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Abstract

Purpose of Review Beta cell replacement therapy as a form of islet transplantation is a promising alternative therapy with the
possibility to make selected patients with type 1 diabetes (T1D) insulin independent. However, this technique faces challenges
such as extensive activation of the host immune system post-transplantation, lifelong need for immunosuppression, and the
scarcity of islet donor pancreas. Advancement in tissue engineering strategies can improve these challenges and allow for a more
widespread application of this therapy. This review will discuss the recent development and clinical translation of tissue
engineering strategies in beta cell replacement therapy.

Recent Findings Tissue engineering offers innovative solutions for producing unlimited glucose responsive cells and fabrication
of appropriate devices/scaffolds for transplantation applications. Generation of pancreatic organoids with supporting cells in
biocompatible biomaterials is a powerful technique to improve the function of insulin-producing cell clusters. Fabrication of
physical barriers such as encapsulation strategies can protect the cells from the host immune system and allow for graft retrieval,
although this strategy still faces major challenges to fully restore physiological glucose regulation.

Summary The three main components of tissue engineering strategies including the generation of stem cell-derived insulin-
producing cells and organoids and the possibilities for therapeutic delivery of cell-seeded devices to extra-hepatic sites need to

come together in order to provide safe and functional insulin-producing devices for clinical beta cell replacement therapy.
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Introduction

Patients suffering from severe T1D can be offered to receive
beta cell replacement therapy, either as a whole pancreas or as
islet transplantation. In the latter, the pancreatic islets are first
isolated from a diseased donor, followed by an intraportal
hepatic infusion [1]. This treatment is safe and effective and
offers significant benefits to T1D patients including improve-
ment in hemoglobin Alc (HbAlc) and reduction in their daily
insulin need. The patients can suffer less from diabetes com-
plications and are at lower risk of becoming hyperglycemic,
which improve the quality of life and in some cases help to
achieve full insulin independency [2, 3]. The first successful
clinical human islet transplantation, known as Edmonton-like
protocol, emphasizes on the use of steroid-free immunosup-
pressive regimen with insulin and anti-oxidant therapy in
combination with a larger transplanted islet mass (> 11,000
islet equivalent (IEQ)/kg body weight) [4, 5]. This success
was a significant milestone in islet transplantation that led to
stimulate the opening of several centers around the world and
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a significant increase in the number of islet transplantations
[6]. The progress in the field has led to a transition of islet
transplantation from being an experimental therapy to a rou-
tine clinical procedure; however, the widespread application
of the procedure is not yet possible due to the shortage of
suitable donor pancreases and the need for broad immunosup-
pression. In addition, the long-term restoration of beta cell
function and normalization of blood glucose have not yet been
achieved. This is partly due to the early islet graft damage
post-transplantation resulting from the activation of the instant
blood inflammatory reaction (IBMIR), in which the newly
transplanted islets are exposed to the blood components of
the recipient [1, 7]. Thus, to improve the outcome of islet
transplantation procedure and broaden the application to more
patients, there is an urgent need for a renewable source of beta
cells, effective strategies to avoid early graft loss, and induc-
tion of allo-immune tolerance.

Tissue engineering strategies offer tools to differentiate
functional insulin-producing cells from pluripotent stem cells
or progenitor cells [8]. These cells must be able to mimic the
native islets and maintain specific phenotypic functions.
Tissue engineering of cell-laden scaffolds/devices for the is-
lets or engineered insulin-producing cells allow for transplan-
tation of these cells to the extra-hepatic sites. The current trend
is to develop scaffolds from suitable biomaterials and extra
cellular matrix (ECM) proteins that allow for full immune
protection, efficient vascularization post-transplantation, and
reduction in micro-environmental stress [9—12].

The First Component of the Tissue
Engineering Strategy: Need for a Beta Cell
Source That Maintains Glucose
Responsiveness and Insulin Secretion
Properties Similarly to Native Islets

Generation of beta-like cells from human embryonic stem
cells (ESCs) or induced pluripotent stem cells (iPSCs) with
direct in vitro differentiation methods has progressed remark-
ably (Fig. 1) [13—17]. The potential protocols have been con-
tinuously optimized to reach higher differentiation efficiency
and maturation in mimicking glucose-stimulated insulin se-
cretion patterns similarly to adult human islets [18-20].
Additionally, it has been shown that it is possible to generate
functional beta-like cells from the iPSCs of diabetic patients
[21-23]. Moreover, pancreatic progenitor cells (PPCs) such as
pancreatic exocrine cells, including duct epithelial cells and
acinar cells, have been shown to have the ability to differen-
tiate to IPCs [24-26]. Transdifferentiation of PPCs to IPCs has
gained gradually more attention in the recent years, although
this needs more investigation [27].

In general, the refinement process for maturation of beta-
like cells in vitro is still in its infancy. Fundamental steps for
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the development of functional islets depend on our under-
standing about how different stem cell types and progenitor
cells are instructed to differentiate and what are the relation-
ships of the various cell types in the islets [28]. This is partic-
ularly challenging since the structure is highly dynamic and
relies on a tightly orchestrated cell-cell signaling-based devel-
opment. Additional factors arise from cell-ECM interactions,
inflammatory cytokines, blood components, and nutrients
such as glucose. It has been recently shown that WNT4 plays
a vital role in the maturation process of functional stem cell-
derived beta-like cells [20, 29].

Even if the generation of functional IPCs would be suc-
cessful with the abovementioned cell types, allogeneic beta-
like cells could trigger the immune system of T1D patients
resulting in graft rejection [15]. One strategy to make the IPCs
invisible to the host immune system could be to generate
universal stem cells by manipulating the genes that encode
for human leukocyte antigen (HLA) class I and class II pro-
teins [30, 31]. Genetic modification approaches including the
use of CRISPR/Cas9 gene-editing technology have also been
used to eliminate the HLA gene expressions in iPSCs before
differentiation into IPCs [32]. In addition, during the differen-
tiation process, not all stem cells can fully differentiate to IPCs
and there are always populations of undifferentiated cells that
can increase the chance of tumorigenicity of the cells derived
from the stem cells. Another strategy to improve the differen-
tiation efficiency and maturation of IPCs as well as increase
the safety of these cells is the identification of specific cell-
surface markers of the IPCs. Veres et al. has recently reported
CD9 as a negative enrichment cell-surface marker for IPCs,
combined with CD49a, as a positive surface marker, resulted
in 80% pure IPCs after differentiation [33¢]. Another strategy
is to place a suicide gene in the cells in order to eliminate them
in case of tumorigenicity after transplantation [34, 35]. Tissue
engineering approaches have given a possibility to perform
various clinical trials involving ESCs or iPSCs to cure diabe-
tes [32]. Tremendous progress has already been made in the
development and generation of IPCs suitable for clinical pur-
poses and therefore could possibly replace the need for islets
from cadaveric donors in the near future.

The Benefits of Adding Supporting Cells
to Insulin-Producing Cells

In normal a pancreas, islets are surrounded by exocrine tissue
and accessory cells including connective tissue and
neurovascular network which both support the islet function
and integrate them to the circulatory and nervous systems
[36]. The islet isolation procedure destroys the crosstalk be-
tween the islets and the accessory cells, resulting in disrupted
islet function and survival. Development of pseudo-islets or
organoids by combining islets with supporting cells could be
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Fig. 1 Three tissue engineering building blocks for generating functional
artificial pancreas. The figure illustrates different cell types that have been
suggested for bioengineering of insulin-producing cells as well as
supporting cells for generation of functional insulin-producing

favorable strategy to create an environment that could mimic
the native islet milieu in the pancreatic tissue. Presence of
these supporting cells in 3D structured organoids together
with IPCs could also favor maturation and function of stem
cell-derived insulin-producing cells (Fig. 1).

Mesenchymal Stromal Cells

Mesenchymal stromal cells (MSCs) are immune-
privileged cells, found in almost all tissues such as bone
marrow, adipose tissue, and perinatal derivatives (Fig. 1)
[37, 38]. MSCs are capable of inducing anti-apoptotic and
pro-angiogenic effects when co-cultured and co-
transplanted with islets [39—41]. Presence of MSCs to-
gether with islets has been shown to improve islet func-
tion and graft vascularization post-transplantation [42].
The immune-modulatory effects of MSCs protect the
newly transplanted islets through activation of Treg cells,
which could inhibit activation of T cells and natural killer
cells post islet transplantation [43, 44]. Direct contact of
islets and MSCs have reported beneficial effects on glu-
cose responsiveness and insulin secretion of islets in vitro
as well as angiogenesis of the graft post-transplantation
under kidney capsule of diabetic mice [45, 46]. It has
been suggested that the dynamic crosstalk between the
islets and MSCs is required for constitutive secretion of

organoids. The image also depicts strategies for creating implantable
cell-laden devices in extra-hepatic sites and importantly the criteria for
developing cell devices that are applicable for clinical beta cell
replacement therapy

growth factors including VEGF, involving in improved
vascularization of the graft and superior insulin secretion
capacity of islets [47, 48].

Adipose-derived stromal cells (ASCs) can be easily isolat-
ed and expanded by lipoaspiration. Similarly to other MSCs,
these cells secrete growth and angiogenic factors upon expo-
sure to hypoxic conditions [42]. Isolating ASCs is a minimally
invasive and safe procedure. Therefore, large amount of these
cells can be available for clinical applications. Although it is
still debated, ASCs have been reported to strongly express
higher levels of vascular and intracellular adhesion molecules
compared to MSCs, which is beneficial for vascularization
and function of the graft post-transplantation [49-51]. Co-
transplantation of syngeneic ASCs with marginal allogeneic
islet mass showed prolonged graft survival and glucose toler-
ance in immunocompetent diabetic mice [41]. A graft with
ASCs and islets showed well-preserved islet structure and
increased vascularization as well as decreased accumulation
of CD8+ and *, CD4+ T cells, and macrophages in
transplanted mice [42, 52].

Encapsulation of islets together with MSCs or ASCs in
hydrogel-based beads has also been demonstrated as a strate-
gy to protect the cells from the host immune system [53-55].
Production of growth factors, anti-inflammatory cytokines,
and adhesion molecules by MSCs encapsulated with islets
has been shown to preserve islet function via increased secre-
tion of anti-oxidant factors and adhesion molecules by islet
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in vitro and reduced pericapsular fibrosis post-transplantation
in stablished diabetic mouse model [53, 56-58].

One proposed strategy to improve the survival of islets/
MSCs and increase the outcome of transplantation is pre-
treating the cells with growth factors. Transplanting rat islets
and human ASCs in a fibrin gel pre-treated with epidermal
growth factor 2 (EGF2) reduced islet hypoxic damage and
increased graft vascularization post-transplantation in the sub-
cutaneous site of T1D mice [59]. However, the short half-life
and the release frequency of these factors need to be consid-
ered in the study design [60, 61].

Endothelial Cells

Islets are fully vascularized micro-organs and have a
unique microvasculature system that is highly specialized
for glucose sensing and insulin secretion. Inadequate re-
vascularization of the newly transplanted islets in T1D
patients is known as one of the factors for poor islet
transplantation outcome [9]. Lack of proper islet graft
vascularization post-transplantation induces hypoxic
stress and results in loss of islet function [62]. One strat-
egy to improve vascularization of newly transplanted is-
lets is co-transplantation of islets with endothelial cells
(ECs). Primary ECs have been shown to induce new
blood vessel formation upon co-transplantation with skin
fibroblasts, skeletal cells, and stem cell-derived myocardi-
al tissue [63, 64]. Co-transplantation of rat islets and ECs
to a diabetic rat model has shown improvement in the
surrounding vessel density together with elevated islet
graft function [65]. Although having ECs together with
islets could accelerate vascularization, the time required
for this process is a central issue to be considered in order
to prevent ischemia and loss of islets. It takes approxi-
mately 7 to 14 days for the newly transplanted islets to
get revascularized in the hepatic site [66]. Pre-
vascularization of a transplantation site can improve the
in-growth of vessels to the graft post-transplantation.
Implantation of the TheraCyte device in the subcutaneous
site of diabetic rodents 3 months prior to islet transplan-
tation accelerated diabetes treatment compared to the si-
multaneous device and islet transplantation [67¢]. In an-
other study, implanted cylindrical stainless-steel mesh
tubing in the subcutaneous and omentum sites of TID
mice prior to islet transplantation allowed in-growth of
vascular structures. Placing islets in this device showed
long-term normoglycemia [65, 68]. On the other site,
these approaches promoted fibrosis and foreign body re-
sponse at the transplantation site and had negative effect
on the graft function [69, 70]. To avoid this, a device-less
approach was developed by first implanting a nylon cath-
eter 1 month prior the cell transplantation to create
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vascularized pocket in the subcutaneous site of T1D mice.
The catheter was replaced by islets and the mice obtain
normoglycemia for over 100 days post-transplantation
[71ee].

One strategy to improve both islet graft function and also
accelerate vascularization of the graft is to take advantage of
combining different supporting cells with islets. Transplanting
rodent islets with MSCs and fibroblasts in collagen-
fibronectin hydrogel to the omentum and subcutaneous sites
of diabetic mice enhanced vascularization of the scaffold and
improved glucose tolerance [72, 73]. In addition, co-
aggregation of pancreatic islets, human umbilical ECs
(HUVECsS), and human MSCs generated a mini-organoid in
which HUVECs and MSCs played a key role in revasculari-
zation of the organoids post-transplantation [74, 75¢].

Pancreatic Stellate Cells

Pancreatic stellate cells (PSCs) are a multi-functional cell
types found in both islets and exocrine tissue of the pancreas
[76-78]. Although the knowledge about the inactive form of
PSCs is very limited, these cells are known to produce nestin,
vimentin, and glial fibrillary acidic protein (GFAP) and have
been shown to supply blood flow and provide scaffolding to
support epithelial integrity [79, 80]. Inactivated PSCs are also
involved in the maintenance of the ECM components by se-
cretion of metalloproteinases [81]. Inactivated PSCs have also
been shown to express toll-like receptors that might support
their role in innate immunity [82]. Hepatic stellate cells
(HSCs), which have many biological similarities with PSCs,
have been reported to express MHC-II proteins, which are
needed for interaction with T cells [83]. Co-transplantation
of HSCs with islets has shown to protect the islet allograft
from rejection by forming a multi-layered capsule that reduces
immunocyte infiltration to the graft [84].

The activated PSCs have been reported to promote fibrosis
and secretion of pro-inflammatory cytokines [85]. Moreover,
activated forms of PSCs are shown to be involved in pancre-
atic diseases such as glucose intolerance, fibrosis, and pancre-
atitis [86—88]. The triggers for the activation of these cells are
not yet fully understood. However, conditions such as hypox-
ia, hyperglycemia, and presence of endotoxins are suggested
to be involved in production of local cytokines from macro-
phages in islets and shift from inactivated to activated PSCs
[89, 90]. Therefore, more investigation is required to clarify
the role of the activated PSCs on islet health. Fibrosis is one of
the factors that deteriorate the long-term survival of the islets
within cell devices. Since activated PSCs can be involved in
islet fibrosis, understanding the molecular mechanisms of
PSC activation is vital before these cells can be used together
with insulin-producing organoids.
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Second Component of the Tissue Engineering
Strategy: Generation of Supporting
Cell-Laden Scaffolds for Insulin-Producing
Cells

Different scaffold fabrication and encapsulation methods pro-
vide protective options to keep the cells isolated from the
direct contact with auto- and allo-immune responses (Fig. 1).
Encapsulation strategies are based on the distance between the
cells inside the device and the host environment [91].
Macroencapsulation involves encasing a large number of cells
within a device with the size of more than 1 mm. The advan-
tages of the macro-scale scaffolds are the tunability of the
shape, membrane parameters, and pore size with wide spec-
trum of different fabrication methods. Due to the relatively
large size, preferably one device would be enough to deliver
the curative cell dose [92]. In contrast, microencapsulation
approach uses many micro-scale capsules with the diameter
of less than 1 mm with each capsule containing a single cell or
an islet. Many of the benefits for microencapsulation are at-
tributed to the spherical shape of the capsule, as it maximizes
the surface to volume ratio and promotes the passive diffusion
of oxygen, exchange of nutrient, and waste products [93]. In
both encapsulation strategies, the devices are mainly made of
semipermeable hydrogel-based biomaterials with the cells
embedded in the hydrogel. The third encapsulation strategy
is the nanoencapsulation method in which a thin layer of
hydrogel-based material is placed on the surface of an islet
or a cell aggregate [94]. The final cross-linked hydrogel layer
generates a nanometric conformal coating around the surface
of the cells [95]. Selected studies in which hydrogel-based
materials are used for generation of encapsulation devices
are presented in Table 1.

The key function of an encapsulation device is to provide
an immune-protective environment for cells that allows nor-
mal insulin secretion in response to blood glucose, while
maintaining islet viability with effective nutrient and waste
exchange capability. An optimal device would keep cytotoxic
T cells and immune cells out of the islet capsule and also
protect the islets from antibodies and cytokines that might be
detrimental to their survival [67¢]. Some of these immune
mediatory molecules are similar in size as insulin or other
necessary nutrients which means it is not possible to avoid
the entry of all immune-related molecules [115].

The BAir device is an example of a macroencapsulation
device, which gives the islets immune protection with a thin
hydrophilized teflon membrane impregnated with alginate
and also supplies the cells with oxygen by daily refills of
oxygen-CO, mixture [98, 116]. Encapsulation of allogeneic
beta-like cells is twice as important, not only to avoid immune
rejection of the cells post-implantation but also to act as a
protection barrier against undifferentiated pluripotent cell
population that might have harmful tumorigenic properties

[117ee, 118]. In 2014, a clinical trial was performed in T1D
patients to evaluate the safety and efficiency of ViaCyte VC-
OlTM, which is a macroencapsulation device with human
ESCs-derived pancreatic progenitor cells (ClinicalTrials.gov,
identifier: NCT02239354). Although the device is immune-
protective and does not allow entry of host immune cells, it
does not promote vascularization of the cells within the device
and consequently showed poor insulin-producing cell func-
tion post-implantation [119, 120]. Another updated
macroencapsulation device, VC-02™ that contains ESCs-
derived pancreatic progenitor cells allows vascularization of
the device as it is fabricated with numerous small holes for in-
growth of vessels. However, this device is not immune-
protective which means immunosuppressive regimen for
these patients are required (ClinicalTrials.gov, identifier:
NCTO03163511). Other selected clinical trials regarding
encapsulated islet derives for T1D patients are presented in
Table 2.

The main advantages of the macroencapsulation cell de-
vices over micro- and nano-devices are the easier implantation
methods and retrievability of the devices in case of a graft
failure or any other complications [127]. However, the main
limitations of the macroencapsulation devices are the poor
exchange and diffusion rates of nutrients and oxygen, which
are dependent on the device parameters such as the chosen
material, thickness, or reservoir size. These variables alter the
kinetics of insulin release, which might lead to severe prob-
lems such as hypoglycemia [128, 129]. Therefore, implanta-
tion of such devices to sites that have low vascularization
capabilities could be even more challenging in terms of nutri-
ent exchange and cell viability post-implantation [130].

In strategies such as microencapsulation, the volume of the
transplanted islets is lower than the volume of the hydrogel
material due to the possible presence of empty micro-capsules
within the cell/capsule mix [131]. In this case, some hydrogels
such as alginate, which is widely used for encapsulation pro-
cedures, can generate foreign body responses, amyloid forma-
tion, and fibrosis, leading to device failure [132, 133].
Nanoencapsulation technology can be more beneficial as each
capsule is fabricated according to the size and shape of an
islet. Therefore, this strategy allows higher cell to biomaterial
ratio [134ee, 135]. However, hydrogel-based biomaterials can
be very fragile and unstable [136]. Improper coating of the
islets in this approach might leave some cells exposed to the
host environment that results in graft failure [137-139].

3D Bioprinting

3D bioprinting technology is an innovative fabrication meth-
od where cells are 3D printed together with hydrogels. In a
way, this is also a macroencapsulation strategy, as it provides
the possibility to fabricate devices with multiple islets or
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Table 1

Selected studies on different biomaterials and islet encapsulation methods for beta cell replacement therapy

Biomaterial

Methods

Cells

In vivo outcome

Polytetrafluoroethylene
(PTFE)

Alginate/collagen matrix

Alginate/polyether ether
ketone

Alginate/DM18-pectin

Alginate

Alginate

Alginate

PEG-based hydrogel

Alginate/resin

Alginate/perfluorodecalin
(PFD)

Gelatin

@ Springer

TheraCyte macroencapsulation device

Multi-layered cell sheet planar device with islets
in central collagen matrix layer. Two external
alginate layers were designed for immune
protection

BAir disk-shaped device made of clinical grade
polyether ether ketone. The device contains
encapsulated islets in alginate

Microencapsulation of islets with droplet
generator and cross-linked with CaCl,

Purified mannuronic acide (high-M) alginate was
used to generate microencapsulated islets
followed by cross-linking with BaCl,

Alginate microencapsulation with inner coating of
poly-L-lysine and outer coating of strontium

Micro-capsules barium-gelled alginate

Micro-capsules consist of hydrogel core
cross-linked with a non-degradable PEG and a
vasculogenic outer layer

3D printed resin rings coated with alginate and
cross-linked with CaCl, and BaCl,

Islet-hydrogel micro-capsules cross-linked with
BaCl,. PFD was added as an oxygen carrier

Biodegradable islet pockets were fabricated from
gelatin sheets supplemented with bFGF and
sodium hyaluronate

Pancreatic
progenitor
cells

Porcine islets

Rat islets

Rat islets

Porcine islets

Mouse islets

Porcine islets

Rat islets

Rat islets

Rat and mouse
islets

Rat islets

TheraCyte device implanted subcutaneously in
non-diabetic mouse model reported functional
insulin-producing cells and high level of plasma
c-peptide in response to blood glucose 20-30
weeks post-implantation

Islet sheets were implanted subcutaneously in
diabetic non-human primates. The animals
achieved normoglycemia and the device
maintained the status up to 6 months
post-implantation without immunosuppressive
regimen. A strong immune response was
observed

Subcutaneous implantation of BAir device
maintained glucose levels within the
physiological levels in diabetic rat model up to 3
months post-implantation. This is followed by
vascularization of the device and improvement
in glucose tolerance and insulin secretion

Encapsulated islets implanted to the peritoneal
cavity of diabetic C57BL/6 mice induced
normoglycemia up to 200 days and inhibited
pericapsular fibrosis

Diabetic BOAF1 mice transplanted with the
encapsulated porcine islets at the intraperitoneal
site reported normalization of blood glucose
levels up to 190 days post-implantation.
Explanted capsules were free of fibrotic tissue.
An immune response of 1gG and IgM subtypes
was observed post-transplantation

Microencapsulated islet allografts stayed functional
up to 553 days in diabetic NOD mice without
immunosuppression regimen and 95 days in
immunosuppressed NHPs post-implantation.
Two NHPs received MSCs and oxygen therapy
prior to islet transplantation and reported
improvement in the graft function with no sign of
fibrosis responses

Immunosuppressed, diabetic NHPs transplanted at
the intraperitoneal site with encapsulated porcine
islets showed reduction in hyperglycemic
episodes and improvement in metabolic
function. No signs of fibrosis was observed

Implementation of encapsulated islets with
vasculogenic hydrogel layer enhanced vascular
density within the omentum transplant site This
improved islet viability in a syngeneic diabetic
rat model

Devices were coated with 500 islets per mouse and
implanted to the intraperitoneal space of
C57BL/6 mice. The devices normalized the
blood glucose and maintained islet function 12
weeks post-implantation

200 and 300 islet beads per mouse were implanted
to the peritoneal cavity of C57BL/6 mice. Islet
beads normalized blood glucose for up to 48
days post-transplantation

Empty sheets were implanted to the dorsal
subcutaneous site of rats followed by injection of
viscous sodium hyaluronate-bFGF mixture
around the sheets. After day 7 post-implantation,
islets were injected to the sheets. No
immunosuppressive regimen was used.
Vascularized tissue was observed around the
sheets day 7 post-implantation. Glycaemia was
restored up to100 days

[96]

[97]

[98]

[99]

[100]

[101]

[102¢]

[103]

[104]

[105]

[106]

Reference
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Table 1 (continued)
Biomaterial Methods Cells In vivo outcome Reference
Silk/heparin Heparin sodium salt and silk fibroin solutions Mouse islets 300 islets per cylinder were transplanted to the [107]
were crystallized to cylinder-shaped molds. epididymal fat pads of C57BL/6 mice.
Finalized scaffolds were cut to cylinder-shaped Normoglycemia was achieved < 1 week
slices post-transplantation and maintained for 1 year
alongside with the efficient intra-islet
vascularization
Collagen/alginate/PVA Polyvinyl alcohol (PVA) sponge disks with Mouse islets  Disks that contained 500 islets were implanted to  [108]
alginate with VEGF. Islets were placed in the subcutaneous pocket of C57B1/6 mice. The
peripheral cavities of the disk grafts reversed diabetes in mice after 20 days
post-implantation and maintained
normoglycemia up to 116 days. Disks with
VEGF-enriched alginate reported lower levels of
islet necrosis and higher levers of vascular
density
PEG/heparin Highly porous PEG-heparin scaffolds were Mouse islets ~ Devices containing 5 x 10° MSCs and 100 islets ~ [109]
fabricated using cryogelation technique and MSCs were implanted to the subcutaneously site of
C57BL6/J mice. Although thin fibrous layer was
observed after explantation of the devices on day
7 post-implantation, the islets and MSCs in the
scaffolds were intact
PVA/silicone/VEGF PVA/silica fiber membranes conjugated with Mouse islets  SiO,-VEGF nano-fibers containing 200 IEQ islets [110]

VEGF

Medical-grade polylactic 3D bioprinted scaffolds were pretreated with
acid VEGF-enriched platelet gel to increase
vascularization
Alginate/gelatine Coaxial bioprinting of filaments with islets in the
core and endothelial progenitor cells in the
shell layer
PEG Nanoencapsulated PEG-coated islets

PEG/heparin Layer-by-layer nanoencapsulation of islets with

PEG combined with heparin

Human islets

Mouse islets

Porcine islets

Non-human

were transplanted to a pre-vascularized area in
the subcutaneous site of diabetic mice.
Transplanted animals with islet nano-fibers
maintained normoglycemia up to 70 days
post-implantation

Scaffolds were implanted 4 weeks prior to the
injection of human islets to the subcutaneous site
of the nude non-diabetic mice. Followed by 2
doses of human islet (2000 IEQ, and 2000 IEQ,
second dose 12 weeks later). The islets stayed
viable as the scaffolds protected them from
hypoxia throughout the study

The scaffolds implanted in C57BL/6 mice were

and stable for up to 21 days post-implantation.

endothelial Vessel formation was observed after day 14

progenitor

cells

[111]

[112]

PEG-coated porcine islets transplanted to diabetic
rat model reported reduction in the blood glucose
levels to the normoglycemic range; however,
animals returned to hyperglycemia 60-70 days
post-implantation

Nanoencapsulated islets transplanted in
Cynomolgus monkeys showed c-peptide
positive graft 108 post-implantation.
Encapsulated islets with heparin also reported
reduction in factors responsible for IBMIR

[113]

[114]
primate

insulin-producing cell clusters encapsulated in different bio-
materials [140]. The most common 3D bioprinting methods
are (1) inkjet bioprinting, (2) microextrusion-based
bioprinting, (3) laser-based, and (4) light-based bioprinting.
Coaxial bioprinting is also a type of the extrusion bioprinting,
which allows co-printing of two biomaterials, each containing
different types of cells. More detailed information about each
method is discussed in these review articles [12, 140].
Marchioli et al. were the first to bioprint directly beta cells
and islets mixed with a hydrogel. Their studies confirm the

printability of insulin-producing cells and islets. However, the
cells showed diminished function and insulin secretion in re-
sponse to glucose [141. Various studies have acknowledged
similar viability and functionality challenges post-printing lat-
eron as well [93, 142¢]. Enrichment of the chosen biomaterial
with decellularized native tissues such as pancreas, adipose,
heart, and cartilage is one strategy to mimic tissue-specific
biological cues and create biomimetic environment for islets
[143]. However, bioprinted cell devices with this strategy still
lack long-term cell function post-printing [93, 143].
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Table 2 Relevant selected clinical studies with different encapsulation strategies for beta cell replacement therapy

Biomaterial Cells Method Clinical trial outcome Reference
Encapta VC-01 Pancreatic 19 T1D patients were implanted subcutaneously The device provided immune protection against [1207]
device progenitor with the device the host adaptive immune system with no
cells generated evidence of allogenic or autoimmune
from ESCs rejection. In addition, the potential
insulin-producing cell survived for 24 months
post-implantation
BAir device Allogeneic A case report of a 63-year-old T1D patient Graft function was maintained for 10 months ~ [116]
human islets implanted with BAir device containing 2100 with controlled blood glucose levels and
EIQ/kg body weight of allogeneic islets regulation of insulin secretion without
administration of any immunosuppressive
agents
BAir device Allogeneic The safety and efficiency of the BAir device Implantation of the BAir device was safe and ~ [121]
human islets containing 155,000-180,000 IEQ was successfully prevented rejection of the
evaluated in four T1D patients with follow-up  transplanted islets. However, only low levels
period for 3—6 months post-implantation of circulating c-peptide were observed with
no impact on metabolic control. Presence of
fibrotic tissue with immune cells was
observed in the surroundings of capsules.
Recovered islets from the devices displayed
poor glucose-stimulated insulin response and
amyloid formation
Microencapsulated  Allogeneic A case report of a T1D patient transplanted with Transplantation of microencapsulated islets [122]
islets human islets 15,000 IEQ/kg of alginate microencapsulated  resulted in glycemic control and insulin
islets in the intraperitoneal site independence for up to 9 months
post-transplantation. The patient received
immunosuppressive regimen due to their
previous renal transplant
Microencapsulated  Allogeneic Two T1D patients were transplanted with a total Transplantation procedure was non-invasive [123]
islets human islets number of 400,000 and 600,000 and devoid of side effects. Although the
microencapsulated islets in the intraperitoneal ~ patients were unable to withdraw exogenous
site without administration of insulin, the decline in the frequency of
immunosuppressive agents weekly hypoglycemic episodes and
responsiveness to OGTT indicated the graft
metabolic function
Microencapsulated ~Allogeneic Four T1D patients were transplanted All patients had serum c-peptide response, both [124]
islets human islets intraperitoneal with alginate in basal and after stimulation, throughout 3
microencapsulated islets years of post-transplant follow-up. This is
followed by improved levels of blood glucose
and HbA Ic levels. Anti-MHC class I-1I and
GADGS5 antibodies were negative in all
patients 3 years post-transplantation
Microencapsulated  Porcine islets 4 T1D patients were transplanted with total All four patients showed improvement in the ~ [125]
islets number of 10,000 and 20,000 IEQ/kg in levels of HbA ¢ (< 7%) with reduction in the
intraperitoneal cavity without frequency of unaware hypoglycemia and
immunosuppressive regimen daily dose of insulin injection for > 600 days
post-transplantation
PEG-coated Porcine islets Two patients with the age of 25 and 30 were Although the recipients experienced a reduction [126]
nanoencapsulat- transplanted with nanoencapsulated porcine in the numbers of hyper- and hypoglycemic
ed islets islets subcutaneously to the back and the episodes, neither of the subjects achieved

abdomen without immunosuppressive

regimen

insulin independence

To overcome poor vascularization and improve oxygen-
ation and nutrient supply of bioprinted islet structures, ar-
tificial vascular structures could be included to the device
design. These kind of structures are printed with the help of
sacrificial biomaterials such Pluronic F127 or gelatin that
create micro-channel network inside the material. After
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printing and cross-linking of the biomaterial, the sacrificial
part is removed, which leads to an empty vasculature net-
work inside the printed scaffold. Optionally, this kind of
network can be seeded with suitable cells such as ECs to
endothelialized the walls and mimic vascular tissue for
in vitro studies [144, 145].



Curr Transpl Rep (2021) 8:205-219

213

Bioprinting supporting cells together with the pancreatic
islets to a multi-layer scaffold is another strategy to promote
vascularization and immune protection of the bioprinted islet
structures. Adding ASCs to islets gives the opportunity to
generate a 3D bioprinted multi-cellular scaffold structure that
can improve islet function and survival in vitro [146].
However, there is so far no evidence showing the functional
3D bioprinted islet graft that improves glucose regulation in
diabetic mice post-implantation. Interestingly, 3D bioprinted
islets in the inner core and endothelial progenitor cells (EPCs)
in the outer shell of alginate/gelatin-based hydrogel demon-
strated maintenance of normoglycemia for up to 80 days post-
transplantation in diabetic mice [112]. Natural hydrogels that
are mainly used for bioprinting applications display structural
resemblance to ECM and have better biocompatibility com-
pared to synthetic biomaterials. However, they are fragile and
not stable enough to guarantee long-term survival of islet
structures until the cells remodel the material with their own
ECM and complete the vascularization process [147]. Mixing
natural hydrogels with synthetic hydrogels such as Pluronic
and polyethylene glycol (PEG) improves the mechanical
properties of the biomaterial and increases tunability of these
materials for fabricating cell devices. Selected encapsulation
studies regarding 3D bioprinting technology and different bio-
materials to create islet scaffolds are presented in Table 1.
Although bioprinting approach is a versatile and revolutionary
technology, generating a whole organ using this technique is
still in its infancy. Clinical translation of this strategy still
needs further development of novel clinical-grade biomate-
rials with tunable properties to provide better diffusion, vas-
cularization, and additionally decrease the risk of host im-
mune responses toward the 3D bioprinted structures.

Third Component of the Tissue Engineering
Strategy: Optimization of Implantation Site

Alternative extra-hepatic sites for transplantation of islets or
insulin-producing organoids need to be accessible for obser-
vation and easy to explant in case of complications. In addi-
tion, transplanting to these sites must be technically safe and
minimally invasive without causing any severe complications
post-transplantation. Vascularization of the grafts in the extra-
hepatic transplantation sites is essential to avoid micro-
environmental stress induced by the lack of oxygen and nutri-
ents post-transplantation (Fig. 1) [148].

Skeletal muscles have been proposed as an extra-hepatic
alternative site for transplanting the islets [148]. Proper revas-
cularization of transplanted human islets has been observed in
the intramuscular site in immunocompromised mice.
Additionally, results from few cases of autotransplanted pan-
createctomized patients have shown promising data for the
skeletal muscle tissue as a potential extra-hepatic site for islet

transplantation [149]. However, testing this site only on a few
islet allotransplantation patients reported inconsistent results
regarding the islet function and local inflammatory responses
[150]. Generating biological scaffolds for islets from ECM
enriched with growth factors has reported to increase insulin
response and viability of the graft transplanted intramuscular
in diabetic mice [151, 152]. Intramuscular transplantation site
has also given the possibility to monitor the scaffold and the
graft vascular density with positron emission tomography
(PET) [152].

Subcutaneous site stands out from the other tissue types as
it has notable advantages such as its accessibility and exten-
sive surface area that is suitable for scaling up the scaffold size
to contain required number of islets for clinical islet transplan-
tation [148, 153—156]. Recently, implantation of type I
collagen-based islet scaffolds in subcutaneous site of diabetic
mice with and without use of immune-suppressive medica-
tions showed reversal of diabetes and improved angiogenesis
in both mouse models [157]. One disadvantage of subcutane-
ous site is the poor graft vascularization capacity due to the
low oxygenation of the skin tissue [158]. Enriching scaffolds
with growth factors can overcome this limitation. However,
the short half-life of growth factors does not make this strategy
optimal for long-term graft function [159, 160]. It is vital to
consider that the route for insulin secretion is systemic drain-
age in subcutaneous site, whereas the normal route for insulin
delivery is the portal vein [148]. Therefore, choosing a site
such as the omentum that allows for insulin drainage via portal
vein is more physiological for the islets [161]. The omentum is
highly vascularized and easily accessible, which makes it suit-
able as an extra-hepatic transplantation site [162—164]. A bi-
ological islet scaffold was developed by mixing the islets with
the plasma of the recipient followed by transplantation to the
omentum. By adding thrombin to the scaffold at the transplan-
tation site, fibrinogen in the plasma converted to fibrin and
polymerized the scaffold with the islets inside [165].
Transplantation of this biodegradable scaffold in the omentum
of diabetic rats and non-human primates reported less islet
inflammation and improved glucose regulation [163, 165].
Although this approach was tested in 3 T1D patients, the study
was stopped after poor graft function in 2 out of the 3 patients.
Therefore, our current understanding on this site is still limited
to preclinical studies. More comprehensive stepwise ap-
proaches need to be developed in order to broaden our knowl-
edge on finding an alternative and suitable implantation site
for insulin-producing devices.

Future Perspectives and Conclusion
Three current building blocks of tissue engineering to advance

the beta cell replacement therapy for patients with T1D are (1)
alternative beta cell sources and supporting cells to generate
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insulin-producing organoids, (2) scaffolds or devices for hom-
ing the cells, and (3) identifying a suitable implantation site
(Fig. 1). Despite of the extensive development for generating
IPCs, these cells do not yet fully resemble native human islet
function. More research needs to be conducted to understand
the intricacies of the glucose regulation and the crosstalk be-
tween different cell types in a native islet, as it will provide
vital knowledge for maturation of the generated IPCs [166,
167]. Bioengineering of insulin-producing organoids with
IPCs and supporting cells is a promising step to improve ma-
turity and intra-vascularization of these organoids. However,
upscaling methods to differentiate IPCs and also expand IPCs
and supporting cells to the required number for clinical appli-
cations are costly and labor intensive [168]. In addition, var-
ious analyses need to be performed to increase the safety of
the produced cells, which add up to the cost and the needed
time to have the cells applicable for clinical purposes [169].

Macroencapsulation devices have become an attractive strat-
egy for clinical applications, as they can contain the curative cell
dose for diabetic patients. Having the cells in a close contact
within these device is suggested to be a vital factor for optimal
blood glucose regulation [115]. Encapsulation as a method helps
to immune-protect cells from the host environment. However,
the limitations of this method are poor vascularization and nutri-
ent exchange that need to be solved for optimal device function.
For example, devices with permeable membrane structures that
allow in-growth of vessels into the device can strongly aid with
the graft function. Nevertheless, development of a device that
would have these two most desired qualities, (i) an immune-
protective membrane and (ii) viability promoting qualities, is
yet to be discovered. Optimal insulin-producing graft function
is also dependent on the biocompatibility of the materials used to
develop potential devices. Synthetic biomaterials have optimal
and defined mechanical properties but lack the biocompatibility
aspect. On the other hand, natural biomaterial hydrogels and
ECM-derived proteins and cues have excellent biocompatibility
and regenerative capacity to support cell function but these lack
mechanical tunability and robustness. These two strategies as
combined and mixed with cells could potentially provide excel-
lent opportunities to develop suitable, stable, and biocompatible
functional islet devices [170—172]. Foreign body responses and
fibrosis compromise the functionality of the devices for insulin-
producing cells. Understanding not only the chemical properties
of biomaterials but also the molecular biology and cell signaling
pathways behind fibrosis post-implantation could lift up our
knowledge to bioengineer more biocompatible devices [173,
174].

In this review, we have discussed the central elements of the
tissue engineering field for generating artificial pancreas. The
progress in the development of these strategies to engineer islet
devices that would mimic the functions of an endocrine pancreas
has made enormous steps in the recent years. All three building
blocks of tissue engineering that we have discussed in this review
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need to come together in order to have a fully functional, safe,
and translatable islet or insulin-producing organoid device for
clinical beta cell replacement therapy.
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