorphism in 7CF7L2, which
encodes a member of the T cell factor/lymphoid enhancer factor (TCF/LEF) transcription
factors family, transcription factor 7-like 2 (TCF7L2), has a strong positive correlation with
beta cell dysfunction and type 2 diabetes in humans [99]. TCF7L2 functions downstream of
the canonical Wnt signalling pathway by recruiting p-catenin to target genes [100].
Recently, we showed that pancreatic pericytes express 7c¢f7/2at higher levels than other
pancreatic cell types [80]. Selective inactivation of 7¢£7/2in pancreatic pericytes resulted in
glucose intolerance due to impaired beta cell function and diminished glucose-stimulated
insulin secretion [80]. TCF7L2 regulates the pericytic transcription of several secreted
factors with the ability to regulate beta cell function [80], among which is bone morphogenic
protein 4 (BMP4; [101]). Thus, abnormal TCF7L2 activity may lead to beta cell dysfunction
and type 2 diabetes progression by interfering with pericytic function.

We further showed that type 2 diabetes is associated with the progressive loss of islet
pericytes [72]; however, it is not known what happens to islet pericytes during the
progression of type 2 diabetes. Changes in the phenotype of islet pericytes have been
reported in different mouse models of insulin resistance and are among the microvascular
alterations that occur in the islet in response to a higher demand for insulin. In particular,
concomitantly with dilation of islet blood vessels and increased thickness of the vascular
basement membrane, pericytes undergo hypertrophy and adopt a myofibroblast-like
appearance [84, 102-104]. Our findings and the findings of others published in the literature,
thus, point to a contribution of abnormalities in islet pericyte function/phenotype to the beta
cell dysfunction associated with diabetes.

Effects of beta cells on the islet microenvironment

It is now important to consider the impact that beta cell secretory activity can have on the
microenvironment. Beta cells secrete insulin and other signalling molecules, such as ATP
and serotonin [105-107], all of which can exert effects on vascular and stromal cells.
Insulin, to start with, is a potent mitogenic peptide that controls cellular growth,
proliferation, differentiation and migration. Insulin has been shown to stimulate the
proliferation of endothelial cells and pericytes in the retina [108, 109]. Insulin further
stimulates the proliferation of islet myofibroblasts (pancreatic stellate cells and a-smooth
muscle actin [a SMA]-expressing cells) and the production of ECM proteins through robust
and sustained activation of the Akt/mammalian target of rapamycin (mTOR) signalling
pathway [110]. This helps explain the potent antifibrotic properties of the mTOR inhibitor
rapamycin in different tissues [111-114]. VEGF-A, also produced by beta cells, leads to
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endothelial cell proliferation, thickening of the basement membrane of islet blood vessels,
progressive macrophage infiltration and proinflammatory cytokine production [115].

And then there is ATP and its breakdown products ADP and adenosine. These purinergic
signals are potent autacoids that regulate local tissue function. Being co-released with
insulin by beta cells [105, 106], ATP is poised to be a regulator of islet homeostasis: ATP
extracellular levels fluctuate with the rate of insulin-granule exocytosis and, thus, serve to
gauge beta cell secretory activity [116]. The responses ATP evokes in the surrounding
microenvironment consequently commensurate with the pressure beta cells are under from
systemic deviations in blood glucose levels, hence connecting systemic glucose homeostasis
to islet tissue homeostasis. In recent years, we have explored how purinergic signals affect
cells in the islet microenvironment by using living pancreas slices [72, 117], our preferred
tool for the study of islets in an environment with a preserved ECM that allows experimental
intervention. We have so far found that beta cell-derived ATP activates purinergic receptors
on resident macrophages in mouse and human islets, thus making them aware of beta cell
secretory activity [67, 117] and that endogenous adenosine, broken down from beta cell-
derived ATP, inhibits pericytes, dilates islet capillaries and increases local blood flow in
mouse islets [72].

Therapies in type 2 diabetes include approaches aimed at stimulating insulin secretion. This
strategy, however, may be counterproductive. For instance, over-production of insulin, often
seen as a response to insulin resistance, is associated with increased release of IAPP [118].
Exacerbated insulin levels may also promote differentiation of pericytes into profibrotic
myofibroblasts and, ultimately, hasten their demise. There may be further unknown
detrimental effects of chronic potentiation of beta cell function through incretin mimetic
therapy [119]. The continued attempts to push beta cells to produce more and more insulin
to treat diabetes ignores that this may disturb the delicate, balanced interactions taking place
in the microenvironment that maintains islet function.

Concluding remarks

Cells do not live immersed in culture media in two-dimensional environments, but in
intricate cellular and non-cellular arrangements called tissues. This is a reality often
overlooked by investigators focusing passionately and narrowly on the beta cell, a cell
deemed crucial for survival and too important to fail. This focus in the field of diabetes
research, though deserved, often disregards the multiple local interactions happening in the
pancreatic islet that actually enable beta cell function. Searching in beta cell databases for
genetic programs linked to cell identity, proliferation and survival will likely miss important
actors in the survival saga. Beta cells are not controlled solely by their genome, but also by
their environment, the history of their interactions and the way they respond to local stimuli.
It is difficult to conduct experiments without reducing complexity, but every time a cell is
dislodged and isolated it changes its phenotype. Beta cells should thus be studied while
immersed in their tissue, with an emphasis on their interactions with the microenvironment.
This can be done using living pancreas slices, for instance. By systemically adding its
cellular and acellular components, reverse engineering of the islet could further show how
islet function emerges. Alexandre Dumas’ musketeers famously used to proclaim, ‘a// for
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one and one for all, united we stand divided we falf [120]—nothing more appropriate could
be said for the biology of the pancreatic islet.
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Abbreviations

Glossary

ECM Extracellular matrix

IAPP Islet amyloid polypeptide

mTOR Mammalian target of rapamycin

NGF Nerve growth factor

TCF7L2 Transcription factor 7-like 2

VEGF-A Vascular endothelial growth factor-A
Amyloidosis

Results from deposition of IAPP, which is produced and secreted by beta cells, between
capillaries and islet cells. IAPP deposition in human islets is associated with decreased beta
cell mass. Islet amyloidosis is more common in type 2 than type 1 diabetes

Basement membrane

A specialised form of ECM that gives structural support, stores growth factors, determines
cell polarity and influences cell metabolism. Consists of two layers: the basal lamina, which
is adjacent to vascular cells and contains ECM glycoproteins (e.g. collagen IV, laminin,
fibronectin, proteoglycans), and the reticular lamina, which is produced by fibroblasts and
contains fibrillar collagens

Endothelial cells

Islets require signals from endothelial cells in the vasculature for differentiation. VEGF-A-
dependent endocrine—endothelial cell interactions maintain normal islet vascularisation,
innervation and function. Islet endothelial cells also produce key ECM components (e.g.
laminins, collagen 1V)

ECM
A three-dimensional network composed of fibrous-forming proteins, such as collagens,
elastin, laminins, glycoproteins, proteoglycans and glycosaminoglycans

Fibroblasts
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Synthesise several ECM components (including collagen) to produce the structural
framework of the islet and determine its physical properties. Thought to reside in the islet’s
periphery and (in humans) to surround the microvasculature
Fibrosis
Results from excessive production of connective tissue. Very common in the islets in
diabetes; perivascular accumulation of ECM in type 1 and type 2 diabetes is associated with
diffuse pancreatic fibrosis
Insulin
Potent mitogenic peptide produced by beta cells that controls cellular growth, proliferation,
differentiation and migration. Stimulates the proliferation of endothelial cells, pericytes and
islet myofibroblasts. It also promotes production of ECM proteins
Parenchyma
The main cellular compartment in charge of the specific tissue function of an organ. In the
pancreatic islet, the parenchyma consists of the endocrine cell mass
Pericytes
Found in the islet microvasculature, these mural cells extend contractile cytoplasmic
processes along the endothelial tube. Pericytes are highly plastic cells that can adopt various
phenotypes (e.g. myofibroblasts) and produce ECM proteins. They regulate islet blood flow
and beta cell function and replication. Pericyte abnormalities are associated with impaired
beta cell function in diabetes
Purinergic signals
ATP is co-released with insulin by beta cells. ATP and its breakdown products ADP and
adenosine are purinergic signals that regulate local tissue function. ATP is thought to be a
regulator of islet homeostasis and connects systemic glucose homeostasis to islet tissue
homeostasis. For example, it activates purinergic receptors on resident islet macrophages to
make them aware of beta cell secretory activity. Endogenous adenosine inhibits pericytes,
dilates islet capillaries and increases local blood flow
Resident tissue macrophages
Produce enzymes involved in ECM breakdown/ECM remodelling. Regulate tissue
homeostasis, but also promote beta cell mass and function by secreting signalling molecules.
Obesity-associated changes in islet macrophages may contribute to beta cell failure in type 2
diabetes
VEGF-A
Produced by beta cells. Promotes endothelial cell proliferation, thickening of the basement
membrane of islet blood vessels, macrophage infiltration and proinflammatory cytokine
production
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Fig. 1.

Higgher collagen IV and laminin densities in human islets than in mouse islets. (a) Maximal
projections of confocal images of a mouse and human islet in the pancreas, immunostained
for insulin (red) and the basement membrane protein collagen IV (green). (b) Confocal
images of regions in a mouse and human islet immunostained for insulin (red), laminin
(green) and CD31 (blue). Scale bars: (a), 40 um; (b), 10 um.
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Fig. 2.
Pericytes in mouse and human islets. (a, b) Maximal projections of confocal images of a

mouse (a) and human (b) islet, immunostained for the pericyte markers neural-glial antigen
2 (NG2; green) and platelet-derived growth factor receptor B (PDGFR; red). (c, d)
Enlarged images of the regions within the dashed boxes in (a) and (b), respectively.
Pericytes in mouse islets express NG2 and PDGFRp but not all PDGFRp-positive cells in
human islets express the proteoglycan NG2. Scale bars: (a) and (b), 20 um; (c) and (d), 10
um.

Diabetologia. Author manuscript; available in PMC 2020 November 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Almaca et al.

Page 18

7

Pancreatic pericytes as mediators of glucose-stimulated insulin secretion
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Fig. 3.
Model of the function of islet pericytes. In pancreatic islets, pericytes are the source of

trophic factors that support beta cell differentiation, maturation and proliferation and
stimulate insulin secretion (a). However, they are also responsible for the local control of
islet capillary diameter and blood flow (b). BMP4, bone morphogenic protein 4.
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