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Abstract

The development of new therapeutic approaches to treat type 1 diabetes mellitus (T1D) relies on
the precise understanding and deciphering of insulin-secreting (3-cell biology, as well as the mech-
anisms responsible for their autoimmune destruction. 3-cell or islet transplantation is viewed as a
potential long-term therapy for the millions of patients with diabetes. To advance the field of in-
sulin-secreting cell transplantation, two main research areas are currently investigated by the sci-
entific community: (1) the identification of the developmental pathways that drive the differentia-
tion of stem cells into insulin-producing cells, providing an inexhaustible source of cells; and (2)
transplantation strategies and engineered transplants to provide protection and enhance the func-
tionality of transplanted cells. In this review, we discuss the biology of pancreatic (-cells, pathology



of T1D and current state of B-cell differentiation. We give a comprehensive view and discuss the
different possibilities to engineer enhanced insulin-secreting cell/islet transplantation from a
translational perspective.

1. Introduction

Diabetes mellitus is a chronic disease that is caused by the body’s inability to effectively produce
or use insulin to process glucose in the bloodstream. It affects 463 million people worldwide and
is projected to affect 700 million people by 2045, making it the fastest growing health challenge in
the world [1]. Diabetes mellitus is classified into two categories: type 1 diabetes (T1D) and type 2
diabetes (T2D). T1D results from the autoimmune attack and death of 3-cells that produce insulin
in response to glucose in the islets of Langerhans of the pancreas; while T2D is caused by the in-
ability of B-cells to produce insulin and/or other cells’ ability to respond to insulin.

Currently, most patients with T1D, and some patients with T2D, maintain glucose levels through
the continuous monitoring of glucose and exogenous administration of the appropriate dose of in-
sulin. While there have been significant advances in glucose sensors, insulin pumps and so called
‘closed-loop systems’ for more precise control of glucose levels, disease progression still occurs
[2]. Insufficient blood glucose homeostasis puts patients at risk for ketoacidosis or hypoglycaemic
episodes, which can cause cardiovascular complications, seizures, and death [3]; and long-term in-
sulin replacement therapy can cause several adverse effects, such as partial lipodystrophy at the
administration sites as well as weight gain, further worsening the course of the disease [4].
Furthermore, there are many obstacles in the adoption rates of new technical advancements.
Patient accessibility or tolerance of the lifestyle adjustments required for new technologies has
been shown to be a hindrance and new technologies can take decades for patient adoption [5].
Even when adopted, dropout rates have been shown to be as high as 32 % for well-accepted tech-
nologies such as insulin pumps [5]. As such, scientists are in pursuit of a treatment that has a
more innate glucose response. Over the past few decades, many transplantation procedures have
been proposed as endocrine replacement therapy for T1D.

Whole-pancreas transplants have been successfully performed with relatively high graft survival
rates; however, the procedure is limited by the number of eligible donors and still poses risk as an
invasive surgery. Pancreatic islet transplants from donor tissues hold great promise for the treat-
ment of patients with T1D [6]. Recently, stem cell (SC)-derived B-cell or insulin-producing cell im-
plantation has received considerable focus. This new direction has required deeper investigation
into islet and -cell development to understand their mechanisms of differentiation. As some of
these cell types have unproven safety profiles, new technologies to encapsulate and support cells
post-transplantation are being vigorously investigated.

[slet transplantation is hindered by the ischemic conditions of the transplant site and an immune
reaction to the foreign islets, which destroys approximately half of the islets one-week post-trans-
plantation [7], [8]. These problems are compounded by the donor shortage issue by requiring
considerably more donor pancreases for one patient. There has been intense research in the pub-
lic and private area towards the development of biomedical devices to house islets and islet cells.
These devices can contain only islets, but many have been developed to contain molecules and



gels to support islet function in the first weeks of transplantation. Devices have been developed to
enhance the vascularization of the implant as well as protect islets from the host’s immune system.
Taken together, and with the right transplantation site, researchers have developed many promis-
ing methods to improve islet transplantation for the millions for diabetes sufferers worldwide (
Fig. 1).

In this review, we provide a short overview of T1D pathophysiology, pancreas development and
discuss topics regarding islet/cell transplantation, as well as current clinical treatments. The bulk
of this review will have a strong focus on pre-clinical developments in new cell types, biomaterials,
biomolecules, and devices for the advancement of transplanting insulin-producing cells. The con-
clusion will discuss the short-term and long-term future perspectives for islet transplantation and
identify which of the reviewed methods and technologies have the greatest potential to help the
largest stratification of patients with T1D.

2. Pancreatic islet development and biology

Genetic studies in mice have proven to be useful to study the development of the pancreas and (3-
cells. Detailed studies of human pancreatic development are difficult; however, many observa-
tional articles were reviewed by Jennings et al. [9]. During development, pancreatic endoderm
cells, marked by Ptfla and Pdx1 expression, become specified towards the exocrine or endocrine
lineages of the pancreas. Ptfla is a regulator of acinar cells of the exocrine lineage, while Pdx1 is a
regulator of cells of the endocrine lineage. The majority of the pancreas functions as the exocrine
gland consisting of acinar and pancreatic ductal epithelial cells that secrete digestive enzymes and
bicarbonate. These enzymes are secreted into the pancreatic duct to the duodenum to aid in the
digestion of food. Approximately 7-10 % of the cells in the pancreas are responsible for the en-
docrine role of the organ and are found in clusters called the islets of Langerhans. They consist
largely of a-, -, and &-cells that produce and secrete glucagon, insulin, and somatostatin, respec-
tively, to maintain blood glucose levels. These islets arise from precursor cells expressing Ngn3,
and their further specification into a- and (-cells can be attributed to expression of Arx or Pax4.
Ngn3 is an upstream activator of both Arx and Pax4, which transcriptionally repress one another
to promote either o- or (-cell specification. Islets of mice mutant for Pax4 lack B-cells and show a
greater proportion of a-cells [10], [11]; while those of a mice mutant for Arx lack a-cells and have
a greater proportion of B-cells [11]. Furthermore, Arx-mutant mice had increased numbers of
Pax4 transcripts in their pancreatic cells. Interestingly, in double-mutants of Arx and Pax4, there
was a dramatic increase in the proportion of 8-cells, and no a- or (-cells. In all mutant back-
grounds, the number of cells within the islets were relatively unchanged, with only changes in the
proportion of pancreatic endocrine cell types.

2.1. Islet composition and architecture

While human islets and cells show similar markers and suggest similar developmental patterns to
that of mice, its cellular organization is quite different. Human islets show no clear pattern or or-
ganization of the endocrine cells, while in rodents, the - and a-cells appear as distinct masses
within the islet. The islets have a mean diameter of around 100 pm and consist of endocrine cells
including B-cells (70-80 %), a-cells (15-20 %), 6-cells (5-10 %), pancreatic polypeptide cells (5-
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10 %) and e-cells (~1%) [12], [13]. Islets are highly vascularized structures with a dense network
of blood vessels and capillaries supporting the exchange of molecules such as the hormones, oxy-
gen, and growth factors. Islets are also innervated with nerve fibers, which are found between the
capillary and islet cells, regulating insulin production and secretion [14]. Immune cells, including

macrophages, dendritic cells, and T-cells [15], are also present. These cells play a major role in the

onset and progression of diabetes mellitus, due to their inflammatory and cytotoxic effects.
Furthermore, human islets have a unique organization of extracellular matrix (ECM) proteins to
create a double basement membrane, compared to rodent islets and the majority of other human
tissues that only have a single basement membrane [16]. Both the peripheral ECM surrounding
the islet and the peri-islet ECM that surrounds the endocrine cells are primarily composed of
laminins [17], collagen IV [18], and collagen VI [19]. The sequestered growth factors, particularly
VEGF-A, in the ECM supports (re)vascularization of the cells, playing a key role in islet survival
[20]. ECM components, integrin receptor activity, and islet-ECM interactions have been detailed in
other reviews [21], [22], [23].

2.2. B-cells and the immune system

T1D is a result of the body targeting and destroying its own insulin-producing [3-cells. Normally,
through the cooperation of the innate and adaptive immune systems, the body recognizes and tar-
gets foreign bodies that it deems harmful to the individual. Together, these two components of the
immune system fight off infections and maintain homeostasis within the body. The innate immune
system (IIS) provides an immediate response to invading pathogens and acts as the first line of de-
fense [24], [25]. The IIS acts through multiple types of cells, including macrophages, natural killer
(NK) cells, and dendritic cells, that recognize conserved features of pathogens such as prokaryotic
peptides produced during translation of bacterial proteins or viral double-stranded RNA. The
host’s immune cells recognize the pathogen-specific features by Toll-like receptor proteins, which
activate a cascade of pathways to initiate a phagocytic or inflammatory response [26]. These re-
sponses also signal to the adaptive immune system (AIS) that there is a foreign body posing a
threat to the individual [27].

AlS responds to foreign objects in a targeted manner, producing antigen-specific antibodies. The
major players of the AIS are two types of lymphocytes, B-cells and T-cells. While they both origi-
nate from the bone marrow, B-cells mature and assemble their B-cell receptor (BCR) and cell sur-
face immunoglobulins in the bone marrow, while T-cells mature and assemble their T-cell recep-
tors (TCRs) in the thymus. Upon recognition of an antigen, B-cells become activated into antigen-
specific plasma cells. These cells then secrete antibodies specific to the detected antigen to remove
it from the host system. T-cells recognize degraded pathogen peptides presented by major histo-
compatibility complexes (MHCs) on surfaces of the diseased cells [28]. MHCs exist in two classes:
MHC-I-class are found on all cells while MHC-II-class molecules are found on antigen-presenting
cells of the immune system including macrophages, dendritic cells, and B-cells [29]. When T-cells
come into direct contact with a MHC-I-class molecule with the pathogenic peptide, it becomes a
CD8™ cytotoxic-T-cell, killing the diseased cell. MHC-II-class protein are presented along with
pathogen peptides to be recognized by CD4* helper-T-cells. Helper-T-cells activate B-cells,
macrophages, and CD8" cytotoxic-T-cells to induce a greater immune response and eventual inac-
tivation of the pathogens [30], [31].



In the case of autoimmune disorders, T-cells recognize peptides of the host as foreign bodies and
induce an immune response. Normally, in a process called central tolerance, T-cells that react to
self-antigens are killed. During the maturation of TCRs in the thymus, self-antigens from tissues all
over the body are presented by the medullary thymic epithelial cells, and the T-cells that react to
these antigens undergo apoptosis [32]. T-cells have multiple types of receptors and ligands, such
that to stimulate an immune response, multiple signals must be sensed. When a T-cell recognizes a
self-antigen, but does not receive any other signals, it undergoes anergy where it becomes unre-
sponsive to that self-antigen. When the central tolerance mechanism fails and autoreactive T-cells
remain in the body, peripheral tolerance is employed through mechanisms such as anergy, in-
hibitory receptors, and using regulatory T-cells (Tregs) [33]. Tregs are a part of the helper-T-cell
population that modulate the immune response. When T-cells are responding to a self-antigen,
Tregs in the area would act to suppress the immune response [34]. Autoimmune disorders arise
when these tolerance mechanisms fail and autoreactive T-cells remain throughout the body [35],
[36].

Histologically, T1D is characterized by the inflammation of the islets and lack of healthy -cells, due
to the infiltration of autoreactive lymphocytes and macrophages [37]. The autoimmune nature of
T1D is due to -cells being targeted by autoreactive T-cells. Studies have identified a few genetic
predispositions of T1D, particularly those with specific alleles for the MHC-II-class, and some MHC-
[-class proteins; however, there is no clear marker linked to the disease or its progression [38].
The combination of different MHC proteins allows for the presentation of 3-cell auto-antigens,
which can result in the activation of T-cells and the immune response.

Due to the limited availability of pancreases and islets from patients with T1D, the peptides pre-
sented as auto-antigens remain inconclusive. Antibodies against islet-specific targets have been
identified as potential targets of autoreactive T-cells through both in vitro studies using patient
blood samples and in vivo studies using animal models. Most of these islet-specific targets are in-
volved in the secretory pathway of islet cells, including glutamic acid decarboxylase, zinc trans-
porter 8, islet-cell auto-antigen 69, and proinsulin. Assays for antibodies against these proteins are
often a measure for T1D diagnosis as results from multiple studies suggest that the number of an-
tibodies, rather than the antibody type, is more telling of disease development [39]. Interestingly,
many of the identified auto-antigens are found in all cells of the islets, with proinsulin being the
only B-cell-specific antigen. T-cells should not be autoreactive due to the unique MHC combina-
tions and presentation of the islet-specific antigens, suggesting impairment of the tolerance mech-
anisms. This could be due to low levels of islet antigens in the thymus resulting in the escape of the
autoreactive T-cells that do not come in contact with the antigen. While studies in diabetic mice
have shown that most T-cells targeting insulin are anergic, this peripheral tolerance was not
enough to prevent the onset or development of T1D; however, introducing more Tregs in the pan-
creas prevents the progression of diabetes in mice and is a possible therapeutic measure for pa-
tients. Kreiner et al. [40] provide a thorough summary and update on antigen-specific im-
munotherapy for the treatment of T1D. Through the exposure of islet-specific antigens, the goal is
to establish immune tolerance to the peptides potentially inducing an immune attack against the 3-
cells; however, this is still limited due to the lack of knowledge regarding these peptides. Recently,
Sona et al. [41] found increased presence of cell adhesion molecule 1 along with T-cells in pancre-
atic sections of patients with T1D when compared to healthy patients. They suggest this adhesion



molecule may allow intercellular interactions between the T-cells and the islet, leading to the loss
of B-cells. While specific genes, auto-antigens, or impairments in immune tolerance have not yet
been identified as necessary or sufficient for the progression of T1D, research has advanced
greatly in identifying key players involved in the development of the disease, creating more thera-
peutic targets to explore. More in-depth information on T1D can be found in Rogal et al. [42].

2.3. B-cell maturation

B-cells differentiate from their progenitors into an immature state where they can detect glucose
and secrete insulin. Mature adult (3-cells have increased glucose sensitivity and are able to regulate
their insulin production and secretion depending on the amount of glucose in the bloodstream
[43]. An ideal glucose-responsive cell for implantation would be able to regulate insulin secretion
in response to the amount of glucose in the bloodstream while maintaining its self-renewable ca-
pacities for long-term efficacy. In vitro, this is assessed through a glucose-stimulated insulin secre-
tion (GSIS) assay where the islets are challenged with low and high concentrations of glucose to
determine their insulin secretion. Analysis of insulin secretion of islets from infants showed an in-
creased basal secretion of insulin compared to those of adults until one year of age. These results
suggested that the islets were only functionally mature after the first year [44], [45], [46].
Transcriptomic studies differentially analyzing immature and mature 3-cells found key differences
in the expression of transcription factors. Mature (-cells from mice showed increased RNA ex-
pression levels of Nkx6.1, NeuroD1, and MafA, and significantly reduced levels of MafB compared
to immature 3-cells. Ucn3 showed the greatest increase in mature -cells; however, its introduction
to immature (-cells in vitro was not sufficient to support their maturation [47]. scRNA-seq of hu-
man adult islets showed that (3-cells expressing both MAFA and MAFB had higher expression levels
of genes involved in glucose sensing and had greater electrophysiological activity than those ex-
pressing only one of the two transcription factors [48].

Studies have also investigated the pathways involved in glucose metabolism to determine how ma-
ture 3-cells tune their response to the amount of glucose. This was analyzed by how glucose en-
ters the cell, how glucose is recognized or processed within the cell, or how insulin is produced
and secreted. Normally, glucose enters the cells passively through glucose transporters (GLUT) on
the cell surface. GLUT-2 was shown to be the primary transporter; however, analysis of human
islets and [3-cells in vitro showed greater expression of GLUT-1 and GLUT-3, suggesting a larger
role for these transporters in humans [49], [50]. A study exploring the genetic mutations in 104
patients with neonatal diabetes mellitus found that 5 % of the patients had a homozygous muta-
tion in the gene encoding GLUT-2. These patients were unable to secrete insulin and were depen-
dent on insulin replacement therapy, showing that GLUT-2 played a key role in the transport of
glucose in humans as well. Within the cell, glucose enters the glycolytic pathway, eventually pro-
ducing ATP and depolarizing the membrane, leading to the exocytosis of insulin granules. The
change in glucose sensitivity between the immature and mature (3-cells can be attributed to differ-
ences in the glucose-sensing and metabolic pathways.

Mature -cells have been shown to have a heterogenous population in terms of metabolic redox
rates, where cells have different response levels. When (3-cells from adult rats were sorted based
on low- and high-metabolic rates, Heimberg et al. [51], found that the differences in glucose me-




tabolism was not because of changes in expression or activity of the glucose transporter, but of
the phosphorylation of the glucose by hexokinase during the first step of glycolysis. Of the four
mammalian hexokinases, mature 3-cells only express hexokinase 4, glucokinase, which has a low-

affinity for glucose, while repressing expression of the hexokinases with high-affinity for glucose
[52], [53], [54], [35].

While highly-responsive adult rat 3-cells also showed high levels of hexokinase 1 and glucokinase
activity, the low-response cells, similar to mature 3-cells, showed only glucokinase-dependent glu-
cose phosphorylation [51]. These results suggested that the switch from hexokinase to glucoki-
nase regulated the maturation of the 3-cells. This was further supported by in vitro cultures of fe-
tal rat islets where initial cultures of the fetal islets expressed hexokinase 1 which was then lost
upon further culture, and only glucokinase was present, in line with the maturation of the -cells
[52]. Furthermore, upon culture of mouse islets from healthy and undernourished pups, it was
found that there was increased hexokinase activity in the undernourished pups compared to the
healthy pups, while glucokinase activity was similar [56]. This suggested that the 3-cells did not
mature postnatally as expected due to the poor diet, supporting the idea that 3-cell development
and postnatal maturation were also dependent on external factors; however, these measures of
hexokinase-1 are disputed due to potential contamination of the tissue isolation with fetal pancre-
atic acinar cells, which were not supported by the culture medium and died [57].

Tu and Tuch [58] compared glucokinase activity in islet-like cell clusters (ICCs) from human fetal
tissue with human adult islets and found that while the ICCs had similar Michaelis coefficients (K,)
of glucokinase to that of the islets, the maximal velocity (V,.x) of the enzyme was significantly
lower in the ICCs. When the ICCs were cultured for a week, the V.4 of the glucokinase had almost
a 4-fold increase; however, this did not result in an increase in insulin secretion, suggesting differ-
ences not only in the glucokinase enzyme presence and kinetics between immature and mature f3-
cells, but also downstream in the signalling pathway for insulin secretion.

These studies shed light on the complexity of 3-cell maturation at each step of sensing and re-
sponding to glucose through different types of glucose receptors and different enzyme kinetics

during glucose metabolism, and how these factors need to be considered during the treatment of
T1D.

3. Current state of islet transplantation

3.1. The Edmonton protocol and islet allotransplantation

The Edmonton Protocol was the first successful protocol for islet transplantation and is still the
basis of the current gold standard for islet transplantation. First published in the year 2000, it
greatly advanced the field of islet transplantation. Improvements on the protocol has giving pa-
tients insulin-independency for up to 5 years [59], [60]. It consists of islet isolation through enzy-
matic digestion and infusion of the islets into the portal vein. Induction agents are added before
the procedure, a maintenance therapy is induced and, often, the addition of steroid-sparing anti-
inflammatory agents, such as etanercept or anakinra, follows to protect the islets from the im-
mune system. The aim of the protocol initially was to achieve independence of external insulin



supplementation for treated patients. Yet, over time, it has changed to eliminating hypoglycaemia
and restoring the patient’s awareness of hypoglycaemia. In the rather rare cases, in which inde-
pendence of insulin supplementation can be reached, transplant function progressively declines
over time, which nevertheless allows long-term satisfactory metabolic control [59]. In line with
these goals, a delay of complications of diabetes is another objective of the procedure. Studies
suggest a beneficial effect of islet transplantation compared to sole basal-bolus insulin regimens
on the decline in kidney function [61], retinopathy [62], as well as neuropathy [63], [64]. More
data are currently needed to better understand the effect on macrovascular events in patients

with islet transplantation. Of note, islet transplantation has been shown to lead to an improvement
in quality of life likely owing to the resolution of hypoglycaemic events, the reduction or freedom
from external insulin supplementation, better glucose control and reduction in microvascular
complications [65]. The risks, however, include complications for the minimally invasive surgery
and side effects from long-term immunotherapy. Furthermore, the beforementioned shortage of
islet donors is very restrictive.

Over the years, the isolation of islets has been optimized to obtain the greatest quantity and purity
from donor pancreases. Standard practice is to treat the donor tissue with collagenase along with
mechanical disruption of the tissue to free the islet clusters while the acinar tissue is digested. This
is followed by a filtration and purification process. The islets are then cultured for 72 h to assess
their viability and functionality through their response to glucose levels. Often, the quality of the
islets was poor due to damage from the mechanical disruption. The isolation was a laborious and
abrasive process that risked contamination of the tissue between the steps. In 1988, Ricordi et al.
[66] developed an isolation chamber, commonly referred to as the Ricordi chamber, that allowed
for most of the islet isolation to be automated. The tissue is placed in the chamber with proteases
and stainless-steel balls for breakdown of the fibrous tissue. The islets and tissue fragments then
pass through the filtration chamber where they are no longer digested, increasing the yield of vi-
able islets. The chamber design has been modified over the years to reduce rough handling of the
tissue. An interesting adaptation was the use of hooks inside the chamber walls to capture and
more gently tear apart the tissue instead of the stainless-steel balls. A general standard for num-
ber of islets to be transplanted should be at least 5000 islet equivalents (IEQ: islets of 150 pm di-
ameter) per kilogram of body weight (5000 IEQ/kg) [67]. While many advances in isolation have
allowed for more and more numbers of healthy islets to be procured, it still does not allow for
100 % isolation of the islets, such that, on average, two donor pancreases are needed to meet the
transplant requirement [68], [69]. Other islet cell sources including porcine islets, and differentia-
tion of stem cells into B-cells have been explored to overcome this limitation.

3.2. Xenotransplantation

With the limited number of donor pancreatic islets, the use of porcine islets has shown great po-
tential for islet cell replacement therapy. Porcine insulin was one of the first types of insulin to be
derived and used as treatment for T1D. Porcine and human insulin differ only by one amino acid,
and the islets are also structurally and functionally very similar. The transplant and treatment regi-
men of porcine islets have been modified since the first porcine pancreatic xenotransplantation in
the late 19th century, such that in 1994, Groth et al. [70] showed functional grafts of porcine ICCs
in patients with T1D up to one year post-transplant.



When considering any transplant, the immunological response of the host to the foreign tissue
must be addressed. The biggest obstacle in such xenotransplants is overcoming immune attacks
against xenoantigens such as porcine endothelial cell-specific galactose-a1,3-galactose (Gal) and
N-glycolyl neuraminic acid (Neu5Gc) [71]. Previous attempts in suppressing or removing anti-Gal
antibodies in the non-human primates (NHPs) only delayed rejection and did not improve the out-
come of the transplant; however, deletion of the genes encoding Gal and Neu5Gc in the pigs signif-
icantly reduced human serum antibody binding. When blood samples from the edited pigs, hu-
mans, and chimpanzees were analyzed for human antibody binding, it was found that the blood
from pigs lacking Gal and Neu5Gc were a better match to the human samples than the chim-
panzees [72]. In addition, porcine xenotransplants come with the risk of transmission of porcine
endogenous retroviruses (PERVs). Earlier studies tried to select for pigs with a low copy number
of the proviruses, but it proved to be difficult and was still transmitted to mice with porcine xeno-
transplants. Though there are no reported instances of PERV transmission in NHP studies yet,
many measures are being taken to ensure there is no risk to humans. With the advent of genetic
engineering, the genomes of the pigs used for tissue procurement were modified to delete the Gal
antigen, and to inactivate the retrovirus. In studies looking at porcine heart xenotransplants into
baboons, hearts from pigs with the Gal gene deleted had longer survival and function of the graft
[73], [74]. Furthermore, multiple clinical studies in NHPs, where diabetes was chemically induced,
showed that when paired with an immunosuppressive regimen, the xenotransplanted porcine
islets survived and were functional for at least a year. Through measurements of blood glucose
and C-peptide levels, researchers found that normoglycemia was maintained for greater than six
months, with the longest survival for almost two years [75]. The recent heart transplant per-
formed by surgeons at the University of Maryland of a porcine heart into a human further demon-
strated the applicability of xenotransplantation from pig donors. Revivicor™ genetically modified
ten genes in the pigs to make them more compatible with humans. Three genes responsible for
the production of the galactose that triggers an immune response were knocked out [76], [77]. A
growth hormone receptor was also knocked out to prevent the growth of the pig organ following
transplantation. Six human genes were introduced into the pigs to support anti-inflammatory re-
sponses, blood coagulation, blood vessel integrity, and immune modulation [78]. The transplant of
the heart from these “clinical-grade pigs” [79] into a human recipient has also encouraged similar
strategies to be investigated more rigorously. Interestingly, there exists the “cleanest pigs” [80] in
New Zealand that were introduced there centuries ago which were found to be disease-free. The
lack of infections in this population of pigs makes them an attractive choice as organ donors for
humans, and are being studied by scientists to determine which genetic modifications they may re-
quire to make them more suitable for human recipients [80]. With genetic modifications to limit
the risk of immune attack and disease transmission, and similar islet physiology to humans, pigs
are a promising source of islet cells to meet the growing demands for islet cell replacements.

As previously mentioned, islet transplantation, whether it be the Edmonton Protocol or newly de-
veloped encapsulation devices, has two major challenges: hypoxia and the immune reaction to the
transplant. Throughout this review, we will discuss a very broad-spectrum of methods to over-
come these hurdles, a considerable amount only investigated in animal models. Despite all of the
research that will be presented in this review, the Edmonton Protocol is still the gold standard and
may continue to be so for a number of years to come. A short summary of the key challenges and
potential solutions can be found in Table 1.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9531713/table/t0005/

4. Advanced insulin-producing cells for transplantation

4.1. Stem cells

Stem cells are a renewable source of cells defined by their potency to differentiate into specific cell
types. Stem cells can be isolated at different stages of development ranging from embryonic tissue
to specific organs, where their potency to produce different cells becomes more restricted. Those
derived from the pre-implantation embryo are considered pluripotent, meaning they can produce
all cell lineages of the body, while somatic stem cells are multipotent. Somatic stem cells can be
from different tissues of the fetal and adult body where they are from a particular germline or or-
gan, and are restricted to produce cell types of that lineage [81]. These cells can be cultured, ex-
panded, and differentiated into the desired cells in vitro, allowing for rapid generation of cells
needed for cellular therapies [82], [83]. The differentiation of stem cells into pancreatic islets

and/or insulin-producing 3-cells has been of great interest in the recent decade to meet the high
demand of endocrine replacement therapy for patients with T1D.

4.1.1. Embryonic stem cells Embryonic stem cells (ESCs), derived from the pre-implantation em-
bryo, are examples of pluripotent stem cells (PSCs) as they have the capacity to produce cells of all
lineages. Greater understanding of the development of the pancreas and its (3-cells has allowed for
better control of the signals ESCs need to differentiate into insulin-producing 3-cells. Through se-
quential activation and inhibition of growth factors and signalling molecules, studies have shown
that a stage-based differentiation procedure most effectively produces 3-cells that function simi-
larly to those found in islets in vivo. Progressive differentiation of ESCs into the definitive endo-
derm, primitive gut tube, pancreatic and endocrine progenitors, and finally 3-cells proved to be
more efficient in generating functional insulin-producing 3-cells [84].

Protocols from different labs use similar medium cocktails and timing with TGF-f-family mole-
cules, retinoic acid, and fibroblast growth factors (FGFs) playing key roles in directed differentia-
tion. Each stage is defined and confirmed through expression of stage-specific proteins, and the fi-
nal culture of (-cell function is assessed by insulin production and secretion in response to glu-
cose. While differentiation protocols from various labs are similar in terms of pathways targeted,
some protocols are unique with respect to specific molecules and cell culture systems used to pro-
duce glucose-responsive 3-cells.

In a study by Rezania et al. [85], they assessed specific signalling molecules and changed the cell
culture method from adherent to suspension cultures within the protocol to obtain a greater num-
ber of B-cells from human ESCs (hESCs). Building on earlier studies, the group targeted the same
pathways using different proteins, such as GDF8 in place of the commonly used activin A, both of
which are members of the TGF-B-family. They found that such replacements in the culture medium
increased the pancreatic progenitor population. In addition, the group introduced vitamin C to the
medium at the beginning of the process and identified that it supported the expansion of the pan-
creatic progenitor cell population before it became further differentiated. Furthermore, this group
also emphasized the advantage of switching culture systems from a planar culture at the start to
an air-liquid interface culture at the stage of endocrine progenitors. This change allowed for the
cells to be exposed to oxygen and obtain apical-basal polarity. This resulted in a greater popula-



tion of cells expressing (3-cell-specific markers and increased expression of insulin compared to
cells on a planar culture system throughout the entire differentiation process. These cells, when
transplanted into diabetic mice, reversed diabetes much faster than the pancreatic progenitor cells
described by previous studies. Recently, Liu et al. [86] used this protocol to differentiate hESCs
into pancreatic progenitors following which they included different combinations of small mole-
cules and growth factors to the medium recipe to increase the efficiency of (3-cell differentiation to
greater than 60 %. This massive screen showed that some of the factors were similar to that of the
original protocol; however, the combination and timing of their inclusion after the pancreatic pro-
genitor cell stage were key to increase the differentiation efficiency. The effectiveness of these
modifications was shown in the original hESC line and may need to be further optimized for other
cell lines.

Over the years, slight modifications to the stepwise protocol have been made to reduce culture pe-
riod and improve efficiency of 3-cell differentiation. These modifications are often made to the
protein supplement and/or its concentration. A major limiting factor of the differentiated -cells is
the lack of maturation of these cells. Developmentally, 3-cells mature within the islets of
Langerhans postnatally. As such, most of the knowledge on (3-cell maturation is from animal mod-
els. While the molecular mechanisms driving this functional maturation are still under investiga-
tion, comparisons of fetal and adult islets have allowed for the identification of the differences be-
tween immature and mature (3-cells [87]. While both immature and mature 3-cells metabolize glu-
cose, mature cells show increased activity of the Krebs cycle as they metabolize the glucose and
have increased number of insulin secretory granules. In addition to [3-cell markers, Pdx1, Nkx6.1,
and Isl1, upon maturation, B-cells also express MafA, Ucn3, and Erry. Functional maturation of the
B-cells allows them to regulate their insulin secretion in response to glucose levels in the environ-

Nair et al. [88] achieved around 90 % efficiency of -cells by implementing cell cluster dissociation,
sorting, and reaggregation steps. In line with clustering of islet cells as 3-cells mature in human de-
velopment, these additional steps attempted to mimic the environment in which 3-cells mature.
hESCs engineered with GFP-tagged insulin were differentiated into (-cells using a stage-wise pro-
tocol. To increase the yield and purity of the [3-cell population, this group dissociated the aggre-
gates of differentiated -cells, and then sorted and cultured only the GFP+ ve (3-cells. This resulted
in the formation of islet-sized clusters of only 3-cells which functioned similarly to mature human
B-cells.

Another study published around the same time also emphasized the importance of regulating
cluster size in differentiation of PSCs into (-cells [89]. They achieved an almost-pure population of
B-cells by modulating TGF-3 signalling throughout the differentiation process while also restricting
cluster size for uniform differentiation within the cluster. These -cell clusters showed greater in-
sulin production and glucose-responsiveness than previously published studies using similar pro-
tocols and cell numbers [90]. Furthermore, this group also showed that the 3-cell population
could be effectively isolated from the pool of differentiated cells using the intracellular zinc con-
tent. The process of insulin-packaging and secreting involves the organization of multiple zinc ions
and transporters, allowing for the sorting of zinc-enriched cells to be a strong selection tool for 3-
cells [91].



Recently, Balboa et al. [92] used different aspects of previously published protocols together in-
cluding medium cocktails and culture conditions and provided an in-depth analysis of the hPSC-
derived B-cells and primary islets using scRNA-sequencing, electrophysiological analyses, calcium
and metabolite imaging, and animal studies. They found that the hPSC-derived B-cells and primary
islets had similar biphasic glucose-responsiveness and action potential and exocytotic behaviour;
however, had lower mitochondrial respiratory activity and Krebs cycle turnover in response to
glucose compared to the primary islets, indicating an immature state of the cells despite their glu-
cose-responsiveness. Engraftment of the hPSC-derived 3-cells in mice further allowed for the mat-
uration of the cells as shown by the transcriptomic analyses [92], which is also in line with the
concept of requiring the pancreatic microenvironment for proper maturation of these cells [93].
This study highlighted the need for thorough analysis of hPSC-derived -cells and evaluations
against primary human islets to understand what modifications must be made to current differen-
tiation protocols to better generate functional (3-cells.

As our knowledge of human islet development expands, differentiation protocols are adapted to
mimic the cues the cells experience in vivo to efficiently differentiate ESCs into 3-cells for islet cell
replacement therapy. Though there has been great progress in such technical aspects, there still
exists ethical issues of harvesting human embryos. As such, the use of induced-pluripotent stem
cells (iPSCs) and adult stem cells is of great interest to produce (-cells for islet replacement
therapy.

4.1.2. Induced-pluripotent stem cells A renewable source of pluripotent cells is available through
the generation of iPSCs from adult cells [94], [95], [96]. By exposing adult somatic cells to the clas-
sical Yamanaka factors OCT4, KLF4, SOX2, and MYC in culture conditions similar to that of ESCs,
the adult cells obtain ESC-like characteristics. iPSCs have similar morphological and transcriptomic
characteristics to PSCs, with their ability to differentiate into cells of all three lineages. As such,
these cells also present the risk of teratoma formation like ESCs, but the use of iPSCs overcomes
ethical issues as no embryos are destroyed. More interestingly, the use of iPSCs for cellular re-
placement therapy overcomes the issue of immune rejection as the patient’'s own cells can be re-
programmed into iPSCs; however, in the case of T1D, this will likely still pose a problem as T1D is a
result of an autoimmune attack against the patient’s own [3-cells.

iPSCs can be differentiated into (3-cells using similar protocols to those established for ESC differ-
entiation [85], [90], [97], [98], [99]; howevVer, a couple of studies have also claimed that differ-
ences in epigenetic profiles and genetic instability of iPSCs affect their differentiation requirements
and efficiency. Rezania et al. [85] show greater efficiency of ESC to (3-cell differentiation when cul-
tured with vitamin C; however, they also report fewer 3-cells derived from iPSCs using the same
protocol. Furthermore, when Yabe et al. [100] used the same protocol with another hESC and
hiPSC line, they were unable to achieve similar efficiencies. These results emphasize much more
work is needed to find optimal conditions for each cell type and cell line to determine which has
the greatest efficiency for differentiation into (-cells and greatest survival rate in the patient.

Hogrebe etal. [101] achieved greater (-cell differentiation efficiencies using hiPSCs and hESCs by
modulating the cytoskeleton. They reasoned that actin polymerization had been shown to influ-
ence endodermal lineage specification, and as such, used Latrunculin A to depolymerize the actin



network for endocrine specification. This depolymerization allowed cytoskeletal rearrangement
and cell polarization, supporting the maturation of -cells that displayed similar GSIS to human
islets and were able to maintain blood glucose levels in diabetic mice [101]. As the basement mem-
brane is a crucial trigger for cell polarization, Singh et al. [102] studied the ECM components of
differentiated islet-like spheroids and found that this was not sufficient for cell polarity establish-
ment of the cells. When hPSC-derived islet-like spheroids were dispersed and seeded as a mono-
layer on basement membrane proteins laminin 511, collagen IV, or fibronectin, they showed signif-
icantly lower basal insulin secretions with a greater GSIS index. Furthermore, this cytoskeletal re-
arrangement has also allowed for the differentiation of pancreatic endocrine progenitors towards
mature (-cells when in planar culture [103], reducing the complexity of the clustering of cells, and
increasing the number of cells differentiated.

The improvements in differentiation efficiencies of stem cells into (3-cells are largely based on ex-
pression of 3-cell-specific gene expression and their ability to respond to glucose; however, this
response is still inferior to islets from donors. Davis et al. [ 104] investigated the metabolic differ-
ences between donor islets and SC- derived -cells in terms of glucose sensing and response. They
found that both donor islets and SC- derived [-cells were capable of similar levels of glucose up-
take and produced similar levels of metabolites during early glycolysis. SC-derived (3-cells were un-
able to maintain electron transport chain activity of late glycolysis in the mitochondria due to inef-
ficient replenishing of the glycolytic metabolites, particularly following the PGK1 and GAPDH reac-
tions, in high glucose conditions [104], [105]. When metabolites from the late glycolysis reactions
were supplemented to the cultures, SC- derived (-cells were able to maintain mitochondrial elec-
tron transport chain activity and secrete insulin in response to glucose at levels comparable to
donor islets. However, a question remains as to why the SC-derived (3-cells have this inhibition in
their glycolytic pathway and how this can be prevented during the differentiation process.

4.1.3. Stem cell-derived -cells and the immune system The mis-matching of human leukocyte anti-
gens (HLA) of hiPSCs limits their effectiveness as a therapeutic solution to the autologous use of
the cells rather than from a cell bank [106], [107], where characterizing and banking hiPSCs ho-
mozygous for different HLAs is important [108]. Furthermore, it has also been shown that the in
vitro culture of hiPSCs and differentiation affects their immunogenicity and increases their HLA
profiles [106]. The in vitro conditions results in the expression of immune ligands that normally
would have been presented to the body during development to build central tolerance [109].
These factors still pose the risk of stem cell-derived [3-cells to be identified and eliminated by the
immune system. Current strategies in protecting the transplanted [3-cells from the immune system
include encapsulating them with biomaterials and cells such as MSCs in order to modulate the im-
mune response which we discuss further in this review. Nevertheless, researchers are trying to
minimize the need for further devices and cells for a successful islet transplant. In this regard, sci-
entists have generated stem cell lines deficient of HLA genes encoded by MHCs so that cells differ-
entiated using these lines are not recognized or targeted by the immune system. Riolobos et al.
[110] used adeno-associated viruses to knockout 32 Microgloblulin (2M) in hESCs to create HLA-
[-deficient stem cells. The modified SCs, in their naive and embryoid body state, did not stimulate
T-cells or become targets of NK cells, compared to their wild-type counterparts. More recently,
B2M-deficient hiPSCs were generated using CRISPR/Cas9 technology, showing similar immune-
modulating effects when differentiated towards the hematopoietic lineage [111]. These results are



in line with a previous study by Prange et al. [112] where transplantation of f2M-deficient islets in
the immune-privileged kidney capsule [113], [114] of nonobese diabetic (NOD) mice showed in-
creased viability compared to wild-type islets.

The idea of universal stem cell donors is picking up traction amongst cell therapies as ready-to-use
stem cells for differentiation into any lineage for any patient. hiPSCs engineered to lack both 2M
of MHC-I-class and MHC-II-class transactivator (CIITA) through CRISPR/Cas9 maintained their
pluripotency and ability to differentiate into cardiomyocytes, while activating T-cells at significantly
lower levels compared to wild-type hiPSCs [115]. The engineered hiPSCs were not recognized by
NK cells and the cardiomyocyte spheroid was maintained compared to the wild-type spheroids
which decreased in size and showed irregular contractile behaviour.

Han etal. [116] employed a slightly different strategy in creating a universal stem cell donor. They
used CRISPR/Cas9 in hESCs to knockout multiple HLAs of the MHC-I class and CIITA of MHC-II-
class, while also overexpressing HLA-G, programmed death ligand 1 (PD-L1), and CD47 which are
involved in protecting cells from NK cells, suppressing T-cell response, and preventing
macrophage phagocytosis, respectively. They engineered two hESC lines, one with just the knock-
out (KO cells) and one with both the KO and overexpression (KI cells). These cells retained their
pluripotent capacities and were able to differentiate in to the three germ layers effectively and
comparably to wild-type cells. The engineering hESCs were differentiated into endothelial cells
(ECs) or vascular smooth muscle cells to act as MHC-presenting cells. They were co-cultured with
T-cells and T-cell activation was assessed. The KO cells showed reduced T-cell proliferation, activa-
tion, and T-cell cytotoxicity, where the KI cells were significantly more protective in terms of reduc-
ing T-cell proliferation and cytotoxicity. When cultured with NK cells, the KO cells showed similar
NK cell degranulation levels to the wild-type cells, while the KI cells showed significantly reduced
NK cell degranulation and cytotoxicity compared to the KO cells. Similarly, Parentetal. [117] used
CRISPR/Cas9 in a stem cell line with an insulin-GFP reporter to delete most HLA- I genes and
CIITA, while retaining HLA-AZ2. These cells were then successfully differentiated into insulin-pro-
ducing cells and assessed for their immunogenicity. Insulin-producing cells differentiated from
HLA-KO with retention of HLA-A2, compared to wild-type cells or cells without any HLA genes, ac-
tivated significantly lower levels of NK cells. Furthermore, when transplanted into the spleen of
humanized mice, these cells showed significantly greater cell mass and survival four weeks post-
transplant than those derived from the unmodified stem cell line. Engineering of stem cells to cre-
ate these universal stem cell donors allow for the targeting of both the adaptive and innate im-
mune responses to create a universal stem cell donor for patients also suffering from autoimmune
disorders such as T1D.

The transplantation of human islet-like organoids (HILOs), that are more similar to native islets in
terms of cellular composition and architecture, have been proposed as a treatment for T1D [118].
hiPSCs overexpressing PD-L1, a suppressor of the AIS, were differentiated into pancreatic en-
docrine progenitors and co-cultured with human adipose-derived stem cells and human umbilical
vein endothelial cells (HUVECs). They all formed a spheroid structure in a 3D cell culture system,
resulting in the upregulation of WNT4 and ERRy, known to improve SC-derived 3-cell maturation
and GSIS [119]. This also resulted in the upregulation of mitochondrial genes, improving the ox-
idative respiration and glycolysis, and consequently improving insulin production in response to



glucose. Furthermore, when transplanted into immune-competent mice, the HILOs were able to
evade T-cells and NK cells and maintain glucose homeostasis longer than the HILOs without the
PD-L1 overexpression. Recently, Leite et al. [120] generated hPSC-derived 3-cells that were then
transduced with lentiviral small hairpin RNA to knockdown genes involved in cellular stress and
immune recognition. Following knockdown of XBP1, CDKN1A, NLRC5, and 2M reduced apoptosis
was observed upon stress induction while there were no effects on the -cell function.
Interestingly, the knockdown also protected the cells from recognition and apoptosis by allogeneic
T1D PBMCs with reduced activation and proliferation of T-cells, and a decrease in proinflamma-
tory cytokines.

While these immuno-evasive cells are an attractive solution for cell replacement therapies, they do
pose a risk should their differentiation not be complete or homogenous, and the cells become tu-
morigenic post-transplantation. Modulating their own antigen presentation or T-cell activity are
strategies tumour cells use to evade the immune system, leading to tumour progression [121].
Immune system engineering to overcome these evasion techniques and target the tumour cells is
under intense research, with much progress still required to eradicate the cancer. Genetic engi-
neering of stem cells to generate hypoimmunogenic stem cells through deletion of the antigen-
presenting molecules and expression of proteins that can modulate T cells, makes it easier for
these cells to become cancer if they are tumorigenic post-transplantation. The inclusion of safety
switches in the engineered cells [122], or antibodies targeting an overexpressed immune modula-
tor are possible strategies for overcoming this issue. These cells are engineered to not be detected
by the host's immune system to prevent immune rejection in cell replacement strategies, but there
are considerable implications if these cells eventually become cancerous.

4.2. Stromal cells

4.2.1. Pancreatic stromal cells Multipotent adult stem cells residing in the pancreas have been

shown in mice. These cells were found near the ducts and when cultured, had the ability to self-re-
new and differentiate into endocrine cells of the pancreas [123], [124], [125], [126]; however, the
presence of such cells in humans remained unclear for decades. Isolation of cells near ducts of the

human pancreas quickly entered senescence and failed to remain as a renewable source of cells
[127]. This may have been due to inadequate culture conditions to support cell proliferation and
stem-ness. Interestingly, the transduction of PDX1 and NeuroD proteins allowed these cells to be
differentiated into insulin-producing cells. Bonner-Weir et al. [128] cultured and expanded human
pancreatic ductal tissue discarded following islet isolation. Upon addition of external ECM cues by
adding Matrigel on top, the cells organized into 3D duct-like cysts with pancreatic endocrine cells.
These islet cells budded from the cyst structures and upon further culturing, differentiated into
mature B-cells that produced insulin in response to glucose. Work published by Seeberger et al.
[129] suggested that the cells from the exocrine pancreas contain mesenchymal stromal cells
(MSCs). Ductal tissue cells remaining post-islet isolation were capable, with appropriate medium,
of differentiating into osteogenic, adipogenic, and hepatic lineages, and presented cell surface anti-
gens like that seen in MSCs. While these studies suggested the presence of multipotent MSCs resid-
ing in pancreatic tissue, this cell population was still not well identified or characterized. Using lin-
eage-tracing, Dominguez-Bendala’s group from the University of Miami showed a progenitor-like
cell population within the pancreas [130]. They found that cells of the pancreas’ exocrine tissue



can be expanded and directed towards multiple pancreatic cell types, including endocrine cells,
through modulation of BMP7 signalling. This study described potential markers of identifying pro-
genitor cells within the pancreas and how to expand this cell population ex vivo to produce suffi-
cient cells for (-cell replacement therapy. A major advantage of using adult, organ-specific stem
cells compared to ESCs is their low affinity to form teratomas, and their commitment towards a lin-
eage already reduces the in vitro manipulation and, perhaps, greater efficiency of differentiation
for the desired cells.

4.2.2. Mesenchymal stromal cells Found within adult tissues, multipotent MSCs, have been charac-
terized by the ability to self-renew and differentiate into cells of multiple lineages. MSCs can be iso-
lated from bone marrow, umbilical cord, and adipose tissue, where the most common cellular
therapy is bone marrow transplantation for autoimmune and hematologic disorders. Similar to iP-
SCs, MSCs also offer the advantage of overcoming the risk of immune rejection and can be ex-
panded in vitro. In addition, MSCs do not tend to form teratomas and secrete many growth factors
which help the growth and survival of surrounding cells. They have been shown to have immuno-
modulatory properties through the suppression of T-cell proliferation by inhibiting IFN-y and
TNF-a, and upregulating IL-10 [131], [132]. MSCs are also pro-angiogenic through production and
secretion of VEGF, HGF, IL-6, and TGF-1 [133], [134].

MSCs and their characterization as a “stem cell” has been misinterpreted in the field of stem cell
biology. While these cells act as multipotent stem cells maintaining tissue homeostasis their differ-
entiation potential is limited depending on their tissue of origin [135], [136]. They were consid-
ered for -cell differentiation in vitro; however, with poor efficiency thus far [137], [138], [139].

Nevertheless, due to their immunomodulatory and pro-angiogenic properties. MSCs still show sig-
nificant impact on 3-cell replacement therapy when transplanted with 3-cells, improving graft sur-
vival and GSIS [134], [140], [141], [142]. Co-culture of human adipose-derived MSCs (Ad-MSCs)
with either murine or human islets reduced islet cell death and improved GSIS in vitro. When the
Ad-MSCs and islets co-cultures were transplanted into mice, they were able to achieve normo-
glycemia compared to islets alone or Ad-MSC and islet co-transplants that were not cultured to-

gether beforehand [143]. This improved insulin secretion was dependent on the direct cell contact
between the MSCs and islets through N-cadherin [144]. Co-transplantation of murine MSCs and
islets through the portal vein of mice showed that the MSCs through their secretion of prostaglan-
din E2 was able to inhibit NK cell activity in the liver improving survival of the transplant [145]. A
similar study where the cells were also co-encapsulated in microcapsules and transplanted into
the intraperitoneal cavity of the mice found that the MSCs helped reduce fibrotic overgrowth
around the capsule through increased expression of anti-inflammatory cytokines [146].

Furthermore, Villard et al. [147] isolated the stromal cells surrounding human islets. Through iso-
lation and culturing of human islets, this group was able to identify and maintain the adherent
cells of these cultures. While these cells exhibited similar markers, and proliferation and immuno-
modulatory capabilities to bone-marrow MSCs, they showed increased expression of ECM pro-
teins enriched within the pancreas, including type I, IV, and VI collagens, fibronectin, and laminin.
When co-transplanted with B-cells, this would further support the survival and function of the (-
cells by creating a pancreatic-like environment while reducing peripheral blood mononuclear cell
activation and encouraging angiogenesis at the transplant site. Recently, Wang et al. [148] engi-



neered MSCs (eMSCs) to express PD-L1 and cytotoxic T-lymphocyte-associated protein 4 (CTLA4)
to further enhance their immunoprotective effects. The eMSCs offered a local protective effect and
significantly improved islet viability and function for up to 100 days when co-transplanted into the
kidney capsule of diabetic mice without immunosuppression compared to wild-type MSCs or no
MSC control groups. The eMSCs rescued blood glucose levels in diabetic mice sooner than the con-
trol groups while significantly reducing effector T cell presence at the transplant site, delaying
graft rejection. These results show potential of modifying accessory cells to modulate the immune
system and reduce the need for immunosuppressants in such transplants.

4.2.3. Amniotic epithelial cells Human amniotic tissue is an underrated reservoir of stem cells.
[solated from the placenta, human amniotic epithelial cells (hAECs) express stem cell markers in-
cluding OCT4, NANOG, and SOX2, and can differentiate into all three germ layers with low risk of
teratoma formation [149]. These cells pose no ethical issues as placental tissue is considered a
waste product following birth. Similar to MSCs, hAECs have been shown to not elicit an immune re-
sponse and secrete proteins supporting angiogenesis such as VEGF and angiogenin. In addition,
these cells also prevent fibrosis of surrounding tissue through its secretion of hyaluronic acid
[150]. The pluripotent and immunomodulatory effects of hAECs make them a strong candidate for
cell transplant therapies [151], [152]. hAECs have been differentiated into hepatic [153], neuronal
[154], and osteogenic [155] lineages.

hAECs have successfully been differentiated into cells of the pancreas in vitro [156]. Using a 3D
culture system in basement membrane extract, Okere et al. [156] differentiated hAECs into pancre-
atic spheroids consisting of glucagon- and insulin-producing cells in an islet-like cluster. They also
showed that these clusters secreted insulin in response to glucose levels in the culture medium.
hAECs transplanted into the spleen of mice with streptozotocin-induced diabetes were able to reg-
ulate blood glucose levels within a month post-transplantation [157], emphasizing the in vivo ca-
pacity of hAECs to integrate into host tissue and differentiate into insulin-secreting cells. The im-
munomodulatory properties of hAECs and their effects on insulin secretion were assessed in a co-
culture of human islets and hAECs [158]. The in vitro study found that the co-culture with hAECs
did not impact the insulin secreted by the islets. When this human islet/hAEC co-culture was ex-
posed to peripheral blood lymphocytes, the proliferation of the peripheral blood lymphocytes was
dramatically reduced compared to their proliferative behaviour when cultured with the human
islets alone, suggesting an immunomodulatory advantage with no impairment of 3-cell function.
Lebreton etal. [159] showed that islet-like organoids produced from dissociated islet cells and
hAECs improved transplant and engraftment success of these organoids in mouse models of T1D,
while maintaining (3-cell function. A similar study, in vitro, employing rat islet cells and hAECs to
make spheroids showed that the spheroids with both cell types had higher levels of insulin and
were more robust in hypoxic conditions such that there was little cell death compared to spher-
oids of the ratislet cells alone [160]. hAECs are a potential source of PSCs; however, with their im-
munomodulatory and pro-angiogenic qualities, they play a more effective role as an auxiliary cell
for B-cell replacement therapy.

4.3. Reprogramming/trans-differentiation



In addition to classical protocols using small molecules and growth factors in cell culture medium
for differentiation, some labs have also reprogrammed or trans-differentiated adult cells into their
cells of interest using viral vectors. Zhou et al. [161] transfected mouse pancreatic exocrine tissues
in vivo with adenoviral vectors to express [3-cell-specific transcription factors Ngn3, Pdx1, and
MafA. Interestingly, these markers were seen as early as ten days post-transfection, generating 3-
like cells. The induced cells were morphologically similar to endogenous 3-cells and expressed in-
sulin. When the viral vector was introduced into diabetic mice, the induced (-cells were able to
prevent hyperglycaemia and the mice had a significantly higher glucose tolerance compared to the
control group. Furthermore, they effectively secreted VEGF and induced angiogenesis for insulin
release into the blood. Interestingly, though the introduced vectors were no longer seen two
months post-transfection, the cells still expressed PDX1 and MAFA but not NGN3, comparable to
endogenous [3-cells, suggesting this was sufficient to reprogram the pancreatic exocrine cells into
B-cells.

When a similar strategy with the same three factors was attempted in a rat pancreatic exocrine
cell line, there was also a change in morphology similar to 3-cells, a downregulation of exocrine
genes, and an upregulation of most (3-cell-specific genes, including insulin, three days post-trans-
fection; however, apart from Abcc8, the other 3-cell membrane markers, namely GlutZ, were not
significantly affected [162]. Furthermore, functional GSIS assays showed that these cells secreted
lower levels of insulin than mature {3-cells and not in a glucose-dependent manner. Interestingly,
the introduction of these cells into the kidney capsule of diabetic mice was able to restore blood
glucose levels within twenty days. This suggested that the rat exocrine cells were not completely
reprogrammed, and further maturation of these cells was required. The same group then tried in-
troducing this vector into the liver of diabetic mice through the tail vein [163]. They saw protein
expression of the introduced genes in cells of the liver after one week. The cells were able to re-
store and maintain blood glucose levels for at least four months; however, 10 % of the mice did
become hypoglycaemic and died within two weeks, suggesting a similar issue to the previous study
where insulin secretion was continuous and not glucose-dependent. The insulin-positive cells in
the liver were found to change morphology into an epithelial duct-like manner infused with blood
capillaries. Isolation of the insulin-positive cells in the liver and gene expression analysis found in-
creased transcript levels of 3-cell markers including that of the [3-cell membrane markers. GSIS
analysis showed that though the cells secreted lower levels of insulin compared to mouse islets,
they were still glucose-responsive. Furthermore, analysis of four rat and four mouse cell types in-
cluding hepatocytes and fibroblasts showed that the rat pancreatic exocrine cell line, rat primary
hepatocytes, rat multipotent adult progenitor cells, and mouse hepatocyte small cells most effec-
tively activated (-cell-specific genes upon infection [164]. Though there was not a complete repro-
gramming of these cells into (-cells, when the mouse hepatocyte small cells were infected and cul-
tured with the Notch inhibitor DAPT, histone methyltransferase inhibitor BIX, and adenosine ago-
nist NECA, there was an increased number of insulin-positive cells suggesting the infection and re-
programming efficiencies can be greatly improved by adding these chemical compounds to the
medium.

Saxena et al. [165] designed a synthetic lineage-control network to control the expression of Pdx1,
Ngn3, and MafA to represent their dynamic expression patterns seen during development. The
three genes are not expressed simultaneously, but rather act as an activator and repressor within



each other. Normally, Pdx1 is one of the first genes expressed for pancreatic specification which
then moves towards the pancreatic endocrine lineage through expression of NGN3 [166]. During
this time, PDX1 expression is downregulated. Upon upregulation of PDX1 again, NGN3 is silenced,
and MAFA is activated for the maturation of 3-cells [167], [168], [169]. To mimic this, Saxena et al.
[165] designed a synthetic network where the genes are under promoters activated by different

concentrations of vanillic acid. hiPSCs were differentiated into pancreatic progenitors where these
genetic switches were activated with vanillic acid in the medium to drive the cells towards mature
B-cells. Transcriptomic analyses were comparable to cells differentiated with classical differentia-
tion protocols, and functional assays showed glucose-stimulated insulin secretion levels similar to
that of the human islets. This synthetic network allows for control over the temporal expression
patterns of key transcription factors driving the differentiation and maturation of 3-cells.

With increasing understanding of (-cell identity and function, hiPSC-derived [3-cells seem to hold
great potential for islet transplantation. Scientists are able to assess these cells through many dif-
ferent techniques as shown by Balboa et al. [92] while also overcoming the issue of immune rejec-
tion. Engineering of the cells to not be recognized by the host’s autoimmune system would further
improve the efficacy of the transplant. A limitation of the differentiation protocols is the heteroge-
nous generation of pancreatic endocrine cells. Strategies to address these include cell sorting at
each stage using their respective markers, or sorting the cells at the final stage using (3-cell-specific
membrane markers. Sorting cells at the anterior definitive endoderm stage using CD177 generates
a greater proportion of pancreatic progenitor cells than CD275 which promotes specification to-
wards the hepatic lineages [170]. Recent studies have identified markers that are -cell-specific, in-
cluding GP-2 [171] and ITGA-1 [172], ENTPD-3 [173] as well as antibodies developed for the sort-
ing of B-cells [174]. Interestingly, the specificity of such antibodies seemed to be specific to the ori-
gin of the hPSC, where certain antibodies worked better for hESC-derived (-cells than hiPSC-de-
rived B-cells, and vice versa. Further work is still required for the translatability of these cells, par-
ticularly with respect to recreating the (3-cell niche in terms of surrounding cells and ECM to sup-
port their survival. Once functional (-cells are established, they need to be transplanted in the pa-
tient. As with most transplants, many obstacles remain such as overcoming immune rejection, and
supporting the transplant in terms of oxygen and nutrients until it is vascularized and can obtain
these resources from the host. Major obstacles in islet transplant are immune attack, particularly
through the host’s instant blood mediated inflammatory reaction (IBMIR) resulting in fibrosis and
supporting cell survival until engraftment. Some common strategies to overcome these challenges
are to encapsulate the islets within biomaterials along with other cell types and growth factors,
protecting them from the host immune system and supporting them until the transplant is
vascularized.

5. Accessory cells

To improve vascularization or immunological response to the islet transplant, studies have looked
at the incorporation of specific molecules; however, this is limited by the molecules’ half-life, stabil-
ity, and diffusion throughout the device [175], [176]. As such, cells that produce these factors can
be co-transplanted with the islets for a regulated production and secretion of the molecules.
Through paracrine signalling, these molecules will be produced by the co-transplanted cells when
needed. The secreted molecules from the co-transplanted cells aid the success of the islet trans-



plant through promotion of vascularization and modulation of the immune system. In addition to
the aforementioned MSCs and hAECs, below, we discuss some cell types that have been useful for
these purposes.

5.1. Endothelial cells (ECs)

Pancreatic islets are well-vascularized tissues. The endothelial cells lining the vascular network are
in close contact with the insulin-secreting [3-cells. The vascular network is lost during the islet iso-
lation procedure; however, the capillaries remaining within the islets have been shown to undergo
angiogenesis when exposed to exogenous stimuli such as fibrin, FGF-2, and VEGF [177]. The co-
transplantation of rat islets and aortic ECs in diabetic rats resulted in healthy glucose levels three
days post-transplantation [178], [179]. When human islets were coated with primary human aor-
tic ECs pre-transplantation, it resulted in reduced coagulation and infiltration of macrophages
compared to uncoated islets. The coated islets were functional and survived for at least seven
weeks post-transplant [180]. Similar results were also found when porcine islets coated with hu-
man endothelial colony-forming cells were transplanted into nude mice [181]. Interestingly, Li et
al. [263] showed that the efficiency of coating islets with ECs was significantly improved when
done on PGA scaffolds as shown by increased VEGF, angiogenesis, and prolonged graft survival
post-transplantation. These results are supported by recent studies from our group showing a
spatial relationship between ECs and human {3-cells. Magnetic levitation was used to create differ-
ent spatial distributions in pseudo-islets and we identified that surrounding a core of -cells with
ECs had a significant effect on insulin secretion in response to glucose when compared to other
distributions [182]. In further studies, we demonstrated that a collagen I and EC co-culture could
improve (-cell function and recovering ECM molecules lost in hypoxic, transplant-like environ-
ments [183]. Studies transplanting islets with endothelial progenitor cells have been shown to re-
duce engraftment time and improved vascularization compared to islets transplanted alone, owing
to the increased VEGF-A production. Higher insulin levels were found in the co-transplanted ani-
mals due to the greater vasculature through the islets, and the islets themselves were able to
maintain their morphology and structural integrity [184], [185], [186], [187].

5.2. Fibroblasts

Fibroblasts are the most abundant cell type found in connective tissue and are key players in
maintaining tissue homeostasis through the production and organization of ECM and growth fac-
tors. ECM proteins support tissue organization while the various growth factors, including VEGF,
PDGF, and HIF-1q, support cell survival in stressed conditions such as hypoxia [188]. Embedding
islets in a fibroblast-laden collagen I gel for transplantation in mice significantly improved islet
survival and proliferation when compared with just the collagen I gel or no gel controls [189].
Furthermore, dermal fibroblasts have also been suggested to have immunomodulatory properties
similar to the MSCs discussed earlier. Haniffa et al. [190] demonstrated that dermal fibroblasts
were capable of suppressing T-cell proliferation and activation to a similar extent to that of MSCs.
Temporary exposure of T-cells to fibroblasts was sufficient to modify the T-cells to an anti-inflam-
matory phenotype. A co-culture system of fibroblasts and T-cells on either side of a mesh mem-
brane showed that fibroblasts modulate and respond to the T-cells through soluble factors. In re-
sponse to IFN-y secreted by T-cells, fibroblasts showed increased tryptophan degradation, pre-



venting T-cell proliferation [190]. Perez-Basterrechea et al. [191] transplanted rat islets in a
plasma-based scaffold subcutaneously and found that the incorporation of fibroblasts in the scaf-
fold significantly improved engraftment and was able to achieve long-term glycemic control. Gene
expression analysis showed that this effect of the fibroblasts on the [-cells could be attributed to
the overexpression of proliferative, angiogenic, and anti-inflammatory genes [191], [192].
Fibroblasts are relatively easy to isolate from patients to further prevent immune rejection and
IBMIR response and present themselves as strong candidates to support islet graft survival.

5.3. Regulatory T-cells (Tregs)

Tregs are involved in the suppression of effector T-cells, NK cells, B-cells and dendritic cells [193].
They are a subset for CD4" cells that originate from the thymus and are identified by intracellular
FoxP3 or the surface marker CD25. Tregs are responsible for preventing autoimmunity and stop-
ping the immune response to foreign organisms [194], [195], [196]. Tregs/islet co-transplantation
increased islet survival compared to islets transplanted alone [197]. Tregs have also shown to

support islet survival when they are used to coat human islets [198], have been injected into the
transplant location prior to surgery [199], and co-transplanted within a PLG scaffold in the liver
and kidney [200]. Islets within the PLG/Treg scaffold were able to maintain blood glucose levels
for atleast 100 days in a mouse model. Interestingly, this protective effect was only observed when
both cell types were co-localized within the scaffold and not when the Tregs were systemically in-
jected. Furthermore, the transplanted Tregs recruited host Tregs which continued protecting both
the scaffolded-islets and islets from another transplant site, suggesting the host developed im-
mune tolerance to the islets [200]. To improve the efficacy of a Treg co-transplantation, Hull et al.
[201] described lentiviral gene transfer of islet-specific TCRs to Tregs expanded ex vivo, which re-
sulted in increased Treg potency for suppression of T-cells attacking the islets.

6. Unprotected and encapsulated islet transplantation

Transplanted unprotected islets can initiate the IBMIR, which is a non-specific inflammatory re-
sponse by the innate immune system that is initiated when the islets are exposed to blood. The re-
sponse of the IBMIR can be characterized by the activation of the coagulation and complement
systems, platelets, and the consumption of neutrophils and monocytes [202], [203], [204], [205].
It can rapidly destroy approximately 60 % of the islets in a graft [206], [207], [60]. It has been
shown that proinflammatory cytokines such as TNF-a and MCP-1 and thrombin-anti-thrombin III

complex (TAT) significantly increase 15 min post-transplantation [208]. Significant increases in cy-
tokines and chemokines including IL-6, IL-8 and IP-10 have been shown 60 min post-transplanta-
tion [208]. The Edmonton Protocol established a regimen utilizing sirolimus, tacolimus and da-
clizumab for regular administration to alleviate the IBMIR; however, they alone are not a sufficient
solution [209], [210], [211]. To overcome the IBMIR, islet encapsulation devices have been devel-
oped for islet transplantation. The devices themselves however can induce other immune system
responses, such as the foreign body response (FBR) [203]. The process of the FBR is generally de-

scribed by the overlapping events of protein adsorption, leukocyte recruitment and infiltration,
macrophage activation, angiogenesis, the formation of foreign body giant cells, and fibrogenesis,
which lead to chronic inflammation and device encapsulation through fibroblast deposition of col-
lagen I and collagen III [203], [212], [213], [214], [215], [216]. The resulting fibrotic capsule can




significantly reduce oxygen, nutrient, glucose and insulin diffusion between the host and the trans-
planted islets, leading to cell death and transplant failure [217]. Therefore, the regulation of the
FBR is an area of intense research. Here, we will discuss the unprotected and encapsulated strate-
gies for islet transplantation.

6.1. Unprotected islet transplantation

The requirement for chronic immunosuppression has limited the current indication for islet trans-
plantation to mainly adult patients with severe hypoglycaemia complicated by impaired hypogly-
caemia awareness; these patients represent less than 10 % of the population with T1D. Generally,
islets are either transplanted as image-guided percutaneous transhepatic islet infusion or image-
guided surgical transmesenteric islet infusion into the liver. Inmunosuppression needed for this
procedure consists of an induction phase and a maintenance phase during the entire lifespan of
the islet transplant. Once islets are installed, post-transplantation monitoring in a weekly and then
monthly manner is critical. Islet rejection is indicated by a decrease in C-peptide levels alongside
with worsened metabolic control. The liver is the most efficient site for islet engraftment but an al-
ternative site giving the possibility to monitor immune responses is desirable. Case reports indi-
cate islet transplantation into the omental pocket [218], and the brachioradialis muscle [219], as

well as subcutaneously in a mouse model [220]. Metabolic results and survival of the transplant
using this procedure have been discussed in this review in Section 3) Current state of Islet
Transplantation. Future research needs to focus on the refinement of the immunosuppressive
therapeutic strategy as well as a more accessible transplantation site.

6.2. Encapsulated islet transplantation

Islet encapsulation devices can be classified as either extravascular or intravascular based on their
proximity to the bloodstream [146]. Extravascular devices are transplanted near a vascularized
region, but not connected to the vascular system directly. Intravascular devices are integrated
within the host vascular system, allowing for the distribution of nutrients, oxygen, and waste
through the blood flow [221]. For the purposes of this review, we are focusing on extravascular
encapsulation strategies in terms of macro- and micro-encapsulation devices.

6.2.1. Macroencapsulation Macroencapsulation devices are typically planar or tubular in shape
and involve the incorporation of many islets within a single device. Their large size requires design
considerations for the transport of oxygen, nutrients, glucose, insulin, and metabolic waste, while
blocking the entry of immune cells and modulating their response to the device, as well as consid-
erations for implant location, operative simplicity, and retrievability [222]. Implant thickness plays
a major role for human implants due to the large volume of islets required, which are issues that
may not be correctly addressed in small animal models where diffusion is not as much of an issue.
The lack of revascularization post-macroencapsulation device implantation is one of the biggest
hurdles for the technology as local hypoxia and the lack of nutrients destroy transplanted islets
within the device in the first one to three days [223]. Therefore, it is essential that device design
strategies are considered that enhance revascularization and support islets in the first days post-
transplantation. Such strategies are addressed later in this review.



As mentioned, the FBR and fibrosis are other hurdles in islet encapsulation. To address the fi-
brotic encapsulation problem, Dolan et al. [224] developed a robotic device that mechanically
modulates the biotic-abiotic interface in the peri-implant tissue, thereby altering strain and flow
and affecting cellular activity. In a preclinical rodent model, the device showed a significant reduc-
tion in fibrotic capsule thickness and number of myofibroblasts surrounding the device. To ad-
dress the issue of cell viability, Duffy et al. [225] developed the Regenervoir implant system de-
signed of a flexible thermoplastic reservoir device capable of delivering transplant material via fill
lines, which would allow the easy replenishment of islets over the device’s lifetime.

Current examples of macroencapsulation devices that are being driven towards commercialization
are the devices from BetaO2 Technologies and ViaCyte Inc. BetaO2 Technologies is commercializ-
ing the BAir™ islet transplant device that incorporates a refillable oxygen tank to support cell oxy-
genation and survival. They showed that their device supported the survival of porcine islets with
a bioartificial pancreas device in diabetic primates without any immune suppression for up to six
months [226], [227] and allogeneic transplant for several months with no safety issues reported;
however, there was an indication of impaired islet function [228], [229]. ViaCyte Inc. is currently
developing the PEC-Encap™, PEC-Direct™, and PEC-QT™ devices. These devices are made from ex-
panded polytetrafluroethylene. Each device has different advantages in terms of vascularization
and immune-protection [230]. PEC-Encap™ utilizes their Encaptra® cell delivery system as an im-
muno-protective device that supports vascularization on its surface to allow gas and nutrient ex-
change through diffusion. PEC-Direct™ enables direct vascularization into the device and interac-
tion with the cells. To overcome the need for oxygen to diffuse throughout the device and the use
of immunosuppressants they are also working on PEC-QT™. ViaCyte uses their stem cell-derived
PEC-01™ pancreatic progenitor cells as their cell source. Using the PEC-Direct™ device, ViaCyte Inc.
is also developing a gene-edited immune-evasive cell line for this device (CyT49 pluripotent hu-
man stem cell) that might reduce or eliminate the need for immunosuppressants, while supporting
vascularization of the transplant [228].

Different materials, coatings, molecules, and cell types have all been explored to be incorporated
within macroencapsulation devices to encourage vascularization and immune protection while
supporting islet survival and function. Despite these advancements and the aforementioned com-
mercial efforts, there are still major hurdles to be addressed, including severe destruction of in-
sulin-producing cells due to acute hypoxia at the initial transplantation stage, fibrosis surrounding
devices, and inefficient long-term oxygen delivery. Further macroencapsulation strategies and re-
quirements for islet transplantation were reviewed by Goswami et al. [231].

6.2.2. Microencapsulation Microencapsulation involves surrounding a gas, liquid, or solid materi-
als with a continuous polymer shell. The typical microencapsulated material ranges from 1 to
1000 pm in size [232]. In islet transplantation, microencapsulation incorporates a single or small
number of islets or (3-cells within a single capsule transplanted near a vascularized region [233],
[234]. These devices have a relatively high surface to volume ratio, which overcomes the issues of
poor diffusion. Lim and Sun [235] were one of the first to microencapsulate islets. They demon-
strated islet survival three weeks post-transplantation in comparison to eight days without encap-
sulation. This was followed by O’Shea et al. [236] who used an alginate microcapsule which was
shown to protect islets for one year in one animal. Work from the Paul de Vos group, who have a



strong focus on the FBR, looked at the effect different formulations of alginate-polycation capsules
have on the immune response and discovered that it was the interaction between the alginate and
polycation, and not the alginates alone, that elicited different immune responses, which was an im-
portant step towards creating a translatable microencapsulation device [237]. Recently, Bansal et
al. [238] used an alginate-chitosan based microcapsule to incorporate [3-TC-6 cells to overcome
immune rejection. Compared to the not encapsulated (3-TC-6 cells, the encapsulated group was
able to retain glycemic control due to relatively low immune reactions, which included low levels
of CD8*, CD62L and CD4* T-cells. Kogawa et al. [142] proposed transplanting microencapsulated
islets and MSCs within a mesh bag made of a bioresorbable recombinant protein produced by
Pichia pastoris. Once transplanted into the peritoneal cavity in diabetic mice, it showed good cell vi-
ability and functionality. In order to further suppress fibrosis, Alagpulinsa et al. [239] demon-
strated that the incorporation of the immunomodulatory chemokine CXCL12 into an alginate-
based microsphere, which isolated the device from the immune system and reduced the FBR, al-
lowed for better long-term glycemic control without systemic immunosuppression. Interestingly,
there is a correlation between fibrotic response and capsule geometry [240]. Chen etal. [241]
compared toroid, rod and spheroid geometries of insulin-secreting microtissues by using agarose
and alginate hydrogels and characterized the structural properties and cell viability. They identi-
fied that the morphology of toroid microtissues supports structure integrity and mechanical sta-
bility, which can prevent gel leakage from the device and improve the long-term survival of encap-
sulated insulin-producing cells.

Nanotechnology has also been employed for islet microencapsulation. The oxygen supply to islets
in many devices relies on passive diffusion through the capsule. The diameter of the islet has been
recommended to be below 100 um to avoid central necrosis due to hypoxia [242]. Therefore, the
concept of nanoencapsulation is to coat the pancreatic islets with nano-scale polymer film to mini-
mize the size of the capsule [243]. Nanoencapsulation size has been shown to enhance the
bioavailability, targeting and release of bioactive compounds making it a very interesting delivery
technology for new therapeutics and regenerative medicine [244], [245]. Furthermore, nanoen-
capsulation coatings allow for a more precise control over islet aggregation [243], [246], [247]. A

deeper review of the technical considerations and differences between micro- and nano-encapsu-
lation of complementary materials for applications in regenerative medicine can be found in
Suganya et al. [248], and an in-depth review on islet nanoencapsulation can be found in Ernst et
al. [249]. Microencapsulation devices are often composed of hydrogels such as alginate, agarose,
or collagen. We discuss the use of different scaffolds later in this review, which is also detailed by
Wu et al. [250]. A thorough review of microencapsulation from the viewpoint of vascularization
and the immune response can be found at Barkai et al. [251].

7. Biomaterials

The use of biomaterials in islet transplantation can play a key role in supporting cell survival.
Biomaterials are developed from natural sources or from synthetic polymers that can be tuned
for specific mechanical properties or drug release profiles. Regardless of the application, biocom-
patibility is one of the most important concerns when developing a new biomaterial [252]. In
1970, Homsy et al. [253] was one of the first to mention the importance of biomaterial biocompat-
ibility. He proposed multiple factors related to the physical and chemical interactions between im-



plant materials and the host response. Moreover, his team developed in vitro protocols to screen
the implantations to reduce the in vivo studies. The general definition for biomaterial biocompati-
bility has been described as the capability of a biomaterial to induce a mild and appropriate host
response in a particular condition. A biomaterial with good biocompatibility possesses minimum
adverse effects such as irritation, toxicity, and immune rejection. In 1990, the United States
Pharmacopeia (USP) [254] first standardized the guidance of the in vitro and in vivo assessment
of biological reactivity for polymeric implants. These include evaluating interactions between the
biomaterial and mammalian cells, and then animal studies to examine the systemic effects in re-
sponse to the biomaterial. Several biological endpoints such as toxicity, sensitization, irritation, in-
tracutaneous reactivity, material-mediated pyrogenicity, implantation, hemocompatibility, carcino-
genicity, and degradation of the device components are monitored and assessed for approval.
More generally, ISO 10993 also provides a guidance for risk management and biological assess-
ment of the medical devices (ISO 10993-18:2020). Currently there is no specific guidance for bio-
materials in islet encapsulation; however, GMP-grade and GRAS-approved biomaterials are avail-
able for clinical translation. In the following sections we will address the different types of bioma-
terials, their biocompatibility, their effects on islet viability, and challenges that they are facing in
this field, which includes the lack of clinical translation in islet transplantation.

7.1. Natural polymers

Alginate is one of the most used biomaterials for islet transplantation research. As previously
mentioned, Lim and Sun [235] showed that islets encapsulated in alginate enhanced cell survival
rates, glycemic control, and immuno-protective effects post-transplantation in STZ-induced dia-
betes rats. Sodium alginate is composed of 1,4-linked-D-mannuronic acid and L-guluronate
residues [255]. Different ratios of these two residues, different order of the residues and the final
molecular weight of the polymers can build various chemical compositions of alginates. This
means the variations can render the alginate compositions with different properties [251].
However, the apparent downside is the materials in each batch are difficult to standardize.
Increased guluronic acid content creates a stiffer gel; whereas mannuronic acid-rich alginate is
more flexible [256]. Alginate with higher percentage of guluronic acid has greater mechanical
strength or viscosity [257]. Low viscosity alginate has been reported to allow the loading of more
islets per volume of biomaterial, thus reducing transplant size [258]. This change in composition
can influence alginate sphere and pore size. Pore size influences the permeability of inflammatory
agents as well. Paul de Vos’s group proposed that a selective membrane can be designed based on
the electrical charges of alginate under physiological conditions [251]. The charges of every cyto-
kine in the physiological condition depend on their own isoelectric points (pI), which means the
opposite charges of the membrane can be designed to repulse specific agents [251]. Recently,
Takaichi et al. [259] proposed a fiber-shaped hydrogel from alginate with a diameter of 1 mm. The
hydrogel can be retrieved after long-term transplantation, which overcomes a challenge of bead-
shaped hydrogels. In vivo, the gel showed promising glycemic control in mice and the FBR was re-
duced without the use of immunosuppressive agents. Moreover, several studies reported that
modifications of alginates can circumvent or mitigate the FBR after implantation into the body
[260], [261], [262]. Vegas et al. [263] encapsulated cells within a derivative of alginate, triazole-

thiomorpholine dioxide, which achieved long-term glycemic control and suppressed the FBR with-
out immunosuppression. Another group utilized ARG-GLY-ASP-rich alginate with high viscosity to



encapsulate MSCs and pancreatic islets, which increased viability and VEGF secretion [264]. A
study investigating different FBR to modified alginate formulations found that formulation Z1-Y15
was the best performer in terms of reduced fibrosis in large animal macaque model studies [265],
[260], [266]. Liu et al. [267] modified alginate with a zwitterionic polymer, sulfobetaine, to encap-
sulate rat islets. The hydrogel was implanted in different species of animals, including mice, dogs,
and pigs. The results indicated that their formulation reduced fibrosis and cellular overgrowth
around the implant.

Chitosan is a very common biomaterial in the field of tissue engineering. Chitosan is a linear
polysaccharide, consists of 3-(1 — 4)-linked D-glucosamine and N-acetyl-D-glucosamine and has
been reported to be non-toxic, biocompatible, and biodegradable [268]. Moreover, chitosan has
been reported to suppress the expression of inflammatory cytokines such as TNF-q, IL-6, TL-4 re-
ceptors, as well as T-cell proliferation. Many studies related to islet transplantation used chitosan
to fully or partially modify the compositions of the encapsulation device to mitigate immunological
reactions. In 2010, Yang et al. [269] showed that chitosan hydrogels protect implants from im-
mune cell infiltration. Chitosan is also often fabricated with alginate to form novel biomaterials.
Yang et al. [270] produced a chitosan-coated alginate microcapsule and found that it had better
graft survival and induced significantly less pericapsular fibrosis compared to that of alginate mi-
crocapsules. Najafikhah et al. [271] designed a three-layer device composed of layers of alginate,
chitosan, and polyethylene glycol that induced a downregulation of IL-2 secretion. Kim et al. [272]
fabricated delivery devices with a mixture of chitosan with either alginate or hyaluronic acid (HA)
and showed promising long-term glycemic control. They encapsulated {3-cells in a chitosan-
hyaluronic based hydrogel nanoflim delivery system, which prevented immune cells such as NK
cells from passing through the barrier without affecting insulin secretion between the control and
the hydrogel implant groups. Recently, Perikamana et al. [273] developed a macroencapsulation
pouch made of chitosan and coated with 1,12-dodecanedioic acid (DDA) to prevent the attach-
ment of cells that can induce fibrosis and the FBR. When loaded with primary hepatocytes and
transplanted subcutaneously into mice, the device was able to support cell viability and improved
cell function for up to six months compared to the cells transplanted in the chitosan pouch with-
out the DDA modification. Furthermore, the tissue surrounding the DDA-modified pouch showed
reduced fibrotic tissue and increased vascularization compared to the tissue around the unmodi-
fied pouch.

Agarose was first used as a microencapsulation biomaterial in 1987 where the authors demon-
strated non-toxicity and normal islet function in vitro [274]. Iwata et al. [275] demonstrated sus-
tained normoglycemia for 53 days in mice transplanted with hamster islets microencapsulated in
agarose. This was followed by a study macroencapsulating islets within a mixture of agarose, colla-
gen, and Gelfoam® which could sustain normoglycemia for over 170 days in mice [276]. In recent
work, agarose-based FGF rods were implanted subcutaneously into an implant site pre-transplan-
tation to induce angiogenesis. After the removal of the rods, the islets were transplanted success-
fully in the vascularized pocket without any immunosuppressive agents. All the animals showed
long-termed glycemic control with good survival rate for over 100 days [277]. More recently, an
agarose rod containing cyclic oligopeptide SEK-1005 was generated for allogeneic islet transplan-
tation. The combination of components had an immuno-isolation effect, but also induced pre-vas-
cularization of the subcutaneous site [277].



Fibrin, also known as Factor Ia, is commonly used in tissue engineering applications [278], [279].
During wound clotting, soluble fibrinogen circulating in the blood is converted by thrombin into
insoluble strands of fibrin which then bind to platelets at the wound site to form a clot [138]. The
clots partially can induce the IBMIR and normally are degraded gradually during wound healing,
which translates to fibrin being an unstable and degradable biomaterial in physiological condi-
tions [280]. Therefore, several improvements have been investigated to enhance its properties, in-
cluding combination of other materials and crosslink modifications [280], [281], [282], [283].
Studies have indicated that embedding islets in fibrin could improve cell function, viability, and
maintain their morphology [284], [285]. Riopel et al. [286] suggested that one mechanism driving
the effect of fibrin on B-cells is through av33 integrin increasing phosphorylated FAK, Erkl/2 and
Akt, which prevents cell apoptosis and supports proliferation. Kuehn et al. [287] encapsulated

porcine pancreatic islets into fibrin hydrogels to investigate the immuno-protective effects of
monocytes. While there were high levels of pro-inflammatory cytokines (TNF-q, IL-1 and IL-6) se-
creted from the monocytes, the encapsulated cells showed less apoptosis compared with the cells
without any physical barriers. Recently, a 22-day study showed that the subcutaneous transplant
of islets with fibrin can increase the survival without the need for the pre-vascularization of the
transplant space, despite delayed vascularization [288].

Hyaluronic acid (HA), is a non-sulfated glycosaminoglycan found throughout connective tissue and
is a major part of the ECM [289]. It is often used in the pharmaceutical, cosmetic, and biomaterial
industries as it is known to be non-toxic, anti-inflammatory, biodegradable and easy to modify
[290], [291]. The anti-inflammatory response might be related to CD44 receptors that are ex-
pressed on the cell membrane of many human cells [292], [293]. Another well-known receptor
that is associated with wound healing is called hyaluronan-mediated motility or CD168 which is
presented on the cell surface, especially fibroblasts, or intracellular space such as cytoplasm and
nucleus [294], [295]. The interaction between HA and these receptors plays a vital role in tissue
repair process [296]. As a biomaterial, HA has been used for wound healing [297], bone and carti-
lage tissue engineering [298], [299], nerve regeneration [300], and cell survival [301].
Unfortunately, there has been little investigation into HA as a biomaterial for islet transplantation.
Using core-shell spherification, Harrington et al. [302] produced HA-based islet microencapsula-
tion devices that transiently restored normoglycemia in diabetic mice for 3-4 weeks. This was an
improvement in comparison to non-encapsulated islet controls; however, this was not as promis-
ing as the poly(ethylene glycol) diacrylate, PEGDA, devices tested in the study which showed the
reversal of diabetes for up to 16 weeks [302]. Despite the lack of islet transplantation-specific re-
search using HA, it has been successfully used in other therapeutic applications [303], [304],
[305], [306], [307], indicating that it may be a promising option for islet transplantation.

Silk is a fibrous protein generated by spiders and silkworms [308]. It is biocompatible, tunable,
and durable [309], [310]. Raw silk is mainly composed of fibroin and sericin. Fibroin is the main
structural constituent serving as the core of fibers, whereas sericin, is the minor component which
plays a role in coating or bonding the fiber threads [311], [312]. Silk is a relatively new biomate-
rial in the area of islet transplantation, but has been employed for decades in other fields [313].
Silk sericin was first used in 2009 as biomaterial for serum-free islet culture [314], and in 2012
for islet cryopreservation [315]. These studies were followed by the first use of a collagen IV and
laminin enhanced silk fibroin as a transplant biomaterial. When encapsulating MSCs and islets, silk



increased cell viability and insulin secretion when compared to the non-encapsulated controls
[316], [317]. Kumar et al. [309] designed an injectable silk hydrogel derived from two varieties of
silk, mulberry B. mori and non-mulberry A. assama, and loaded the hydrogel with IL-4 and
Dexamethasone for anti-inflammatory and immunosuppressive effects. Biocompatibility tests in
vivo demonstrated that the hydrogels could modulate the local inflammatory response; neverthe-
less, diabetic animal studies will be required to demonstrate proof of concept.

Important islet ECM proteins are lost during islet isolation and implantation. Therefore, natural
polymers are often biofunctionalized with ECM proteins to replace lost endogenous proteins and
recapitulate the native islet microenvironment [318], [319]. Recent work by our group demon-
strated the protective or regenerative effect of nidogen-1 (NID1) on multiple cell types in hypoxic
conditions, including -cells and endothelial cells. We demonstrated that NID1 modulates the im-
mune system in vitro, increases innervation and vascularization, and reduces fibrosis in a mouse
myocardial infarction and reperfusion model. We argued that utilizing the synergic effect of NID1
on the multiple problems of islet transplantation, such as immune intolerance, lack of vasculature,
and high rates of initial cell death post-transplantation, may be a future solution in the field of islet
transplantation [320]. Furthermore, Brandhorst et al. [321] demonstrated that the supplementa-
tion of NID1 during islet isolation significantly improved islet viability when compared with the
current gold standard procedure. Predictive extrapolation of their data on islet isolation results
from over 100 processed human pancreases showed that the use of NID1 in those isolation could
have rescued 90 % of the suboptimal pancreases for clinical islet transplantation, which would
have enabled 15 more islet transplantations. Further research on the effect of ECM molecules on
islet transplantation was reviewed by Cheng et al. [23] and Llacua et al. [22].

7.2. Synthetic materials

PEG is composed of non-biodegradable and synthetic polymers [322]. PEG-modified (pegylation)
delivery systems and device coatings have been shown to evade several immunological responses
and foster islet viability [323]. Yang et al. [324] designed a nano-coating composed of chondroitin
sulfate and star-shaped PEG for the surface of the implanted islets that was shown to ameliorate
the IBMIR and maintain islet functionality. Kim et al. [325] formulated a novel delivery system
based on PEG to protect neonatal porcine islet-like cell clusters from the immune system for

14 days post-implantation. PEG hybrids can be used to release biomolecules, such as was done by
Scheiner et al. [326] to release VEGF from a macroencapsulation device. Coronel et al. [327]
demonstrated the effect of a PD-LI-presenting PEG material in a diabetic mouse model, which is a
different strategy than the overexpression of PD-LI in insulin-producing cells that was previously
discussed in this review. The PD-LI-presenting materials supported allograft acceptance and led to
an increase in Tregs at the delivery site when compared to unmodified controls.

Polydimethylsiloxane (PDMS) is a silicon-based polymeric compound with high cytocompatibility
and stability. It is commonly used as a biomaterial for several tissue engineering purposes, espe-
cially in cornea replacement due to its excellent oxygen solubility [278], [328]. Nevertheless, the
hydrophobic surface of PDMS hinders cell adhesion. Thus, fibronectin is often coated on PDMS
scaffolds in order to increase the material hydrophilicity, cell adhesion, spreading, migration and
proliferation [278]. Brady et al. [329] loaded fibrin-based pro-angiogenic hydrogel into PDMS



scaffolds for in vivo islet engraftment and showed increased vascularization around the implants
and significant glycemic control when compared to controls [329]. Anti-inflammatory agents are
often embedded into PDMS due to its controlled drug releasing properties. For instance, Jiang et
al. [330] incorporated 0.1 %-0.25 % dexamethasone into a PDMS-based 3D scaffold to suppress
the immune response, ultimately enhancing blood glucose levels and suppressing inflammatory
pathways on M2 macrophages. Several recent studies utilized PDMS scaffolds as an oxygen vehicle
for transplanted islets [331], [332]. To mitigate the negative effects induced by hypoxic conditions
post-transplantation at the extra-hepatic site, Liang et al. [333] incorporated calcium peroxide in
the PDMS scaffold. They found that the device increased local oxygenation for 20 days compared
to controls. Tokito et al. [334]| demonstrated that a PDMS-based scaffold can also provide suffi-
cient oxygen to support the viability and function of rat (3-cells seeded at a high density in a 3D tis-
sue-like manner.

PLGA (poly(lactic-co-glycolic acid)) is a biodegradable biomaterial consisting of poly-lactic acid
(PLA) and poly-glycolic acid (PGA). Different PLA: PGA ratios modify biomaterial characteristics
such as degradation rate and hydrophilicity. [278], [335]. Similar to PDMS, the main drawback of
PLGA is poor hydrophilicity. Surface hydrophobicity prevents cell attachment, affecting cell prolif-
eration, migration, and differentiation [336]. PLGA degradation causes a decrease in the pH which
can induce immunological responses and impact insulin release [337], [338]. To overcome these
issues, several modifications of the PLGA gel have been developed for islet encapsulation. Salvay et
al. [339] developed PLGA-based scaffolds embedded with other ECM proteins such as collagen 1V,
fibronectin, and laminin. Their study showed the scaffolds could support islet architecture after
long-term transplantation and found an increase in vascular density around the graft [339]. PLGA
could also act as a drug carrier. Lew et al. [340] co-fabricated exentide, a GLP-1 receptor agonist,
with PLGA and alginate, demonstrating that exentide could be sustainably released over 21 days.
The study showed that the PLGA-based drug releasing microcapsules enhanced GSIS and islet sur-
vival. More recent research also used the sustained releasing property of PLGA for immunomodu-
latory agents. Li etal. [341] used PLGA to develop a delivery system with a controlled release of
TGF-B1 at the transplantation site to recruit Treg cells without affecting islet function. Nguyen et al.
[342] locally delivered tacrolimus through PLGA microspheres at the transplantation site of PEG-
coated pancreatic islets.

8. Oxygenation strategies

B-cells require a considerable amount of oxygen for the metabolization of glucose and insulin se-
cretion [343], [344], [345]. While islets only make up a very small percentage of the total pan-
creas, they require between 5 % and 20 % of the oxygen supplied to the whole pancreas.

Depending on the size of an islet, its vascularization may develop through the islet for larger islets
or around smaller islets [346]. The oxygen tension around the native islets is normally 30-

40 mmHg and it can be elevated to 80-100 mmHg if the islets are adjacent to arterial capillaries
[347]. In the Edmonton Protocol, islets are transplanted through the portal vein to the liver. The
pO2 of the portal blood is approximately 40 mmHg [348]. Large islet size and the lack of vascula-
ture leads to hypoxia and massive cell death after a day [349]. Studies demonstrated that the for-
mation of microvascular networks and observable blood flow are the first signs of development
approximately 4-10 days post-transplantation [350], [351], [352], [353], which correspond with




studies demonstrating that islet survival, insulin releasing function, and islet mass decrease in the
first three days post-transplantation [354], [355], [356]. However, the development of a glomeru-
lum-like structure of microvessels and regeneration of the vascular density can require 30 days
[350], [353]. Taken together, the need to address acute hypoxia at a minimum of the first three
days, preferably 15 days post-transplantation is one of the most significant hurdles for islet trans-

plantation. Below, we discuss some techniques used to improve islet viability in hypoxic conditions.

8.1. Hypoxic preconditioning

Prior to transplantation, islets can be “preconditioned” in culture at low oxygen levels in a process
called hypoxic preconditioning [357], [358]. Lo et al. [357] demonstrated that the hypoxia-in-
duced reduction in insulin secretion could be recovered through the modulation of intermittent
oxygen levels between 5 % and 21 % in their culture system. Islets preconditioned in carbon
monoxide (CO) have been reported to provide protective effects from the hypoxia-induced cell
death after transplantation [359]. Studies revealed that patients who received CO-treated islets
had reduced serum levels of CCL23, a chemokine that can recruit immune cells and upregulate
several inflammatory cytokines, and increased levels of CXCL12, which can induce angiogenesis
and mitigate oxidative stress [359].

8.2. Oxygen-releasing molecules

The incorporation of oxygen-releasing molecules within transplantation devices is a promising
oxygenation strategy. Perfluorocarbons (PFCs) can store oxygen within their structure and release
oxygen depending on the partial pressure of oxygen in their environment. PFC-derived materials
including PVA, PVDF and ePTFE have been utilized in numerous biomedical applications, which
was thoroughly reviewed by Grainger [360]. In the context of islet transplantation, PFCs have
been used as hard materials for islet encapsulation devices [361], [362], [363]. PFCs can also be
used for the sole purpose of releasing stored oxygen. PFCs have been incorporated in encapsula-

tion devices and scaffolds for cell transplantation in liver [364], bone [365], and neural [366] pur-
poses within a variety of biomaterials including alginate, fibrin, chitosan, and PDMS gels. PFCs had
been used in the past for pancreas organ transport. Dr. Camillo Ricordi has highlighted the
tremendous beneficial effects of PFC on pancreatic cells preservation from pancreases [367].
However, the first attempt to culture rat islets with PFC was unsuccessful as it resulted in reduced
insulin secretion [368]. This was followed by a study in 2012 showing that PFC protects islet via-
bility in hypoxia; however, with the same reduction in insulin stimulation that was seen in previous
studies [369]. Lee et al. [370] transplanted a 20 % perfluorodecalin, 80 % alginate gel/islet mate-
rial into streptozotocin-induced mice and showed an improvement in islet survival.

Calcium peroxide (CPO) is a common oxygen-releasing compound that can be incorporated in bio-
materials. These compounds release oxygen and water upon hydrolytic activation. CPO was incor-
porated into a PDMS gel and assessed for islet survival in hypoxic conditions using the mouse
MING6 cell line and pancreatic rat islets in vitro [371]. This study demonstrated that CPO-loaded
gels could support islet viability and function, comparable to the controls. This was followed by in
vivo studies using a separate gel [372] and an encapsulation device [373] in a streptozotocin-in-
duced rat model. Both techniques showed improved cell survival and function. CPO has also been



loaded into alginate microspheres containing either rat or porcine islets. After seven days in hy-
poxic conditions in vitro, islets showed improved glucose response and cell survival [373].
Coronel et al. [374] designed a CPO-loaded collagen with pores designed to enhance vasculariza-
tion at the transplant site which also showed increased cell survival and function in vivo. More re-
cently, an analog lithium peroxide recycling system [375] approach for islet encapsulation was de-
veloped to recycle the waste product, carbon dioxide, released from the islets and regenerate oxy-
gen by the chemical reaction with lithium peroxide.

Hemoglobin (Hb) is a natural carrier of oxygen throughout our bodies, and polymerized hemoglo-
bin (PolyHb) is considered a blood substitute. When co-transplanted with islets into mice, low-lev-
els of PolyHb reduced (-cell apoptosis; however, high levels induced an inflammatory reaction.
The low dose PolyHb co-transplantation supported islet survival up to a month post-transplant
and maintained glucose tolerance in the mice compared to islets transplanted alone [376]. It has
been shown that exposing rat pancreas to PolyHb during islet isolation improves islet yield and
when transplanted into diabetic mice, islets had a higher survival rate and were able to restore
normoglycemia [377]. Mouré et al. [378] combined silicone-encapsulated CPO with hemoglobin to
generate and carry oxygen for the incorporated islets. Although the study showed that encapsula-
tion of hemoglobin alone was unsuccessful at maintaining transplanted islet survival and insulin
secretion under hypoxia, the combination of both compounds protected the islets from a pro-in-
flammatory reaction.

9. Growth factors

Growth factors play key roles in maintaining tissue homeostasis through regulating cell survival,
proliferation, and functionality. Often, these cytokines are incorporated within the encapsulation
device to support engraftment until the host’s body can sustain the transplant. Like other pharma-
ceutical products, growth factor pharmacokinetics determine the dosage and the duration of the
exposure time to their targets. Wound healing is a complex process involving many cell types and
growth factors, the complexity of which is very difficult to mimic in a therapeutic setting, particu-
larly due to the changing presence of growth factors in different tissues over different time points.
Nevertheless, there has been interesting scientific progress in the use of growth factors in islet
transplantation. Below, we discuss some cytokines that have been considered for co-transplanta-
tion strategies.

9.1. Vascular endothelial growth factor (VEGF)

VEGF is one of the most potent pro-angiogenic factors involved in vascularization. It plays roles in
the inhibition of apoptosis, vascular permeability elevation, and immune cell recruitment [379],
[380]. Post-transplantation, islets transfected with VEGF for elevated expression survived longer
and achieved normoglycemia [381], [382] when compared with islets without VEGF overexpres-
sion; however, this comes with the risk of continuous, unregulated VEGF production, which might
cause hemangiomas [383]. As such, labs incorporated VEGF in the encapsulation device to sup-
port vascularization, allowing the use of poorly vascularized transplantation sites [384], [385].
Hydrogels can be engineered to release VEGF as needed [386], or can be tuned for gradual re-

lease of VEGF to support vascularization of the transplant site with a reduced risk of attracting im-




mune cells [385], [387]. Farina et al. [388] co-transplanted islets with either a low (0.5 pg/mL) or
high (5.0 pg/mL) concentration of VEGF in a 3D-printed PLA device. While both concentrations
supported vascularization within four weeks, the high concentration of VEGF also promoted an in-
flammatory response and calcification on the implants. Interestingly, Cabric et al. [389], [390]
showed that conjugation of the pancreatic islets with heparin and VEGF-A effectively inhibited
IBMIR and improved graft vascularization without affecting islet function. Similar results with
VEGF, FGF-2, and heparin were also observed when incorporated within nanofiber gels [391],
[392]. Recently, Scheiner et al. [393] established innovative 3D-printed PDMS microspheres that
can be loaded with VEGF prior to the loading of islets. The in vitro study indicated that the device
was able to release bioactive VEGF for at least four weeks, suggesting that this could be a promis-
ing vascularization strategy for future pancreatic islet transplantation. While the incorporation of
VEGF had a positive effect on islet viability in post-transplantation studies, there still exists the risk
of angioma formation in such a strategy. The concentration and timing of VEGF release needs to
be tightly regulated in order to effectively support angiogenesis and not angioma formation [394].
Furthermore, new vasculature requires vasculogenesis or arteriogenesis as much as angiogenesis,
and VEGF alone does not drive healthy angiogenesis. Other growth factors and cell types are re-
quired to develop a mature vasculature that connects to the native vasculature in vivo without ini-
tiating pathological processes. A detailed review regarding the vascular biodesign concepts spe-
cific for islet transplantation can be found in Bowers et al. [395].

9.2. Hepatocyte growth factor (HGF)

HGF is produced by stromal cells and is involved in promoting cell proliferation and angiogenesis
[396], [397]. HGF has been reported to be a potential growth factor to improve transplantation
outcomes in animal studies [398]. Moreover, in vivo studies have shown that HGF can suppress fi-
brosis in organ transplantation, including liver [399], cardiac allografts [400], and skeletal my-
oblasts [401]. When HGF was overexpressed in murine islets, Garcia-Ocana et al. [402] found in-

creased insulin content and secretion upon glucose stimulation, with greater GLUT-2 and GCK ex-
pression. They also showed prolonged survival and function through activation of pro-survival
signalling cascades when transplanted into diabetic mice compared to those without the HGF
overexpression [403], [404]. Interestingly, this enhanced islet survival and function was also seen
when non-human primate islets were transplanted into mice [405]. The survival rate of the trans-
planted islets was significantly higher in the HGF group compared to the control group.

9.3. Fibroblast growth factor (FGF)

FGFs have several functions in tissue regeneration, such as cell migration, differentiation, and an-
giogenesis [406]. In clinical practice, FGFs have been utilized at injured sites to support wound
healing [407]. In previous studies, supplementation of FGF2 in isolated murine islet cultures sup-
ported insulin secretion in response to glucose, and when co-transplanted into diabetic mice, as-
sisted in the reduction of blood glucose levels and improved vascularization compared to islets
transplanted without FGF2 [408]. FGF1 encapsulated in alginate has been shown to successfully
allow for the vascularization of the implant site [409]. FGF21 administration to diabetic mice fol-
lowing an islet transplant improved transplant survival and restored glucose levels compared to
those without FGF21 [410]. Nevertheless, FGFs are not stable in vivo [411]. Therefore, some stud-



ies have focused on the encapsulation of FGFs to increase their half-life. Smink et al. [412] pro-
posed the use of a liposomal formulation with acidic FGF and basic FGF. When these liposomes
were introduced to the transplant site, there was no effect on the long-term survival rate of islets,
but the liposomes with acidic FGF enhanced vascularization of the scaffold [412]. Yang etal. [413]
investigated the role of basic FGF in pre-vascularizing transplant sites. They implanted an FGF-re-
leasing collagen-based sheet into mice for ten days, and then removed this sheet before trans-
planting rat islets contained in an immune-isolation device. They found that the pre-vasculariza-
tion step with basic FGF was necessary for maintaining blood glucose levels post transplantation
when compared to the controls [413].

9.4. Transforming growth factor-f1 (TGF-[31)

TGF-B1 is a key cytokine involved in many cellular processes including cell proliferation, cell sur-
vival, and promoting angiogenesis [414], [415]. It is involved in the suppression of inflammatory
cytokines such as interleukins, IFN-y, and TNF-q, and cytotoxic-T-cells [414]. The dose of TGF-f1
can exert different cellular effects. Animal studies investigating TGF-f1 showed that a limited dose
of TGF-B1 (5 pg/mL) can maintain islet integrity and prevent islet apoptosis [416]. The TGF-1
pathway has been shown to be important in maintaining (3-cell populations both in vitro and in
vivo [416], [417]. Administration of TGF-1 inhibitors to mice transplanted with murine and hu-
man (-cells promoted -cell replication [418] and prevented {3-cell apoptosis [419]. When human
islets were transduced to express TGF-f1, there were no adverse effects on C-peptide production
or cell viability, suggesting this could be used to evade immune reaction [420]. Researchers have
co-transplanted TGF-1 with islets for its immunosuppressive benefits. When donor islets from
transgenic mice expressing islet-specific TGF-B1 were transplanted into diabetic mice, they demon-
strated prolonged graft survival, and reduced presence of T-cells and inflammatory cytokines
[421]. Liu et al. [422] co-transplanted islets and TGF-B1 in a multi-layered PLG scaffold. TGF-1
was encapsulated within the scaffold, while islets were seeded on an outer layer. Transplantation
of these devices to the epididymal fat pad of diabetic mice achieved normoglycemia within a week
and found significantly decreased cytokine expression of TNF-a, and IL-12, and leukocyte infiltra-
tion. This study showed that TGF-$1 can be co-transplanted with islets to delay graft rejection and
an immune response, while not impairing islet function [422].

10. Transplantation site and delivery

Choosing an appropriate transplantation site is crucial for the survival and function of an islet
graft. Transplant size is often not an issue in small animal studies as the number of islets and/or
the required device to house the islets is not a limiting factor in terms of space and diffusion.
However, humans require a considerably large number of islets, and this can have a great effect
on the transplant site, and device design and size. The site should have minimal innate and adap-
tive immune responses, allow for neovascularization, and be minimally invasive for transplant and
monitoring purposes. Many of the common sites such as liver, kidney, pancreas, and subcutaneous
space have been extensively studied and reviewed [113], [423], [424], [425] (Fig.2). Below we
give an overview of some transplantation sites considered for islet replacement therapy.



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9531713/figure/f0010/

10.1. Liver

As one of the most vascularized organs in the body, infusion of islets through the portal vein to the
liver is the most common site for experimental and clinical implantation. The liver is the organ that
insulin mainly targets physiologically and is currently the accepted site for the Edmonton Protocol
[426], [427], [428]. The procedure itself is minimally invasive as it is aided by interventional radi-

ology and ultrasound guidance. The islets are infused into the portal vein using a catheter and
transfusion bag [429], [430]. When comparing the liver to the subcutaneous space for the trans-
plantation of islets embedded within a poly(N-isopropylacrylamide) sheet device, it was shown
that the liver surface supported vascularization of the transplanted site significantly better than at
the subcutaneous space [431]. Nevertheless, the liver has been reported to be not an ideal trans-
plant site as it tends to induce an IBMIR. The liver is the main source of complement proteins se-
creted by hepatocytes, which produces up to 15 times more complement C3 than macrophages
[204], [432] and inflammatory cells [204], [433]. Furthermore, the implanted cells are difficult to
monitor for survival and function (inaccessible for graft biopsy), bleeding, portal hypertension,
and thrombosis. To overcome the IBMIR and thrombosis problems, anticoagulation agents such as
heparin are used for the treatment [434]. The implanted islets are also hard to completely retrieve
from the patient if safety concerns arise [113], [435]. Nevertheless, the liver is still the main site
for islet replacement therapy and considered to be the location which can provide long-term sur-
vival for transplanted islets.

10.2. Kidney

Kidney subcapsular space provides good vascularization for transplanted islets. Compared to the
liver, implanted islets can be retrieved and monitored easily after transplantation. Moreover, the
site was reported to be immunologically privileged [113], [114]. Recent research on rodents indi-
cated that islets transplanted in the kidney subcapsular space have the best result compared to
portal vein and muscle [436], [437], though further investigation is still required. Most studies uti-
lized naked islets for transplantation in the kidney due to limited space, resulting in several disad-
vantages of this site. The first drawback is the low oxygen partial pressure [438], which may cause
substantial cell number loss because of necrosis. The second drawback is the subcapsular space
only possesses limited volume for the islet graft, though some studies demonstrated that fewer
islets are required in the renal subcapsular site to reverse diabetes in comparison to the portal
vein [438].

10.3. Omentum and peritoneal cavity

Encapsulated islets are generally implanted into the peritoneal cavity and omentum because of
relatively large spaces [439]. In addition, there are high lymphatic vessels and vascularization,
which allows for oxygen and nutrient supply to the transplanted islets [440]. Although these sites
are still under early-stage research, the good plasticity, high capacity, and vascular networks make
these potential sites for medical device implantation [441]. Kim et al. [442] showed that the
glycemic control for omentum islet transplantation in mice was better than kidney, liver, and mus-
cle. Interestingly, a peritoneal pouch to deliver a large amount of islets (about 1000 islets) was de-



signed for this transplantation site [443]. The pouch delivery device resulted in proper vascular-
ization and high insulin secretion; however, major disadvantages of this site are the invasive sur-
gery required compared to the other sites [222], [442] and cytokine-mediated damage to encap-
sulated islets which is induced by peritoneal macrophages [444], [445], [446].

10.4. Subcutaneous and intramuscular spaces

The subcutaneous and intramuscular spaces are some of the simplest operative locations for islet
implantation with minimal complications and reduced IBMIR [447]. Islet viability and function can
be monitored due to the superficial implantation location below the skin, and can be easily re-
trieved from the patients; however, they offer insufficient oxygen supply without a neovascular
network, leading to poor outcomes [113]. Furthermore, the insulin release patterns at these sites
are not as favourable as locations like the liver. Physiologically, about 50 % of insulin secreted
from the pancreas flows into the liver through the portal vein and then undergoes the first-pass
metabolism [448)]. Islet transplantation into intramuscular and subcutaneous sites leads to insulin
secretion directly to the peripheral vessels which ultimately results in poor glycemic control [449].
Several medical devices that can be implanted subcutaneously are in clinical trials. Recently, the
Shapiro group developed a subcutaneous “device-less” technique for transplantation [220], [450],
[451]. They designed a special catheter and implanted it at the subcutaneous site to induce con-
trollable FBR. The purpose was to promote neovascularization at the location before
transplantation.

10.5. Pancreas

The pancreas appears to be an obvious site for islet replacement therapy, and several animal stud-
ies also indicated that the site could offer a well-vascularized microenvironment with minimal in-
flammatory and fibrotic response [452], [453]; however, the surgical procedure for the pancreas
is technically difficult with a high risk of complications such as hemorrhage [454]. Therefore, the
pancreas is unlikely to be an ideal islet transplantation site. For the same reason, so far, we are un-
aware of any studies on implanting large medical devices in the pancreas.

10.6. Spleen

The spleen has been suggested to be an optimal site for islet transplantation because of its high
vascularization and blood flow into the portal venous system. The spleen is involved in immune
tolerance, playing a role in the suppression of cytokine secretion, T-cell proliferation, and antibody
production. The presence of Tregs in the spleen further supports that this site might be immuno-
suppressed [449]. Conversely, some research also demonstrated islets transplanted in the spleen
are more accessible by lymphocytes, leading to an immune response. Transplantation of islets in a
composite fibroblast-populated collagen matrix in the spleen of diabetic mice showed a better sur-
vival rate of the islet allograft when compared to controls [455]. Compared to other transplant
sites, the spleen has an increased risk of hemorrhaging [438]. When comparing the splenic
parenchyma site and the hepatic sinus tract for naked islet transplantation, it was found that the
grafts in the splenic parenchyma group possessed a better outcome of glycemic control [456].



11. Reimbursement

The cost of islet transplantation varies from country to country. A 2015 UK study comparing life-
long insulin therapy and unprotected islet and hiPSC derived (3-cell transplantation reported that
islet transplantation costs GB£60,000 in total for the one-off procedure with a 20-year cost of
GB£321,704 [457]. A US study showed that islet transplantation can have a total 20-year cost of
US$519,000 [458]. The Swiss-French GRAGIL network reported a 2013 cost of US$38,000 for the
procedure and a 1 year post-transplantation cost of US$72,000 [459]. These initial costs are high
when compared to the gold standard insulin therapy. Nevertheless, studies did show that islet
transplantation can be more cost effective than insulin therapy after 9 years [459]. Interestingly,
the same study showed that hiPSC derived (-cell transplantation could be more cost effective than
insulin therapy after 8-11 years, depending on a few manufacturing and immunosuppressive vari-
ables. Despite these promising economic estimations, clinical trial data reviews have shown that
only a third of islet transplantation recipients are insulin independent after 5 years and very few
after 10 years. However, the purely economic variables are not the only consideration for health
care provider calculations for reimbursement. Quality adjusted life years, life years gained, and the
prevention of severe hypoglycemic events are major considerations with their own calculations, all
of which favour islet transplantation.

The reimbursement for islet transplantation varies in each country. Japan, Australia, UK, France,
Sweden, Norway, Poland, Czech, Switzerland, Italy and Canada, have approved islet transplantation
as a safe and efficient therapy, which allows patients with T1D who undergo this treatment to re-
ceive reimbursement from national health systems or third-party insurance [460]. Nevertheless,
the situation in the US is much more complicated. Although whole pancreas transplantation is re-
imbursable for patients with T1D by health insurance, current allogeneic islet transplantation is
not reimbursable and is only permitted for clinical trials [460]. In the US, islets are regarded and
regulated as biological drugs instead of organs [460], [461], which requires a Biological License
Application (BLA) for further use. The requirement of BLA approval impedes reimbursement
from insurance companies. In 2021, the Am. Diabetes Assoc. published a perspective article to as-
sert that the criteria used for biologic drugs based on BLA are not suitable for the quality reassur-
ance system of the transplanted islets. The misconceived regulation resulted in the decline of the
activities of islet transplantation over decades and this might be why this treatment has been stuck
in the pre-clinical or clinical trial stages in the US [460], [461]. Therefore, the current regulations
urgently need to be re-evaluated by the FDA.

12. Future perspectives

Insulin-secreting cell transplantation is an exciting therapeutic approach for the treatment of dia-
betes mellitus. As demonstrated throughout this review, there has been intense and broad re-
search into the enhancement or replacement of the Edmonton Protocol. Topics of interest such as
insulin-producing cell sources, cell encapsulation with materials and devices, biomolecule supple-
mentation, and implant location have been investigated to solve important problems such as im-
mune rejection, lack of vascularization, and cell viability. Despite a large body of science and thera-
peutic potential, the commercial viability of islet transplantation does limit the robustness of what
can be delivered to patients today. In other words, we may have 100 different options to improve



islet transplantation, but cost issues in clinical translation and reimbursement on the payer side
limit most commercial strategies because the cost benefit analysis must be better than the clinical
gold standard and financial margins for the developer. Considering the complexity of Advanced
Therapy Medicinal Product regulation, it is wise to keep products simple. Our proposal of the fu-
ture of insulin-secreting cell transplantation is a mixture of short-term and long-term goals that
will serve patients currently suffering greatly from T1D, but provides an accessible solution for a
greater stratification of patients in the long-term (Fig. 3).

Transplantable islets can be acquired from multiple sources. Allogeneic islets from cadavers have
been the main source of islets and insulin-producing 3-cells. Although the cost of the islet isolation
process is similar in the xeno- and allo-transplantation, donor limitations of the latter always exist.
Therefore, SC-derived B-cells have been regarded as a promising source of implantable insulin-se-
creting cells. Different stem cell types and cell lines have different differentiation efficiencies and
transcription profiles, which greatly influence the viability and function of the final implanted cells.
The future insulin-secreting cell should be engineered to genetically evade the host immune re-
sponse and resist hypoxia-induced apoptosis. The pre-differentiation cell source, whether it be an
iPSC source or primary cell for trans-differentiation, should be commercially viable and widely ac-
cepted as safe. Recently, strategies to facilitate large-scale production of functional islets from stem
cells have been described [174]. Importantly, the differentiation process should be as short and
simple as possible. 30+ day complex multi-step differentiation protocols are great science and an
exceptional step towards the future, but they may not be commercially viable as a long-term solu-
tion for a large population of patients.

Encapsulation devices can help resolve current issues in islet transplantation. The general pros
and cons of macro- and micro-encapsulation devices have been discussed. In the short-term,
macroencapsulation is the current trend in commercialization as they are easy to retrieve and
therefore have a much stronger safety profile than the smaller devices. However, microencapsula-
tion devices may be the best option in the long-term as cell sources become more trustworthy and
retrievability is not a requirement. Oxygen and nutrient diffusion are not an issue with these de-
vices, which somewhat mitigates the need for oxygenation strategies. The operative procedures of
the smaller devices are minimally invasive which is an important advantage for doctors consider-
ing whether to adopt new technologies.

Biomaterials can be both short-term and long-term solutions. There are many GMP quality bioma-
terials currently on the market, which can be modified for islet transplantation purposes.
However, there is not much guidance on the clinical translation side. Simple collagen type I or algi-
nate biomaterials have been shown to have positive effects on islet viability and function.
Biomaterials become a more long-term solution when they are modified to induce a desired im-
mune response, release drugs into the transplant environment, or act upon transplanted cells or
islets. However, a microencapsulated and properly engineered insulin-secreting cell line may not
require a biomaterial at all. Biomaterials in islet transplantation may become obsolete in the long-
term due to cost and efficacy considerations. Nevertheless, oxygen-producing and highly perme-
able biomaterials may be a relatively straightforward solution for acute hypoxia at the transplant
location.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9531713/figure/f0015/

ECM proteins, growth factors, and other small molecules all have their potential; however, the op-
tions seem almost endless. Our group demonstrated how the ECM protein NID1 alone can protect
B-cell viability, modulate the immune response, increase insulin secretion, angiogenesis and neuro-
genesis, and reduce fibrosis. Nevertheless, the cost of the GMP production and clinical trials to
bring NID1 to the market still needs commercial validation. Short-term, already GMP available and
validated growth factors like VEGF may be the best available options to support islet transplanta-
tion, if there is an established dosage and release kinetic criteria available, as well as a proper
biodesign that mitigates pathological remodelling. Molecules to increase oxygenation will remain
important until microencapsulation techniques can be employed with engineered cell lines.
Macroencapsulation devices still suffer from fibrotic encapsulation and therefore molecules to
modulate the immune system are very relevant.

Accessory cells co-transplanted with islets support islet survival and function through paracrine
signaling. While the co-transplantation of growth factors and small molecules suffer from their
short half-life, accessory cells exist as a continuous source of such proteins on a need basis; how-
ever, the issue arises when considering how many different cell types are to be transplanted for
islet transplantation purposes. Endothelial cells are pro-angiogenic and secrete ECM proteins to
support cell survival while Tregs modulate the host’'s immune response to prevent immune rejec-
tion. MSCs and hAECs have both pro-angiogenic and immunomodulatory properties to reduce the
host’s immune response. Different cell types confer different advantages and disadvantages, com-
plicating the decision on which cell type and in what ratio they should be introduced to support
islet survival and function post-transplantation. Furthermore, the addition of another living cell
type complicates the regulatory process and increases costs. Here, we propose that Tregs are the
most promising co-transplantation option due to the importance of modulating the immune
system.

The idea of universal stem cells holds great potential for cell replacement therapies as they can be
used for multiple patients. Stem cells that are engineered to lack MHC-I-class and MHC-II-class pro-
teins and express PD-L1 evade immune detection and attract protective Tregs. In the scope of cell
replacement strategies for an autoimmune disorder such as T1D, this holds even greater promise
as there would be no ligands for the host’s immune response to detect. Glucose-responsive in-
sulin-producing cells differentiated from such a stem cell line can be successfully transplanted
without an encapsulation device, immunomodulatory cells/proteins, or an immunosuppressive
regimen. Furthermore, as differentiation protocols have been shown to vary between stem cell
types, a universal stem cell line would allow for prior optimization of the protocols. It would also
open doors to modify other aspects of the cells such as ECM production and angiogenic potential
to further support their survival in transplantation settings. While universal stem cells seem to be
an ideal approach for cell replacement therapies, much remains unknown on how such genetic
modifications can affect long-term function of the differentiated cells.

The currently strategies for islet transplantation are dependent on safety, ease of regulatory ap-
proval and health care reimbursement, and therefore the current future remains very device fo-
cused. However, with all new technologies, costs will decrease, enabling a more robust product for
a cost that the reimbursement agencies are willing to pay. Here, we see a very bright future in the
field of islet transplantation as new technologies, molecules, and cell types will be able to provide



greater efficacy for a more accessible price. Once these obstacles have been successfully tackled,
islet transplantation may also become an attractive treatment option for patients with longstand-
ing T2D and severe (-cell failure [462], [463], [464].
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Strategies for islet and insulin-producing cell encapsulation. Encapsulation strategies can be divided into two main ap-

proaches: macroencapsulation or micro- nanoencapsulation. A number of research areas are currently being investigated

with the aim to develop immunosuppressant-free therapies for islet transplantation with biocompatible biomaterials and

improve the overall long-term transplant function and viability. (1) Transplants can be immune-isolated and allowing prox-

imal vascularization within; (2) transplants can be optimized based on the biomaterials used or by tuning its surface prop-

erties; (3) Integration of oxygen-releasing materials surrounding the islets can provide gradual oxygenation to reduce the

hypoxic conditions; (4) biofunctionalization is of interest to improve the transplanted cells by biological interactions; (5)

ECM and GF can stimulate specific cellular pathways resulting in an increase of cellular function and or survival.



Table 1

Summary of key challenges and recent strategies regarding islets encapsulation.

Key challenges Strategies

Methods

Acute hypoxia  Hypoxia preconditioning

Oxygen-releasing molecules

External oxygen supply

Chronic hypoxia Pre-vascularization

Re-vascularization

Foreign body Immunoisolation

response

Islets pre-exposed to intermittent hypoxia [358].

Islets preconditioned in carbon monoxide gas

[465], [466].

Perfluorocarbons (PFCs) [369].

Calcium peroxide (CPO) [372], [373], [374].

Hemoglobin (Hb) [377], [378], [379].

B Air device (oxygen refueling technique) [467].

Oxysite (encapsulation of CPO within

polydimethylsiloxane) [334].

Subcutaneously transplanted islets followed by

50 % oxygen inhalation treatment [468].

Pre-implantation an agarose rod containing cyclic

oligopeptide SEK-1005 [277].

Pre-implantation of FGF-releasing collagen-based

sheet [414].

‘Device-less’ transplant technique [220], [451],

[452].

Delivery systems for growth factors VEGF [336],
[401] or FGF [410], [411], [413].

Co-transplantation of bone-morrow or adipose

mesenchymal stem cells (MSCs) with encapsulated

islets to improve angiogenesis [469].
Coating 1,12-dodecanedioic acid (DDA) on a

chitosan pouch [273].

Co-transplantation with accessory cells such as
endothelial progenitor cells [184], [186], [187].

Polyacrylonitrile and polyvinyl chloride
copolymers (PAN/PVC) [470], [471].
Polyurethane and polyvinyl pyrrolidone

copolymers (PU/PVP) [472],

[473].

Polytetrafluoroethylene (PTFE) membranes [474],

475].
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Insulin-secreting cell sources and transplant locations. The main sources of pancreatic islets for patients can be potentially
obtained from the pancreases of cadavers or pigs. The isolation procedures and the Ricordi chamber have been optimized
to acquire sufficient and high-quality islets from the doners. In the recent years, insulin-producing cells which can be differ-
entiated from stem cells has been considered as a new source for the transplanted islets. Islets isolated through manual
procedures or derived from other cell sources can be transplanted into areas of the body such as the liver, pancreas, kidney,

spleen, omentum, and intramuscular and subcutaneous spaces.
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Research and translational priorities for islet transplantation. The short-term priorities for islet transplantations that can
help current patients in need are placed from top to bottom. Devices and biomaterials are already either clinically approved
for other applications or currently under clinical trials. As you move down, the proteins, growth factors, and other small
molecules become more effective and specific; however, the cost and safety profiles of these options make them long-term
possibilities. Towards the bottom, other cell types, particularly engineered cell types, become more powerful in their effi-

cacy; however, many are still in pre-clinical translation.



