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Type 1 diabetes mellitus (T1DM) is a disorder that decimates pancreatic
[B-cells which produce insulin. Direct pancreatic islet transplantation
cannot serve as a widespread therapeutic modality owing to the need for
lifelong immunosuppression and donor shortage. Therefore, several
encapsulation techniques have been developed to enclose the islets in
semipermeable vehicles that will allow oxygen and nutrient input as well
as insulin, other metabolites and waste output, while accomplishing
immunoisolation. Although encapsulation technology continues to face
significant obstacles, recent advances in material science, stem cell biology
and immunology potentially serve as pathways to success. This review
summarizes the accomplishments of the past 5 years.

Introduction

The pancreas is a glandular organ of the digestive and endocrine systems. It has lobules, which are
formed by a mixture of ductules and well-vascularized epithelial cell clusters that reflect the two
main functions of the pancreas: digestion and glucose homeostasis. Exocrine cells, which form
the majority of the parenchyma, release a mixture of digestive enzymes and bicarbonate into the
duodenum. The remaining 1-2% of the pancreatic mass consists of endocrine cells, which form
glands and are called islets of Langerhans. These islets consist of five cell types: B-cells, a-cells,
d-cells, e-cells and pancreatic polypeptide cells. The most important cell type in regulating
glucose metabolism is the (3-cell, which represents ~65-80% of the total islet population. [B-cells
secrete the body’s insulin, which is directly related to daily carbohydrate intake and physical
activity. Insulin stimulation occurs in the event of high plasma glucose, glucagon, parasympa-
thetic stimulation, glucagon-like peptide 1 (GLP-1), glucose-dependent insulinotropic peptide
(GIP) and secretion of other peptides [1].
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Islet B-cells exhibit more-potent secretory responses than dis-
sociated cells. The molecular and cellular basis of this connectivity
is affected by a series of diabetic insults and genes associated with
diabetes. However, owing to certain factors (genetic, environmen-
tal, immunological) in one class of people no insulin is produced
[2]. In this event, a malady called type 1 diabetes mellitus (T1IDM)
occurs, and patients who develop the condition are called insulin-
dependent. T1DM results from complete destruction of endocrine
pancreatic 3-cells, resulting in insulin deficiency [2]. -cell de-
struction precedes the onset of symptoms by several months or
years when the patients are asymptomatic and euglycemic but
present positively related antibodies. In this regard, diabetes
occurs after a long latency period, correlated with the high per-
centage of [-cells, which must be destroyed to manifest the
disease.

Currently, the main treatment for T1IDM is exogenous insulin
therapy via injections. Islet transplantation with immunosuppres-
sion, known as the Edmonton protocol, has been proposed as a
therapeutic modality for TIDM treatment. Transplanting pancre-
atic islets has important advantages over transplanting the whole
organ, because it involves a minor surgical procedure with low
morbidity and mortality. In clinical islet transplantation, the
required amount of islet equivalents (IEQ; i.e., islets with mass
equal to that of an islet of average size, 150 wm) is associated with
the recipient’s body weight (BW). Most clinical protocols deter-
mine the lower threshold for human islet transplantation as
5000 IEQ/kg BW, whereas trials with larger cohorts of patients
raise the number up to 10 000 IEQ/kg BW [3]. In allotransplanta-
tion there is a limited supply of human pancreata; however, recent
progress in the stem cell field can potentially eliminate this donor
shortage barrier [4].

Immunoisolation is proposed for the obviation of immunosup-
pressive drugs that are associated with recurrent side effects. Islets
are encapsulated in a barrier vehicle, which protects the islets
against host immune responses, while simultaneously facilitating
the exchange of vital molecules, such as oxygen, nutrients and
insulin. The material needs to be biocompatible, yet not biode-
gradable, facilitate neovascularization and exchange of vital mole-
cules, and prevent invasion of toxic chemical and cellular moieties
(antibodies, cytokines, etc.). In this review, the accomplishments
from the past 5 years of islet encapsulation technologies and
approaches to overcome important limitations are epitomized.

Encapsulation strategies

Strategies for the encapsulation of pancreatic islets can be grouped
into three main categories: (i) nanoencapsulation, (ii) microen-
capsulation and (iii) macroencapsulation (Fig. 1). The presented
classification is made by considering the mean distance of the
islets from the host environment, as the most significant parame-
ter of cell viability and function. Nano-, micro- and macro-encap-
sulation paradigms are demonstrated in Tables 1 and 2.

Nanoencapsulation

Layer-by-layer (LbL) deposition of oppositely charged biomaterials
is the most commonly used method for islet nanoencapsulation.
Nanoscale LbL coatings were developed expressing bio-orthogonal
functionality and tailored physicochemical properties. A recent
study established an encapsulation method based on LbL assembly

that facilitates the cell surface to be coated with extracellular
matrix (ECM). This technique enabled the rapid fabrication of
well-structured [-cell spheroids enhancing intracellular interac-
tion and its effectiveness was tested in a mouse model [5].

A xenotransplantation of LbL non-human primate (NHP) islets
was conducted by Haque et al. to test a three-polymer LbL encap-
sulation of NHP islets in mice with immunosuppression. They
claimed that the LbL encapsulation showed a uniform nanoshield-
ing on islets without the loss of viability and function [6]. Recent-
ly, Park and co-workers transplanted heparin nanoshielded islets
(10000 IEQ/kg BW) into NHPs with immunosuppressive drugs
that reduced instant blood-mediated inflammatory reactions
(IBMIR) [7]. Additionally, an ultrathin heparin-polymer nanofilm
was proposed by another group, providing an open platform that
enables incorporation of biological mediators for islet surface
bioengineering [8].

Microencapsulation

The microencapsulation approach indicates the encapsulation of
individual or small clusters of islets. Microcapsules are the most
common microencapsulation vehicles and have been broadly
investigated and tested in several animal models. Ma and co-
workers encapsulated cells in alginate-based hydrogel microcap-
sules with core-shell structures using two-fluid coaxial electro-
jetting, which provided better treatment than conventional cap-
sules in a mouse model [9]. Furthermore, Teramura et al. proposed
a microencapsulation method within an ultrathin polymer mem-
brane (~10 pwm) that is thicker than conventional LbL membranes
and thus more stable [10].

Tomei and co-workers developed a strategy to minimize the
distance from islet to the host tissue by exploiting an optimized
hydrodynamic focusing technique [11]. The so-called conformal
coating allows complete microencapsulation with a thin layer (10-
50 wm) of hydrogel that secures islet function in a rodent model.
The same group later produced poly(ethylene glycol) (PEG)-mal-
eimide Matrigel®™ (islet-like ECM) which encapsulated islets via
conformal coating and presented long-term survival after allo-
transplantation in the epididymal fat pad (EFP) site (750-1000
[EQ/mouse) in the absence of immunosuppression — no T cell
activation was observed [12]. Furthermore, an encapsulation plat-
form based on pancreatic ECM was developed by Chaimov et al.
and was assessed in a proof-of-concept study using a mouse model.
Specifically, ECM-encapsulated cells were shown to be nonimmu-
nogenic and glycemic control was improved [13].

Macroencapsulation

The main distinction of macroencapsulation devices is the hous-
ing of a large mass of islets. Depending on the transplantation site,
macrodevices can be divided into two categories: extravascular
and intravascular. The encapsulation devices are transplanted
extrahepatically; however, in this case the rapid angiogenesis is
of crucial importance for graft survival. Subcutaneous transplan-
tation facilitates graft retrieval and monitoring [14,15]. Extravas-
cular macrocapsules, owing to a lower surface:volume ratio
compared with microcapsules, need more space and a transplan-
tation site with established vascular beds. Therefore, such devices
are often placed in the peritoneal cavity from which the device can
later be explanted or retrieved.
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Schematic illustration of pancreatic islet encapsulation. (a) Nanoencapsulation and microencapsulation of an islet. (b) Macroencapsulation devices house a large

®

mass of islets. Encaptra

is a planar device containing a semipermeable barrier, whereas [BAir is a device with ports for recharging oxygen. (c)

Immunosuppression using TheraCyteTM, a thin biocompatible membrane-bound polymeric chamber. (d) Shortly after the transplantation a host response
occurs. Over time, a vascular network forms providing the supply of oxygen and nutrients for the encapsulated islets.

TABLE 1

In vivo nano- and micro-encapsulation studies

Material Cell type/host Site Description Refs
Nano PEG and heparin NHP/NHP Portal vein Nano-shield, LbL approach [7]
Fibronectin and gelatin Mice/mice Intraperitoneal Nanofilms on cell surface, LbL approach [5]
cavity
PEG molecules NHP/mice Kidney Three layers of SH-6-arm-PEG-NHS, 6-arm-PEG-catechol and linear PEG-SH  [6]
PEG-MAL MG DTT Mice/mice EFP Conformal coating, PEG and islet- like ECM (Matrigel®; [12]
MG) islet encapsulation
Polyphenol nanothin Mice/mice EFP Multilayer coating consisting of tannic acid, an [88]
coatings immunomodulatory antioxidant and PVPON
Micro  Alginate-AEMA Mice/rat Omentum Alginate with 2-aminoethyl methacrylate hydrochloride, [33]
photocrosslinking
PFD-alginate Mice/Mice Peritoneal cavity Suspension of islets in polymer solution, coaxial bead [70]
generator
ECM hESC/Mice Subcutaneous ECM composed of polysaccharides and proteins, mainly [13]
collagen and elastin
Chitosan-coated alginate Pig, dog/mice, dog Intraperitoneal Alginate capsules suspended in chitosan solution, [38]
cavity air-driven droplet generator
PEG Mice/mice Kidney Capsule, conformal coating of islets through microfluidics [11]
Alginate Rat/mice Peritoneal cavity Core-shell capsule,co-axial nozzle for a stable formation of [9]

uniform core-shell

Abbreviation: PEG, polyethylene glycol; NHP, non-human primate; LbL, layer by layer; NHS, N-hydroxysuccinimide; MAL, maleimide; DTT, dithiothreitol; EFP, epididymal fat pad; ECM,
extracellular matrix; PVPON, poly(N-vinylpyrrolidone); AEMA, 2-aminoethyl methacrylate hydrochloride; PFD, perfluorodecalin; hESC, human embryonic stem cells.
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TABLE 2

In vivo macroencapsulation studies: methods and devices

Method or device Cell type/host Site

Description Refs

Subcutaneous
Peritoneal cavity

BAir Rat/rat
TRAFFIC Rat, human/mice

Device-encapsulated hESC-PE hESC/mice Subcutaneous

3D printed PLA Human/mice Kidney

) (171
Ca®*-releasing nanoporous polymer thread that promoted uniform [31]
in situ crosslinking and strong adhesion of a thin layer of alginate
hydrogel around the thread

hESC-derived pancreatic endoderm, engineered Encaptra® drug [21]
delivery system

PLA discoidal encapsulation devices — 8 mm in diameter and [27]
2.5 mm in thickness

SNM-based iBAP Mice/pig Intravascular Intravascular BAP with ~10 and ~40 nm pore-sized membranes [29]
BAir Pig/NHP Between the parietal 6] [16]
peritoneum and the
fascia of the abdominal
muscles
PDLLCL scaffold Rat/rat Subcutaneous Scaffold transplantation to initiate vascularization [75]
Biologic scaffold Rat, NHP, human/rat, NHP Intraomental Plasma and recombinant human thrombin [28]
3D printed PLA scaffold hESC/mice Subcutaneous Macroporous PLA with fibrin gel [25]
TheraCyteTM Mice/mice Subcutaneous ® [18]
PEG Mice/mice EFP Combines encapsulation with lithography techniques to generate  [100]
PDMS molds, 600 mm thickness
3D printed alginate scaffold Rat Subcutaneous Alginate/gelatin blend [26]

PCL thin-film device Mice/mice Under the abdomen
above the liver or
subcutaneous

Encaptra®™ hESC/mice Subcutaneous

TheraCyte™ hESC/mice Subcutaneous

NanoGland Human/mice Subcutaneous

PDMS scaffold Rodent, NHP, human/rat  Omentum

TheraCyte™ Rat/rat Subcutaneous

VEGF-PEG-MAL Mice/mice Peritoneal cavity

PCL micro- and nano-porous thin-films heat-sealed together using [23]
resistive heating of a nichrome wire

PEC-01 cell population, differentiated from hESCs, contains [20]
pancreatic progenitors

®) [15]
Microfabricated silicon membrane with parallel nanochannels [22]
(3.6-40 nm) and vertical microchannels (20-60 mm)

Biostable, macroporous scaffolds, fabricated using solvent casting [101]
and particulate leaching technique

O [19]
Polymer and islets mixed then crosslinked [68]

Abbreviation: hESC-PE, human embryonic stem cell-derived pancreatic endoderm; PLA, polylactic acid; SNM, silicon nanopore membranes; iBAP, intravascular bioartificial pancreas
device; NHP, non-human primate; PDLLCL, poly(D,L-lactide-co-e-caprolactone); PEG, polyethylene glycol; EFP, epididymal fat pad; PDMS, poly(dimethylsiloxane); PCL, polycaprolactone;

VEGF, vascular endothelial growth factor; MAL, maleimide.

2 A chamber, 68 mm in diameter and 18 mm in thickness, composed of a 600-fLm-thick immobilized islets module attached to an oxygen module by a gas-permeable silicon-rubber

membrane.
°Thin bound polymeric chamber composed of two membranes.

Macroencapsulation devices have already been commercialized,
such as Theracyte™, BAir from BetaO2 Technologies, and
Encaptra® of ViaCyte. The BAir device consists of three major
compartments: (i) an islet compartment with islets embedded in a
500-600 pm thick alginate slab; (ii) a gas chamber pO2 with inlet
and outlet ports; and (iii) a 25 pm polytetrafluoroethylene (PTFE)
membrane serrating the islet module from the host tissue. A newly
successful and safe xenotransplantation of porcine islets in a
diabetic NHP without immunosuppression has been accom-
plished with favorable results [16]. Moreover, Evron and co-work-
ers recently determined a supraphysiological level of the gas
chamber pO2 to substantially increase islet surface density [17].
Another macroencapsulated system, the TheraCyte™ device, is a
thin biocompatible membrane-bound polymeric chamber that
has been tested in a large number of animal studies preventing
hyperglycemia [18] and allograft rejection [19]. Encaptra™ is a
planar macroencapsulation device containing a semipermeable
barrier that can be engineered properly and loaded with hESCs
[20]. A newly published study determines the biologic character-
istics at which this combination product, named VC-01™, estab-
lishes metabolic control in mouse models [21]. The silicon

NanoGland macroencapsulation device has been developed for
the autotransplantation of human islets. It consists of a micro-
fabricated membrane with parallel nanochannels for immunopro-
tection and perpendicular microchannels that facilitate
neovascularization. NanoGland xenograft of human islets was
subcutaneously implanted in mice and lasted for >120 days [22].

Another endeavor includes the designing of a nanoporous thin-
film device from polycaprolactone (PCL) that sustained viability of
encapsulated islets in allogeneic mouse models for up to 3 months.
Foreign-body response was prevented and rapid neovasculariza-
tion around the device was facilitated [23]. Moreover, successful
long-term animal studies were recently conducted and the results
indicated evidence of engraftment, viability and function of cells
encapsulated in the device after 6 months [24].

Biologic and bioengineered scaffolds enabled by 3D printing
technology [25] are increasingly gaining attention as an alterna-
tive approach of islet macroencapsulation. Marchioli et al. con-
structed an alginate-based porous scaffold of a pre-defined 3D
architecture and proceeded to transplantation into a mouse. How-
ever, impaired glucose diffusion and limited islet functionality
were observed owing to the high viscosity of hydrogel needed for
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bioplotting [26]. Farina and co-workers fabricated 3D-printed PLA
encapsulation systems that generate vascularization in an immu-
nocompromised mouse model [27]. Moreover, an in-situ-generat-
ed plasma-thrombin biologic scaffold was evaluated in rodent and
NHP models with immunosuppression [28].

Anintravascular bioartificial pancreas device (iBAP) was proposed
as a macroencapsulation method that facilitates convective mass
transport through silicon nanopore membranes (SNM). This device
exhibited islet viability and functionality in vitro, providing insulin
response to glucose stimulation for clinically relevant islet densities
(5700 and 11 400 IE/cm?). Subsequently, the SNM with ~10 nm
pore sizewasapplied in a porcine model where 85%islet viability was
demonstrated at clinically relevant islet density (5700 IE/cm?) and
hemocompatibility through convection instead of diffusion [29].
This study could lead to scale-up BAP devices to be tested in larger
animals and eventually T1DM patients.

A hydrogel-based, nanofiber-enabled encapsulation device
(NEED) with macroscopic dimensions was proposed by An and co-
workers as an alternative encapsulation strategy [30]. Requirements
of biocompatibility and mechanical strength are fulfilled owing to
the combination of hydrogel and nanofibers. The device was testedin
a diabetic mouse and the diabetes was reserved for at least 8 weeks
[30]. Furthermore, An and co-workers recently developed TRAFFIC
(thread reinforced alginate fiber for islets encapsulation), a scalable
and conveniently retrievable device for cell encapsulation [31]. Effi-
cient function and translation are accomplished owing to uniform
and controllable hydrogel and strong thread-hydrogel adhesion. The
device provided immunoisolation of encapsulated rat and human
islets in mouse models for 3 and 4 months, respectively.

New pathways to successful encapsulation

Material design considerations

The material used for encapsulation of islets or drugs could cause a
host fibrotic response resulting in impaired mass transport in and out
of the semipermeable membrane. Therefore, the choice of material is
of great importance to modulate the host response and avoid graft
rejection. This material should meet certain criteria such as biocom-
patibility, immunoisolation and semipermeability for nutrients and
secreted metabolites or drug exchange. In general, natural polymers
are preferred owing to the mild, nondestructive (to mammalian cells)
conditions of gelling, with alginate as the most predominantly used
owing to its production at neutral pH and mild temperatures [32,33].
Nevertheless, the batch-to-batch variability and composition diver-
gence of 3-p-mannuronic-acid:a-L-guluronic-acid ratio, as well as the
residual components that the natural polymer could contain, such as
endotoxins, polyphenols or proteins [34], compromise the islet via-
bility because they elicit the host immune response and need to be
encountered. Furthermore, the crosslinking ions and the presence or
absence of additional polymer coating layers influence the success of
cell encapsulation [32]. The increase of the guluronic-acid:mannuro-
nic-acid ratio resulted in more-stable and biocompatible alginate
structures as pinpointed in the literature [35]. Alginate hydrogels
prepared via ion crosslinking, such as Ca*, present chemical insta-
bility after long-term application because of ion exchange between
the divalent crosslinking ions and the monovalent ions, such as Na*
existing in the surrounding environment. Somo and co-workers
fabricated microbeads from methacrylated alginate, which enabled
covalent crosslinking under exposure to ultraviolet light in addition

to ionic interactions with divalent cations. Methacrylated alginate
microbeads presented stability after 1 and 3 weeks under an inflam-
matory response in tests performed in vivo, using an omentum pouch
model [33]. An alternative crosslinking procedure through ‘click’
chemistry has been described [36]. Alginate was functionalized to
obtain pendant alkyne or azide functional groups, and subsequently
‘click’ gel capsules were formed with superior stability in ionic media
and enhanced permeability to small diffusates. Another group intro-
duced tetrazine and norbornene groups to the alginate backbone and
then proceeded to ‘click’ crosslinking, resulting in more-stable struc-
tures that provided higher cell viability after encapsulation and
minimal inflammatory response after injection in mice in compari-
son to ionically crosslinked gels that lost structural integrity and were
infiltrated by fibroblasts and immune cells in a 1 month study [37].
In addition, combining alginate with other natural or synthetic
materials has been examined for improved performance. Chito-
san-coated alginate capsules were utilized for xenotransplantation
of porcine islets in mice demonstrating a trend for graft survival
with decreased pericapsular fibrosis and allotransplantation of
canine islets in beagles where normoglycemia was maintained
for 1 year [38]. Encapsulation of porcine islets was conducted in
alginate capsules coated with methacrylated glycol chitosan via
photopolymerization [39]. Silk macrocapsules have also been
synthesized combined with alginate or agarose, with promising
results of glucose-induced insulin secretion (GSIS) and immuno-
modulation, when tested in vitro [40]. Other natural materials that
have been tested recently for cell encapsulation are ursodeoxy-
cholic acid, agarose and hyaluronic acid and collagen [41,42].
Over the years, many researchers have focused on the use of
synthetic polymers with reactive end groups that facilitate cross-
linked configurations in mild conditions or a combination of
natural and synthetic materials for cell encapsulation strategies,
to avoid natural polymer limitations [43]. PEG is a synthetic
polymer that can be functionalized with groups such as acrylates
and methacrylates, enabling the formation of crosslinked bioinert
hydrogel networks [43]. Marchioli and co-workers suggested islet
encapsulation with a nonadhesive layer of PEG diacrylate
(PEGDA). The authors described the synthesis of a bilayer with
the combination of PEGDA with a second hydrogel based on
thiolated-gelatin, thiolated-heparin and thiolated-hyaluronic-ac-
id, which provided cues for endothelial cell adhesion. Alternative-
ly, the same group supported the conformal coating of the islets
with PEGDA and subsequent embedding in the pre-mentioned
vascularization layer which is composed of thiolated glycosami-
noglycans. This stable structure facilitates blood vessel ingrowth
and maintains the round shape and functionality of the islets [44].
The volume of the implanted material and its configuration can
influence the mass transfer and the islet survival. This was exempli-
fied by Veiseh et al. who investigated the foreign body immune
response of several materials, such as hydrogels, ceramics, metals
and plastics, in rodents and NHP. They justified that encapsulation
device biocompatibility is dependent on its size and shape [45].
The conformal coating of islets has proven an efficient strategy
for islet immunoisolation, when the total size and volume of the
encapsulation device is reduced [46]. In the literature, a light-
mediated interfacial thiol-norbornene photopolymerization pro-
cedure was developed for creating hydrogel conformal coating on
pancreatic islets with controlled coating thickness [47]. Tomei and
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co-workers developed a strategy for the conformal coating of islets
with PEG hydrogels of similar thickness through a flow-focusing
technique followed by crosslinking [11]. The LbL nanocoating of
NHP islets with three layers of PEG (SH-6-arm-PEG-NHS, 6-arm-
PEG-catechol and linear PEG-SH) combined with an immunosup-
pressive drug protocol is described, achieving successful xenograft
survival for 150 days [6]. In another case, LbL coating of PAMAM-
MDT/alginate-hN3 was applied onto alginate microbeads resulting
in stable structures, and their permselectivity could be regulated by
the charge density of PAMAM, the number of layers and the length
of the functional end groups [48].

In macroencapsulation devices, combinations of different mate-
rials with specific properties is essential for successful graft survival.
The TRAFFIC device developed by An and co-workers consists of an
alginate hydrogel layer strongly adhering to a tough nanoporous
polymeric thread that includes nylon sutures coated with PMMA
+ Ca?". Thus, the device attained improved mechanical properties,
whereas mass transfer was facilitated owing to the short diffusion
distance [31]. BAir BAP of BetaO2 Technologies consists of two major
separated components: an alginate hydrogel slab in which the islets
are encapsulated and a gas chamber. The housing of the device is
made of clinical-grade polyether ether ketone [49]. NEEDs are based
on electrospun nanofibers impregnated with alginate, chitosan,
collagen or PEG matrix [30]. The electrospun nanofibers attain small
size (~10 nmto 10 pm), high porosity (>90%) and large surface area
(~10 m?%/g), providing mechanical strength to the structure. The
fiber material can alter their properties and the polymers nylon 6,
polyacrylonitrile (PAN), PCL, polysulfone (PSU) and polystyrene
(PS) have been tested by An et al. for designing nanofiber devices.

Ensuring cell supply

The limited donor availability renders human pancreatic cell supply
infeasible because usually >2.5 human donors are required for a
successful single transplantation. Taking this into consideration, the
search for cell replacement strategies is mandatory. Over the years,
allogeneic and xenogeneic cells have been successfully encapsulated
and transplanted into rodents, dogs, NHPs and humans.

Stem cell therapy of TIDM represents a promising alternative
strategy because stem cells have significant properties such as the
ability to differentiate into glucose-responsive insulin-producing
cells, along with their regenerative and immunomodulatory ca-
pacity. A variety of stem cells has been described in the literature
for host normoglycemia restoration, including mesenchymal stem
cells (MSCs) and pluripotent stem cells (PSCs), including embry-
onic stem cells (ESCs) and induced pluripotent stem cells (iPSCs).

MSCs present several advantages such as abundance and easy
isolation from various tissues, including adipose tissue, bone
marrow, menstrual blood, umbilical cord and dental pulp
[50,51]. In the past, bone-marrow-derived MSCs differentiated
into islet-like insulin-producing aggregates were encapsulated in
a NanoGland device and cells maintained viability and function
for at least 4 weeks with steady insulin production in vitro, justify-
ing the potential of this cell source for diabetes therapy [22].
Recently, MSC islet allografts where PEGylated using N-hydroxy-
succinimide (NHS)-PEG-CHj3. The NHS group facilitated reactivity
to free amines, whereas the methyl group provided an inert
terminal end. Subsequently, the islets were allotransplanted in
mice and a synergistic relation was evaluated with the antilym-

phocyte function-associated antigen 1 (LFA-1) antibody, which
was selected as a transient, systemic immune monotherapy, result-
ing in long-term euglycemia [52]. Research on MSCs is thoroughly
described in a meticulous review by Dang et al. [53].

Human ESCs have the ability to regenerate and differentiate to
insulin-producing cells when cultured in the appropriate microen-
vironment. Encapsulation of ESCs has been studied extensively in
the literature. Vegas and co-workers reported the first long-term
glycemic correction in diabetic, immune-competent mice, after
encapsulation of hESC-f3-cells in triazole-thiomorpholine dioxide
(TMTD) alginate and intraperitoneal implantation, until removal
after 174 days without any immunosuppression [54]. Kirk et al.
proceeded with the encapsulation of islet progenitors derived from
CyT49 hESCs in a PTFE bilaminar device (TheraCyte™) and proved
immunoisolation in rodents for up to 150 days, until termination;
however, sufficient insulin levels were achieved by 20-weeks post-
transplant [15]. Acutely, there was no evidence of cell escape and,
during insulin secretion increase, biomass remained constant.

Apart from the studies conducted, there are ethical concerns
relating to use of human embryos for generation of ESCs. iPSCs
from somatic cells could be considered an appropriate source for
large 3-cell generation from a nonembryonic source [55]. Never-
theless, PSCs impose the possible threat of tumor formation and
the need for differentiated cell purification is still an issue [S6].
Overall, stem cells have proved to be a most promising cell source
that could contribute to diabetes treatment; however, further
studies must be performed to achieve sufficient 3-cell production
with large-scale cell differentiation, hoping that this can be ap-
plied at the clinical level, as well as the functional improvement of
such systems via encapsulation.

Xenotransplantation of porcine islets has been an attractive
approach owing to the close homology between porcine and
human insulin and the similarities of the islets from the two
species. Thus, porcine lines free of infectious porcine endogenous
retrovirus have been identified. In the literature, the co-encapsu-
lation of pig islets with adipose or bone marrow MSCs has been
shown to improve implant oxygenation and neoangiogenesis,
nevertheless it does not seem to ameliorate the long-term function
of the BAP in a primate model post subcutaneous implantation
[57]. More recently, Teotia and co-workers engineered a PSU/TPGS
composite hollow fiber membrane (HFM) BAP and examined the
xenotransplantation of encapsulated porcine islets and cell clus-
ters derived from MSCs isolated from human umbilical cord
Wharton's jelly. Normoglycemia was achieved for 30 days, and
an immune response was avoided [58]. Further studies should be
conducted to ensure the long-term behavior of this system.

Adult acinar and duct cells from the exorcine pancreas have
been investigated for their reprogramming to [-cells [59,60].
Gastrointestinal cells can also be reprogrammed into insulin-pro-
ducing [3-cells through expression or deletion of some transcrip-
tion factors, such as FOXO1 inhibition [61]. It is noteworthy that
cells from the gastrointestinal epithelium have a propensity for
conversion into insulin-secreting cells. However, the encapsula-
tion of such cells in vitro or in vivo has not yet been tested [62].
Advances in cell sources for generations of insulin-producing cells
are extensively described in a retrospective work [63]. Although
there are encouraging studies in the literature, in terms of clinical
application more research must be performed because reproduc-
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ibility is an issue as no standard protocols have been designed [64].
Further study in the future could result in a new perspective in
diabetes treatment with the aid of gene-editing technologies.

Oxygenation until angiogenesis

Pancreatic 3-cells consume a large amount of oxygen during GSIS,
because of the high demand of mitochondrial respiration [65].
Nutrient and oxygen ingress to encapsulated islets is facilitated by
capillary ingrowth within the capsule [44]. During the early post-
transplantation period, oxygen feed takes place only via diffusion
until neovascularization of the graft. Therefore, islet hypoxia can
occur, inhibiting insulin secretion and leading to cell apoptosis.
Several strategies have been investigated to prevent hypoxia damage.

The use of certain compounds such as exendin-4 can attenuate
the hypoxia outcome. For instance, it has been demonstrated before
that exendin-4 protects [3-cells from oxidative stress, enhances GSIS
and improves the survival of porcine or mouse islet grafts in mice,
whereas it stimulated insulin release in hypoxic islets [66]. Subse-
quently, the co-encapsulation of porcine islets with exenatide-load-
ed poly(lactide-co-glycolide) (PLGA) microspheres in alginate
microcapsules was studied, accomplishing enhanced islet viability
and GSIS function in vitro [67]. In addition, the vascular endothelial
growth factor (VEGF) in encapsulation systems of polyethylene
glycol maleimide (PEG-MAL) has been shown to augment vascular-
ization [68]. Marchioli and co-workers constructed a scaffold con-
sisting of an alginate-islet core, surrounded by a PCL-heparinized
ring. Heparin enabled VEGF binding and increased angiogenesis was
observed on and near the scaffold surface in vitro [69].

Recently, data from our group have shown that human pancre-
atic islets cultured and preserved under hypoxic conditions (1%
0,) overexpress insulin growth factor (IGF)-1 mRNA variants
(unpublished data). Conceivably, this is an IGF-1-mediated sur-
vival mechanism protecting islets from hypoxia-induced apopto-
sis. Furthermore, using a rat pancreatic 3-cell line (INS-1), we have
documented that IGF-1 variants are downregulated when treated
with proinflammatory cytokines [interleukin (IL)-1, tumor ne-
crosis factor (INF)au and interferon (INF)-y]. Therefore, we are
proposing the investigation of the role of E peptides of the igf-1
gene transcripts on INS-1 cells and their regulation by proinflam-
matory cytokines and hypoxia. We aim to clarify the role of IGF-1
isoforms and the synthetic E peptides on regulation of $-cells and
their impact on (3-cell mass and function.

Furthermore, hypoxia and cell necrosis can be avoided with the
use of oxygen affinity carriers. Perfluorocarbons are widely used for
oxygen boost because of their high oxygen solubility [46]. Lee et al.
performed integration of perfluorodecalin (PFD) in alginate micro-
capsules and managed to ameliorate islet function and survival in
vitro and in vivo by minimizing the hypoxic damage of mouse islets
transplanted intraperitoneally in mice [70]. Significantly, HIF-1c,
which can induce cell apoptosis, was not observed in the nuclei of
the PFD-alginate capsules as opposed to nonencapsulated islets
and alginate groups when exposed to hypoxia. The PFD-alginate
capsules also demonstrated higher levels of GSIS under the hyp-
oxic state. A hemoglobin, HEMOXCell®, has been verified to
increase cell viability and decrease the hypoxia marker, when
tested in BAP in vitro [71]. The fabrication of an oxygen-generating
scaffold by mixing calcium peroxide (CaO,) with poly(dimethyl-
siloxane) (PDMS) was performed and tested with porcine neonatal

pancreatic cell clusters (NPCCs) in vitro where overall viability was
improved. Encapsulated NPCCs showed lower caspase-3 and cas-
pase-7 activity, hypoxic cell expression and reactive oxygen spe-
cies (ROS) levels, and higher oxygen consumption rate (OCR) and
GSIS [72]. Recently, manganese oxide (MnO) nanoparticles were
examined for their cytoprotective and oxygen-generating proper-
ties, with potential use for cell therapies [73].

BetaO, manufactured the Air device which provided an exog-
enous oxygen supply from a gas chamber to the islet compart-
ment, achieving graft survival for 10 months. However, daily air
refills were required [49]. An alternative route was introduced by
Evron and co-workers, who developed a device where the oxygen
supply is administered by the immobilized cyanobacterium Syne-
chococcus lividus, through photosynthesis upon illumination [74].
Nevertheless, such a method would require an implantable battery
and transcutaneous energy transmission for recharging [46]. An-
other strategy to alleviate hypoxia has been the implantation of a
void encapsulation device in the host to allow pre-vascularization
of the device and subsequent implantation of the islets [75].
Hence, in this case the choice of the device and the transplantation
site should facilitate the device retrieval. The pre-vascularization of
a subcutaneous transplantation site has also been suggested with a
temporary medically approved vascular access catheter [14].

Immune response modulation

The transplantation of encapsulated islets can evoke the host
immune response by releasing cytokines, chemokines, macro-
phages, free radicals and nitric oxide, which can, ultimately, result
in graft failure [76]. In T1IDM patients, proinflammatory M1
macrophages are activated leading to the secretion of chemokines,
such as CXCL10 and CCLS, whereas the synthesis of cytokines
such as TNFa and IL-1f3, type I IFNs, and cell-surface co-stimula-
tory molecules, such as CD40 and CD80, is promoted. These
components attack the sites of transplanted islets in diabetic
patients provoking pancreatic [-cell necrosis [77-79]. In addition,
fibrotic overgrowth around the microcapsule surface, because of
foreign body response, hinders mass transfer and induces hypoxia.

In the literature, it is manifested that the incorporation of
cytokines or chemokines in encapsulation systems can modulate
the host immune response. Liu et al. investigated localized release
of recombinant transforming growth factor-beta 1 (TGF-b1) from
poly-lactide-co-glycolide (PLG) layered scaffolds. TGF-b1 delivery
dampened the expression of TNFa, IL-12 and monocyte chemoat-
tractant protein (MCP)-1 and the infiltration of leukocytes [80]. In
addition, incorporated chemokine CXCL12 in alginate microcap-
sules ameliorated allo- and xeno-graft survival in a murine speci-
men, by regulatory T cell (Tg) recruitment which promoted
immunosuppression [81]. Previously, Graham et al. had shown
that co-localization of T..gs with PLG-encapsulated scaffolds im-
proved graft function, whereas host-derived T.g replaced the
transplanted ones over time [82]. Moreover, the modulation of
the high mobility group Box 1 (HMGB1)-mediated inflammatory
response has been investigated, in the literature, with a twofold
improvement of islet survival rate in xenografts [83].

Pham and co-workers suggested the localized release of an
immunosuppressant around the xenograft field. FK506-loaded
PLGA-PEG nanoparticles, conjugated with 3,4-dihydroxyl-l-phe-
nylalanine (DOPA), formed a multilayer nanocoating-camouflage
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around pancreatic islets from rats which, subsequently, were
xenotransplanted in diabetic mice and, ultimately, islet survival
time was improved by 1.7-fold. FK506 seemed to hinder T cell
activation and the production of cytotoxic cytokine IL-2 [84].
Similarly, another research group co-encapsulated lymphocytes
and an anti-inflammatory drug, pentoxifylline, along with the
pancreatic islets in alginate microcapsules coated with dextran-
spermine. In vitro tests concluded that pentoxifylline inhibited IL-
2 secretion by 64% [85].

ECM components are reported to support islet function in
alginate microcapsules. LLacua et al. reported that the entrapment
of collagen type VI in alginate at concentrations of 0.1 and 10 mg/
ml for the microencapsulation of human pancreatic islets im-
proved cell viability and oxygen consumption without influenc-
ing the GSIS from tests conducted in vitro [86]. The same group
later incorporated specific ECM such as collagen type IV and
laminins (RGD or PDSGR) in human islets enveloped in alginate
microcapsules and observed enhanced islet survival with lower
susceptibility to cytokine-mediated cytotoxicity. Indicatively, the
encapsulated islets were exposed to IL-1f3, IFN-y and TNF« for 24
and 72 h, and impaired cell apoptosis was noted. Moreover, colla-
gen-IV-RGD and collagen-IV-PDGRS reduced NO release from the
encapsulated human islets, suggesting higher oxygen consump-
tion [87].

Is has previously been stated that oxidative stress can contribute
to an autoimmune response at an islet transplantation site [88]. It
was also demonstrated that poly(N-vinylpyrrolidone)/tannic acid
(PVPON/TA) nanothin coatings could significantly decrease in
vitro chemokine synthesis and T cell migration, whereas
(PVPON/TA)-encapsulated islets restored euglycemia after trans-
plantation into diabetic mice [88]. Furthermore, the encapsulation
material itself, as well as the shape, the porosity and the dimen-
sions of the microcapsules, plays a dominant part in graft survival
[45,89]. For instance, a foreign body response can cause pericap-
sular fibrosis in microencapsulation systems owing to material
impurities as in the case of alginate [90]. However, clinical-grade
commercially purified alginate has been reported to cause a for-
eign body response. Doloff et al. evaded macrophage-dependent
biomaterial fibrosis by targeting colony-stimulating factor-1 re-
ceptor (CSF1R), utilizing the ATP-competitive inhibitor GW2580,
when alginate, ceramic glass and PS spheres of 500 um were tested
in mice [91]. In general, functionalization of encapsulation mate-
rials can result in more-immunoprotective capsules [33,37-39,44].

Transition to clinical practice

Full clinical translation of the encapsulation strategy has not yet
been accomplished; nevertheless, a substantial number of clinical
trials of encapsulated islet transplantation with auspicious results
have been conducted. Currently, five clinical trials have success-
fully been completed, and seven are active or at the recruitment
stage (Table 3). Over 1500 procedures have already been performed
worldwide in 40 international centers — 864 were allogeneic and
480 were autologous [92]. Encapsulation material and design, as
well as implantation sites, are the key aspects of clinical trials.
However, none of the published results has been associated with
clear evidence of a fully functioning encapsulation strategy. Spe-
cifically, the attained normoglycemia was only accomplished in a
few cases, at an insufficient level.

In 2007, Living Cell Technologies (LCT) performed a xenotrans-
plantation trial in Russia to investigate the safety and effectiveness
of Diabecell” in eight patients (LCT/DIA-07R, LCT/DIA-O7R2).
Owing to the promising initial results, LCT and Diatranz Otsuka
proceeded in three Phase II trials that were performed in New
Zealand and Argentina (NCT01736228, NCT01739829,
NCT00940173). The objective was to determine the optimal dose
and frequency transplantation of neonatal porcine islets encapsu-
lated in alginate microcapsules. In all cases, reduction in exoge-
nous insulin and hypoglycemic episodes were reported [93,94].
Moreover, the cohort that received the higher dose (i.e.,
20 000 IQE/kg) showed better results [93].

In Belgium, a pilot study of a Phase II trial was coordinated by
AZ-VUB to monitor the function of microencapsulated (3-cells that
were laparoscopically injected in the peritoneal cavity of a female
patient who was on immune suppression (NCT01379729). The
fibrotic tissue is surrounding the capsules [95]. Another clinical
trial in Belgium was intended to assess the transplantation of a
monolayer cellular device in the subcutaneous tissue, however it
was finally withdrawn (NCT00790257).

In 2014, Uppsala University Hospital in collaboration with
BetaO2 Technologies started an open-label, pilot investigation
to assess the safety of BAir and investigate glycemic control in
four patients (NCT02064309). One-to-two BAir devices, each con-
taining 1800-4600 IEQ/kg of BW, were transplanted and moni-
tored for 3-6 months [96]. However, although [(3-cells survived,
their function was limited because only minute levels of circulat-
ing C-peptide were observed with no impact of metabolic control.

ViaCyte is in a Phase I/II trial in the USA and Canada to test
whether VC-01™ can be safely and effectively implanted
(NCT02239354). The total estimated enrolment is 56 participants
divided into two cohorts implanted with: (i) two implants and (ii)
four-to-six implants. Furthermore, the company took permission
for a 1-year follow-up safety study in patients previously implanted
with VC-01™ (NCT02939118). The purpose of this study is to
report incidences of adverse events. An ongoing Phase II multi-
center trial is currently being performed to investigate the safety
and tolerability of VC-02™ - a new combination product for high-
risk T1DM patients (NCT03162926). It is estimated that up to six
devices of PEC-01™ per person will be implanted into 15 subjects.
Currently, a multicenter Phase I/II trial is at the recruitment stage
and is planned to occur into two stages in the USA and Canada
(NCT03163511). First, two and six VC-02™ devices will be
implanted into 15 subjects to report incidence of all adverse
events. Consequently, the devices will be tested in the second
cohort of 40 patients to measure the change in C-peptide.

An ongoing trial at the University of Miami is investigating
allogeneic islet cell transplantation onto the omentum
(NCT02213003). Islets are resuspended in autologous plasma
and laparoscopically distributed on the omental surface. The
omentum is a potential transplant site, because it has a dense
vascularized surface and is easily accessible. Moreover, clinical-
grade recombinant human thrombin is used for cell adherence.
Initial results on a 43-year-old female patient were recently
reported by Rodolfo Alejandro’s group, indicating restored eugly-
cemia and insulin independence [97]. Despite a functional decline
in 12 months, the subject continued to have stable glycemic
control. Although the trial occurred with constant immunosup-
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TABLE 3

Completed and ongoing clinical trials of encapsulation systems

Identifier Sponsor Status Interventions Phase Locations First posted
NCT03513939 Sernova Not yet recruiting Combination product: 1,2 - 2018
Sernova Cell Pouch™
NCT03163511 ViaCyte Recruiting Combination product: VC-02 1.2 University of California San 2017
Diego, Johns Hopkins
University, University of
Minnesota, Ohio State
University, University of
Alberta, University of British
Columbia
NCT03162926 ViaCyte Active, not recruiting  Combination product: 1 University of Alberta 2017
VC-02, (aka PEC-Direct)
NCT02939118 ViaCyte Enrolling by invitation - 2016
NCT02064309 Uppsala Active, not recruiting  Device: [3-Air device for 1,2 Uppsala University Hospital 2014
University encapsulation of
Hospital transplanted human islets
NCT02239354 ViaCyte Active, not recruiting Device: VC-01™ 1,2 University of California San 2014
Combination product Diego, University of Alberta
NCT02213003 Rodolfo Recruiting Biological: islet 1,2 Diabetes Research Institute, 2014
Alejandro, MD transplantation, thrombin University of Miami Miller
plasma gel School of Medicine
NCT01736228 Living Cell Completed Device: DIABECELL 2 Hospital Interzonal General 2012
Technologies de Agudos Eva Perén
San Martin
NCT01739829 Diatranz Otsuka Completed Device: DIABECELL 1,2 Hospital Interzonal General 2012
de Agudos Eva Perén
San Martin
NCT00940173 Diatranz Otsuka Completed Device: DIABECELL 1,2 Centre for Clinical Research 2009
and Effective Practice
ACTRN12609000192280 South Eastern Completed Device: seaweed alginate 1 South Eastern Sydney Local 2009
Sydney Local microcapsule Health District
Health District
LCT/DIA-07R, LCT/DIA-07R2  Living Cell Completed Device: DIABECELL 1,2 Sklifosovsky Institute Moscow 2004
Technologies
ISRCTN43557935 University of Completed 1 University of Perugia 2004

Perugia

pression, success with the transplantation at this extrahepatic site
could lead to superior functional and clinical outcomes for encap-
sulated islet transplantation.

Recently, a new clinical trial has begun (by Sernova) to test the
safety, tolerability and efficacy of Cell Pouch™ (NCT03513939).
The device will be loaded with >3000 IEQ/kg of BW and implanted
under the skin in seven T1DM subjects with hypoglycemia un-
awareness and a history of severe hypoglycemic episodes. For
proper vascularization of the device’s chamber, immunosuppres-
sion will be initiated 3 weeks after the implantation.

Overcoming limitations of islet encapsulation
Encapsulation failure modes are either related to the process or
occur in vivo after the implantation. During the isolation and
encapsulation process, islets are adversely affected by processing
stress owing to various conditions such as temperature, shear
stress, hypoxia, among others. After implantation, the efficacy
of the encapsulation approach can be limited owing to acute
inflammation, hypoxia and foreign-body-mediated fibrosis.
Chronic failure involves chronic hypoxia, antigen release caused
by cell necrosis, immune activation and ramifications of mechan-
ical failure.

With the goal being to overcome some of these challenges,
various nano-, micro- and macro-encapsulating approaches have
been developed. The main advantage of micro- and nano-encap-
sulation is the surface:volume ratio maximization and thus im-
provement of the diffusion of nutrients and insulin. However,
ultimate control over the thickness and porosity of capsules to
achieve enhanced diffusion is not fully accomplished. Conversely,
macroencapsulation approaches are inferior to facilitating ex-
change and cell response resulting in delayed insulin secretion.

From a clinical perspective, encapsulation devices offer flexibil-
ity for transplantation site selection, ease of retrieval and reload-
ing. Nevertheless, the small magnitude of devices decreases the
load capacity entailing the need of manifold transplantation.
Individually encapsulated islets have the advantage of uniform
distribution throughout a cavity allowing the surface of the mem-
brane to have contact with the host [98]. However, this approach is
limited owing to difficulties in live imaging, tracking and retriev-
ing.

In addition to the aforementioned challenges, a primary con-
cern is the production through a cost-effective and labor-efficient
method necessitated by the high requirements of a therapeutic
dose. The fabrication process in most macroencapsulation devices
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PEGDA solution

Coil with silver-plated interior

(b) i~

Feed of islets in
culture medium

Argon laser
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An islet microencapsulation apparatus paradigm, which consists of: (a) a feeder with hydrodynamic focusing, which aligns the islets in a single file to the
withdrawal tube; (b) an encapsulation chamber, where the islets are coated by a solution of PEG-DA; and (c) a photopolymerization sector, where the polymer is

crosslinked to form a conformal semipermeable membrane.

is simple but involves several steps and material design principles.
3D printing technology is already in use and can potentially
accelerate the whole process. The most common technologies
in microencapsulation are microfluidics, microelectromechanical
systems and micromolding. It should be noted that batch
approaches are more time-consuming and labor-intensive than
continuous modes. Stochastic loading and islet separation, pro-
cessing stress reduction, high yields and rates of individual encap-
sulation, and efficient polymerization are issues that must receive
proper attention. A microencapsulation islet apparatus was recent-
ly designed aiming at efficiently encapsulating a high amount of
islets within a reasonable period of time [99] (Fig. 2).

Concluding remarks and future outlook

Currently, basic and clinical research focuses on encapsulation
material, transplantation site and methods to improve immune
modulation and neovascularization. Many strategies have been
proposed for the longevity and function of the graft by addressing
hypoxia (refillable oxygen supply, artificial oxygen carriers), en-
hancing vascularization (growth factors, ECM proteins) and mod-
ulating immune response (scavengers). Despite these important

References

1 Rutter, G.A. et al. (2016) Pancreatic 3-cell identity, glucose sensing and the control
of insulin secretion. Biochem. . 466, 203-218

2 Paschou, S.A. et al. (2018) On type 1 diabetes mellitus pathogenesis. Endocr.
Connect. 7, R38-R46

3 Ludwig, B. et al. (2013) Transplantation of human islets without
immunosuppression. Proc. Natl. Acad. Sci. 110, 19054-19058

4 Pellegrini, S. et al. (2016) The state of the art of islet transplantation and cell
therapy in type 1 diabetes. Acta Diabetol. 53, 683-691

advances, encapsulation technology continues to face significant
obstacles for full clinical transition. Given the donor shortage,
stem cells have the potential to be a replenishable source. With
large-scale production of stem cells, the development and assess-
ment of encapsulation strategies will be essentially accelerated.
Nevertheless, further work is necessary to develop cells that have
all the necessary characteristics in a sufficient number and without
the risk of teratogenicity. Future success requires close collabora-
tion between partners from different fields, to deeply understand
the current limitations and to employ the advances summarized in
this review.

Acknowledgments

The State Scholarship Foundation of Greece (IKY) is acknowledged
for the funding of N.D.’s research, through the implementation of
the project: Human Resources Development through Doctoral
Research, in the framework of the operational program: Human
Resources Development, Education and Life Long Learning (2014—
2020), co-funded by the European Social Fund and the Greek State.
Dimitris Kontodinas is thanked for contributing to primary work.

5 Fukuda, Y. et al. (2018) Layer-by-layer cell coating technique using extracellular
matrix facilitates rapid fabrication and function of pancreatic b-cell spheroids.
Biomaterials 160, 82-91

6 Haque, M.R. et al. (2017) Xenotransplantation of layer-by-layer encapsulated non-
human primate islets with a specified immunosuppressive drug protocol. J.
Control. Release 258, 10-21

7 Park, H. et al. (2018) Polymeric nano-shielded islets with heparin-polyethylene
glycol in a non-human primate model. Biomaterials 171, 164-177

746 www.drugdiscoverytoday.com


http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0005
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0005
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0010
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0010
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0015
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0015
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0020
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0020
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0025
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0025
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0025
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0030
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0030
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0030
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0035
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0035

Drug Discovery Today * Volume 24, Number 3 *March 2019

REVIEWS

8 Lou, S. et al. (2017) Pancreatic islet surface bioengineering with a heparin-
incorporated starPEG nanofilm. Mater. Sci. Eng. C 78, 24-31
9 Ma, M. et al. (2013) Core-shell hydrogel microcapsules for improved islets

encapsulation. Adv. Healthc. Mater. 2, 667-672

10 Teramura, Y. et al. (2013) Microencapsulation of cells, including islets, within
stable ultra-thin membranes of maleimide-conjugated PEG-lipid with
multifunctional crosslinkers. Biomaterials 34, 2683-2693

11 Tomei, A. et al. (2014) Device design and materials optimization of conformal
coating for islets of Langerhans. Proc. Natl. Acad. Sci. U. S. A. 111, 10514-10519

12 Manzoli, V. et al. (2018) Immunoisolation of murine islet allografts in vascularized
sites through conformal coating with polyethylene glycol. Am. J. Transplant. 18,
590-603

13 Chaimov, D. et al. (2017) Innovative encapsulation platform based on pancreatic
extracellular matrix achieve substantial insulin delivery. J. Control. Release 257, 91—
101

14 Pepper, A.R. ef al. (2015) A prevascularized subcutaneous device-less site for islet
and cellular transplantation. Nat. Biotechnol. 33, 518-523

15 Kirk, K. et al. (2014) Human embryonic stem cell derived islet progenitors mature
inside an encapsulation device without evidence of increased biomass or cell
escape. Stem Cell Res. 12, 807-814

16 Ludwig, B. et al. (2017) Favorable outcome of experimental islet
xenotransplantation without immunosuppression in a nonhuman primate model
of diabetes. Proc. Natl. Acad. Sci. U. S. A. 114 (44), 11745-11750. http://dx.doi.org/
10.1073/pnas.1708420114

17 Evron, Y. et al. (2018) Long-term viability and function of transplanted islets
macroencapsulated at high density are achieved by enhanced oxygen supply. Sci.
Rep. 8, 6508. http://dx.doi.org/10.1038/541598-018-23862-w

18 Boettler, T. et al. (2016) Pancreatic tissue transplanted in TheraCyte™
encapsulation devices is protected and prevents hyperglycemia in a mouse model
of immune-mediated diabetes. Cell Transplant. 25, 609-614

19 Kumagai-Braesch, M. et al. (2013) The theracyte™ device protects against islet
allograft rejection in immunized hosts. Cell Transplant. 22, 1137-1146

20 Agulnick, A.D. etal. (2015) Insulin-producing endocrine cells differentiated in vitro
from human embryonic stem cells function in macroencapsulation devices in vivo.
Stem Cells Transl. Med. 4, 1214-1222

21 Robert, T. et al. (2018) Functional beta cell mass from device-encapsulated hESC-
derived pancreatic endoderm achieving metabolic control. Stem Cell Rep 10, 739—
750

22 Sabek, O.M. et al. (2013) Characterization of a nanogland for the
autotransplantation of human pancreatic islets. Lab Chip 13, 3675

23 Nyitray, C.E. et al. (2015) Polycaprolactone thin-film micro- and nanoporous cell-
encapsulation devices. ACS Nano 9, 5675-5682

24 Chang, R. etal. (2017) Nanoporous immunoprotective device for stem-cell-derived
{3-cell replacement therapy. ACS Nano 11, 7747-7757

25 Song, J. and Millman, J.R. (2016) Economic 3D-printing approach for
transplantation of human stem cell-derived B-like cells. Biofabrication 9, 015002

26 Marchioli, G. et al. (2015) Fabrication of three-dimensional bioplotted hydrogel
scaffolds for islets of Langerhans transplantation. Biofabrication 7, 025009

27 Farina, M. et al. (2017) 3D printed vascularized device for subcutaneous
transplantation of human islets. Biotechnol. J. 12 1700169

28 Berman, D.M. et al. (2016) Bioengineering the endocrine pancreas: intraomental
islet transplantation within a biologic resorbable scaffold. Diabetes 65, 1350-1361

29 Song, S. et al. (2017) An intravascular bioartificial pancreas device (iBAP) with
silicon nanopore membranes (SNM) for islet encapsulation under convective mass
transport. Lab Chip 17, 1778-1792

30 An, D. et al. (2015) Developing robust, hydrogel-based, nanofiber-enabled
encapsulation devices (NEEDs) for cell therapies. Biomaterials 37, 40-48

31 An, D. et al. (2018) Designing a retrievable and scalable cell encapsulation device
for potential treatment of type 1 diabetes. Proc. Natl. Acad. Sci. U. S. A. 115, E263—
E272

32 Kollmer, M. et al. (2015) Long-term function of alginate encapsulated islets. Tissue
Eng. B Rev. 22 (1), 34-46. http://dx.doi.org/10.1089/ten.TEB.2015.0140

33 Somo, S.I. et al. (2018) Synthesis and evaluation of dual crosslinked alginate
microbeads. Acta Biomater. 65, 53-65

34 Dusseault, ]. et al. (2006) Evaluation of alginate purification methods: effect on
polyphenol, endotoxin, and protein contamination. J. Biomed. Mater. Res. A 76,
243-251

35 Klock, G. et al. (1994) Production of purified alginates suitable for use in
immunoisolated transplantation. Appl. Microbiol. Biotechnol. 40, 638-643

36 Breger, J.C. et al. (2015) Synthesis of click alginate hydrogel capsules and
comparison of their stability, water swelling, and diffusion properties with that of
Ca*? crosslinked alginate capsules. J. Biomed. Mater. Res. B Appl. Biomater. 103,
1120-1132

37 Desai, R.M. et al. (2015) Versatile click alginate hydrogels crosslinked via tetrazine-
norbornene chemistry. Biomaterials 50, 30-37

38 Yang, H.K. et al. (2016) Long-term efficacy and biocompatibility of encapsulated
islet transplantation with chitosan-coated alginate capsules in mice and canine
models of diabetes. Transplantation 100, 334-343

39 Hillberg, A.L. et al. (2015) Encapsulation of porcine pancreatic islets within an
immunoprotective capsule comprising methacrylated glycol chitosan and
alginate. . Biomed. Mater. Res. Part B Appl. Biomater. 103, 503-518

40 Kumar, M. et al. (2017) Localized immunomodulatory silk macrocapsules for islet-
like spheroid formation and sustained insulin production. ACS Biomater. Sci. Eng.
3, 2443-2456

41 Gazda, L.S. et al. (2016) A comprehensive microbiological safety approach for
agarose encapsulated porcine islets intended for clinical trials. Xenotransplantation
23, 444-463

42 Harrington, S. et al. (2017) Hyaluronic acid/collagen hydrogel as an alternative to
alginate for long-term immunoprotected islet transplantation. Tissue Eng. A 29
(19-20), 1088-1099. http://dx.doi.org/10.1089/ten.tea.2016.0477

43 Olabisi, R.M. (2015) Cell microencapsulation with synthetic polymers. J. Biomed.
Mater. Res. A 103, 846-859

44 Marchioli, G. et al. (2017) Layered PEGDA hydrogel for islet of Langerhans
encapsulation and improvement of vascularization. J. Mater Sci. Mater. Med. 28, 1-
12

45 Veiseh, O. et al. (2015) Size- and shape-dependent foreign body immune response
to materials implanted in rodents and non-human primates. Nat. Mater. 14, 643—
651

46 Colton, C.K. (2014) Oxygen supply to encapsulated therapeutic cells. Adv. Drug
Deliv. Rev. 67-68, 93-110

47 Shih, H. et al. (2015) Visible light-initiated interfacial thiol-norbornene
photopolymerization for forming an islet surface conformal coating. J. Mater.
Chem. B Mater. Biol. Med. 3, 170-175

48 Gattas-Asfura, K.M. et al. (2014) Covalent layer-by-layer assembly of
hyperbranched polymers on alginate microcapsules to impart stability and
permselectivity. /. Mater. Chem. B 2, 8208-8219

49 Barkai, U. et al. (2013) Enhanced oxygen supply improves islet viability in a new
bioartificial pancreas. Cell Transplant. 22, 1463-1476

50 Ren, H. etal. (2016) Comparative analysis of human mesenchymal stem cells from
umbilical cord, dental pulp, and menstrual blood as sources for cell therapy. Stem
Cells Int. 2016, 1-13

51 Thakkar, U.G. et al. (2015) Insulin-secreting adipose-derived mesenchymal
stromal cells with bone marrow-derived hematopoietic stem cells from autologous
and allogenic sources for type 1 diabetes mellitus. Cytotherapy 17, 940-947

52 Giraldo, J.A. et al. (2017) The impact of cell surface PEGylation and short-course
immunotherapy on islet graft survival in an allogeneic murine model. Acta
Biomater. 49, 272-283

53 Dang, L.T.-T. et al. (2017) Mesenchymal stem cells for diabetes mellitus treatment:
new advances. Biomed. Res. Ther. 4, 1062-1081

54 Vegas, AJ. et al. (2016) Long-term glycemic control using polymer-encapsulated
human stem cell-derived beta cells in immune-competent mice. Nat. Med. 22, 306—
311

55 Chhabra, P. and Brayman, K.L. (2013) Stem cell therapy to cure type 1 diabetes:
from hype to hope. Stem Cells Transl. Med. 2, 328-336

56 Fujikawa, T. etal. (2005) Teratoma formation leads to failure of treatment for type I
diabetes using embryonic stem cell-derived insulin-producing cells. Am. J. Pathol.
166, 1781-1791

57 Vériter, S. et al. (2014) Improvement of subcutaneous bioartificial pancreas
vascularization and function by coencapsulation of pig islets and mesenchymal
stem cells in primates. Cell Transplant. 23, 1349-1364

58 Teotia, R.S. et al. (2017) Islet encapsulated implantable composite hollow fiber
membrane based device: a bioartificial pancreas. Mater. Sci. Eng. C 77, 857-866

59 Baeyens, L. et al. (2014) Transient cytokine treatment induces acinar cell
reprogramming and regenerates functional beta cell mass in diabetic mice. Nat.
Biotechnol. 32, 76-83

60 Zhang, M. et al. (2016) Growth factors and medium hyperglycemia induce Sox9+
ductal cell differentiation into (3 cells in mice with reversal of diabetes. Proc. Natl.
Acad. Sci. U. S. A. 113, 650-655

61 Bouchi, R. etal. (2014) FOXO1 inhibition yields functional insulin-producing cells
in human gut organoid cultures. Nat. Commun. 5, 4242

62 Ariyachet, C. et al. (2016) Reprogrammed stomach tissue as a renewable source of
functional {3 cells for blood glucose regulation. Cell Stem Cell 18, 410-421

63 Cito, M. et al. (2018) The potential and challenges of alternative sources of (3 cells
for the cure of type 1 diabetes. Endocr. Connect. 7, R114-R125

64 Zhu, H. et al. (2015) Treatment of diabetes with encapsulated pig islets: an update
on current developments. J. Zhejiang Univ. B 16, 329-343

www.drugdiscoverytoday.com 747

=
=
S
i
[~
w
=
]
4
>
1]
X
«
3
2
>
]
o



http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0040
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0040
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0045
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0045
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0050
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0050
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0050
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0055
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0055
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0060
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0060
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0060
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0065
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0065
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0065
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0070
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0070
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0075
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0075
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0075
http://dx.doi.org/10.1073/pnas.1708420114
http://dx.doi.org/10.1073/pnas.1708420114
http://dx.doi.org/10.1038/s41598-018-23862-w
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0090
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0090
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0090
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0095
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0095
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0100
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0100
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0100
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0105
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0105
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0105
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0110
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0110
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0115
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0115
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0120
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0120
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0125
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0125
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0130
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0130
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0135
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0135
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0140
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0140
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0145
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0145
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0145
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0150
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0150
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0155
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0155
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0155
http://dx.doi.org/10.1089/ten.TEB.2015.0140
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0165
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0165
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0170
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0170
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0170
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0175
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0175
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0180
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0180
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0180
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0180
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0185
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0185
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0190
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0190
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0190
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0195
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0195
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0195
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0200
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0200
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0200
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0205
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0205
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0205
http://dx.doi.org/10.1089/ten.tea.2016.0477
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0215
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0215
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0220
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0220
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0220
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0225
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0225
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0225
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0230
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0230
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0235
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0235
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0235
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0240
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0240
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0240
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0245
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0245
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0250
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0250
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0250
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0255
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0255
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0255
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0260
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0260
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0260
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0265
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0265
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0270
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0270
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0270
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0275
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0275
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0280
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0280
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0280
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0285
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0285
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0285
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0290
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0290
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0295
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0295
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0295
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0300
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0300
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0300
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0305
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0305
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0310
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0310
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0315
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0315
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0320
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0320

X
(1]
s,
(]
S
wv
A
m
<
3
-
m
)
m
s
m
=

REVIEWS

Drug Discovery Today * Volume 24, Number 3+ March 2019

65 Sato, Y. et al. (2011) Cellular hypoxia of pancreatic -cells due to high levels of
oxygen consumption for insulin secretion in vitro. J. Biol. Chem. 286, 12524-12532

66 Padmasekar, M. et al. (2013) Exendin-4 protects hypoxic islets from oxidative stress
and improves islet transplantation outcome. Endocrinology 154, 1424-1433

67 Lew, B.etal. (2018) Sustained exenatide delivery via intracapsular microspheres for
improved survival and function of microencapsulated porcine islets. Drug Deliv.
Transl. Res. 8 (3), 857-886. http://dx.doi.org/10.1007/s13346-018-0484-x

68 Phelps, E.A. et al. (2013) Vasculogenic bio-synthetic hydrogel for enhancement of
pancreaticislet engraftmentand functionin type 1 diabetes. Biomaterials 34, 46024611

69 Marchioli, G. et al. (2016) Hybrid polycaprolactone/alginate scaffolds
functionalized with VEGF to promote de novo vessel formation for the
transplantation of islets of Langerhans. Adv. Healthc. Mater. 5, 1606-1616

70 Lee, S.-H. et al. (2018) Improvement of islet function and survival by integration of
perfluorodecalin into microcapsules in vivo and in vitro. J. Tissue Eng. Regen. Med. 12
(4), 2110-2122. http://dx.doi.org/10.1002/term.2643

71 Rodriguez-Brotons, A. et al. (2016) Comparison of perfluorodecalin and
HEMOXCell as oxygen carriers for islet oxygenation in an in vitro model of
encapsulation. Tissue Eng. A 22, 1327-1336

72 Lee, E.M. et al. (2018) Effect of an oxygen-generating scaffold on the viability and
insulin secretion function of porcine neonatal pancreatic cell clusters.
Xenotransplantation 25 (2), 12378. http://dx.doi.org/10.1111/xen.12378

73 Tootoonchi, M.H. et al. (2017) Manganese oxide particles as cytoprotective,
oxygen generating agents. Acta Biomater. 59, 327-337

74 Evron, Y. etal. (2015) Oxygen supply by photosynthesis to an implantable islet cell
device. Horm. Metab. Res. 47, 24-30

75 Smink, A.M. et al. (2017) A retrievable, efficacious polymeric scaffold for
subcutaneous transplantation of rat pancreatic islets. Ann. Surg. 266, 149-157

76 Song, S. and Roy, S. (2016) Progress and challenges in macroencapsulation
approaches for type 1 diabetes (T1D) treatment: cells, biomaterials, and devices.
Biotechnol. Bioeng. 113, 1381-1402

77 Chandra, A.P. et al. (2007) Association between islet xenograft rejection mediated
by activated macrophages and upregulated chemokines. J. Cent. South Univ. Med.
Sci. 32, 26-35

78 Corrado, A. et al. (2014) Type 1 diabetes and (C-X-C motif) ligand (CXCL) 10
chemokine. Clin. Ther. 165, e181-e185

79 Zhernakova, A. et al. (2006) Genetic variants of RANTES are associated with serum
RANTES level and protection for type 1 diabetes. Genes Immun. 7, 544-549

80 Liu, J.M.H. et al. (2016) Transforming growth factor-beta 1 delivery from
microporous scaffolds decreases inflammation post-implant and enhances
function of transplanted islets. Biomaterials 80, 11-19

81 Chen, T. et al. (2015) Alginate encapsulant incorporating CXCL12 supports long-
term allo- and xenoislet transplantation without systemic immune suppression.
Am. ]. Transplant. 15, 618-627

82 Graham, J.G. et al. (2013) PLG scaffold delivered antigen-specific regulatory T cells
induce systemic tolerance in autoimmune diabetes. Tissue Eng. A 19, 1465-1475

83 Jo, E.H. et al. (2015) Encapsulation of pancreatic islet with HMGB1 fragment for
attenuating inflammation. Biomater. Res 19, 1-7

84 Pham, T.T. et al. (2018) Tissue adhesive FK506-loaded polymeric nanoparticles for
multi-layered nano-shielding of pancreatic islets to enhance xenograft survival in
a diabetic mouse model. Biomaterials 154, 182-196

85 Azadi, S.A. et al. (2016) Co-encapsulation of pancreatic islets and pentoxifylline in
alginate-based microcapsules with enhanced immunosuppressive effects. Prog.
Biomater. 5, 101-109

86 Llacua, L.A. et al. (2018) Collagen type VI interaction improves human islet
survival in immunoisolating microcapsules for treatment of diabetes. Islets 2014,
€1420449

87 Llacua, A. et al. (2017) Laminin and collagen IV inclusion in immunoisolating
microcapsules reduces cytokine-mediated cell death in human pancreatic islets. J.
Tissue Eng. Regen. Med. . http://dx.doi.org/10.1002/term.2472

88 Pham-Hua, D. et al. (2017) Islet encapsulation with polyphenol coatings decreases
pro-inflammatory chemokine synthesis and T cell trafficking. Biomaterials 128, 19—
32

89 Desai, T. and Shea, L.D. (2017) Advances in islet encapsulation technologies. Nat.
Rev. Drug Discov. 16, 338-350

90 Zhang, W.]. et al. (2001) Purity of alginate affects the viability and fibrotic
overgrowth of encapsulated porcine islet xenografts. Transplant. Proc. 33, 3517-
3519

91 Doloff, J.C. et al. (2017) Colony stimulating factor-1 receptor is a central
component of the foreign body response to biomaterial implants in rodents and
non-human primates. Nat. Mater. 16, 671-680

92 Shapiro, AM.J. et al. (2016) Clinical pancreatic islet transplantation. Nat. Rev.
Endocrinol. 13, 268-277

93 Matsumoto, S. et al. (2016) Clinical benefit of islet xenotransplantation for the
treatment of type 1 diabetes. EBioMedicine 12, 255-262

94 Matsumoto, S. et al. (2014) Clinical porcine islet xenotransplantation under
comprehensive regulation. Transplant. Proc. 46, 1992-1995

95 Jacobs-Tulleneers-Thevissen, D. et al. (2013) Sustained function of alginate-
encapsulated human islet cell implants in the peritoneal cavity of mice leading to a
pilot study in a type 1 diabetic patient. Diabetologia 56, 1605-1614

96 Carlsson, P. et al. (2017) Transplantation of macroencapsulated human islets
within the bioartificial pancreas {3 Air to patients with type 1 diabetes mellitus.
Am. J. Transplant. 18 (7), 1735-1744. http://dx.doi.org/10.1111/ajt.14642

97 Baidal, D.A. et al. (2017) Bioengineering of an intraabdominal endocrine pancreas.
N. Engl. . Med. 376, 1887-1889

98 Thanos CG, Gaglia JL, Pagliuca FW. Considerations for Successful Encapsulated 3
-Cell Therapy. In: Emerich D, Orive G, editors. Cell Therapy. Molecular and
Transitional Medicine, New York: Human Press, Cham; 2017, p. 19-52

99 Hatziavramidis, D.T. et al. (2013) Pancreatic islet cell transplantation: an update.
Ann. Biomed. Eng. 41, 469-476

100 Rios, P.D. et al. (2016) Mold-casted non-degradable, islet macro-encapsulating
hydrogel devices for restoration of normoglycemia in diabetic mice. Biotechnol.
Bioeng. 113, 2485-2495
101 Pedraza, E. et al. (2013) Macroporous three-dimensional PDMS scaffolds for

extrahepatic islet transplantation. Cell Transplant. 22, 1123-1125

748 www.drugdiscoverytoday.com


http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0325
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0325
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0330
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0330
http://dx.doi.org/10.1007/s13346-018-0484-x
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0340
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0340
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0345
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0345
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0345
http://dx.doi.org/10.1002/term.2643
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0355
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0355
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0355
http://dx.doi.org/10.1111/xen.12378
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0365
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0365
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0370
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0370
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0375
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0375
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0380
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0380
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0380
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0385
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0385
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0385
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0390
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0390
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0395
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0395
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0400
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0400
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0400
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0405
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0405
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0405
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0410
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0410
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0415
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0415
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0420
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0420
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0420
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0425
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0425
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0425
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0430
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0430
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0430
http://dx.doi.org/10.1002/term.2472
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0440
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0440
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0440
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0445
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0445
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0450
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0450
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0450
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0455
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0455
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0455
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0460
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0460
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0465
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0465
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0470
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0470
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0475
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0475
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0475
http://dx.doi.org/10.1111/ajt.14642
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0485
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0485
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0495
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0495
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0500
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0500
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0500
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0505
http://refhub.elsevier.com/S1359-6446(18)30446-X/sbref0505

	Paving the way for successful islet encapsulation
	Introduction
	Encapsulation strategies
	Nanoencapsulation
	Microencapsulation
	Macroencapsulation

	New pathways to successful encapsulation
	Material design considerations
	Ensuring cell supply
	Oxygenation until angiogenesis
	Immune response modulation

	Transition to clinical practice
	Overcoming limitations of islet encapsulation
	Concluding remarks and future outlook
	Acknowledgments
	References


