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Abstract

Purpose of Review Pancreatic islet cell transplantation is currently the only curative cell therapy for type 1 diabetes mellitus.
However, its potential to treat many more patients is limited by several challenges. The emergence of 3D bioprinting technology
from recent advances in 3D printing, biomaterials, and cell biology has provided the means to overcome these challenges.
Recent Findings 3D bioprinting allows for the precise fabrication of complex 3D architectures containing spatially distributed
cells, biomaterials (bioink), and bioactive factors. Different strategies to capitalize on this ability have been investigated for the
3D bioprinting of pancreatic islets. In particular, with co-axial bioprinting technology, the co-printability of islets with supporting
cells such as endothelial progenitor cells and regulatory T cells, which have been shown to accelerate revascularization of islets
and improve the outcome of various transplantations, respectively, has been achieved.

Summary 3D bioprinting of islets for generation of an artificial pancreas is a newly emerging field of study with a vast potential
to improve islet transplantation.

Keywords 3D bioprinting - Pancreatic islet transplantation - Regulatory T cell therapy - Endothelial progenitor cell therapy - Type 1
diabetes

Introduction through hyperglycemia-associated illness such as cardiovas-

cular diseases. In 2014, there were an estimated 422 million

Diabetes mellitus (DM) is a chronic disorder characterized by
hyperglycemia due to failing of glucose metabolism, which
causes long-term complications in multiple organs including
retinopathy, nephropathy, neuropathy, and vasculopathy [1].
DM is a serious global public health problem, causing signif-
icant cost to both the health care system and the global econ-
omy. Globally, DM is the eighth leading cause of death caus-
ing over 1.5 million deaths directly, and 1.5 million indirectly
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adults with diabetes worldwide with the global prevalence of
8.5% and it is predicted to increase to 592 million within
20 years [2].

Type 1 diabetes mellitus (TIDM), also known as juvenile
diabetes, accounts for 5-10% of the population with diabetes
[3]. Symptoms of TIDM include polyuria, polydipsia, poly-
phagia, weight loss, blurry vision, and extreme fatigue. T1DM
may occur at virtually any age but is most common in children
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and young adults and occurs as a consequence of an autoim-
mune destruction of the insulin-producing 3 cells of the islets
of Langerhans in the pancreas, leading to absolute insulin
deficiency [1, 2]. The autoimmune destruction is caused by
islet-specific T cell response [4] by various autoantibodies
such as autoantibodies to insulin [1, 3]. Recent studies suggest
T1DM is triggered by environmental factors such as exposure
to pathogens or environmental antigens in individuals who are
genetically predisposed to diabetes by particular genes such as
the HLA genes, which contribute to 50% of the genetic sus-
ceptibility to TIDM [2, 3].

Currently, patients with TIDM are treated with daily exog-
enous insulin administration [5, 6]. However, despite ad-
vances in medicine, there has not yet been a development of
an insulin therapy that can mimic the physiological rhythms or
a mechanical replacement for pancreatic 3 cells. An intensive
monitoring of blood glucose level accompanied by exogenous
insulin therapy via insulin injection or pump represents the
current state of treatments for TIDM. Although these treat-
ments are able to delay the progression of diabetic complica-
tions including neuropathy and retinopathy, it is not sufficient
to prevent these complications [7]. The replacement of 3 cell
function through whole pancreas transplantation is presently
the only permanent alternative for re-establishing endogenous
insulin secretion in patients with TIDM [8].

Current Approaches for B Cell Replacement

Pancreas transplantation is reserved and performed in patients
with TIDM and advanced or end-stage renal disease. As a
result, over three-quarters of the whole pancreas is
transplanted in conjunction with kidney transplantation as ei-
ther simultaneous kidney-pancreas transplantation or alterna-
tively pancreas after kidney transplantation [9]. Furthermore,
the surgical procedure is associated with significant mortality
risk, accompanied with clinically significant complications
such as pancreatitis, bleeding, re-occurrence of autoimmunity,
and rejection post-transplantation, which motivates the urgent
need for the search of an alternative therapy [10].

A logical alternative to whole organ transplantation is to
transplant the cells that have been destroyed. Pancreatic islet
transplantation is a minimally invasive approach where puri-
fied allogeneic donor islets, isolated from deceased organ do-
nor pancreata, are currently percutaneously infused into recip-
ient liver through the portal vein [11-13]. This procedure has
lower risk compared with pancreas transplantation, as major
surgery is not required and a differing immunosuppression
regimen is employed. A cellular approach was first tried un-
successfully in man in 1894 using fragmented sheep pancreas
in a subject with diabetes [12, 14]. The successful application
of islet transplantation as a treatment for diabetes was not
realized for many decades until reversal of diabetes was
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initially observed in rodents and in a patient with chronic
pancreatitis who underwent pancreatectomy followed by islet
autotransplantation [15—17]. Following these findings, inten-
sive research has been conducted in the field of islet transplan-
tation. In 2000, the Edmonton immunosuppression protocol,
which utilized a corticosteroid-free immunosuppression regi-
men and multiple islet infusions from different donors, was
established [18]. An insulin independence rate of 100% was
achieved in seven patients following 1 year of islet transplan-
tation and partial graft function was observed in most of the
seven patients after 5 years [18, 19] which represented a sig-
nificant improvement from the success rate of 10% prior to the
protocol [12, 20, 21]. Critically long-term insulin indepen-
dence has been difficult to achieve, and most patients require
at least two infusions to achieve insulin independence [19].
Islet transplantation has been adopted as a treatment option for
T1DM in a number of countries and has proved an attractive
method of {3 cell replacement [21].

Despite the significant progress in islet transplantation pro-
cedures, numerous obstacles remain that currently limit its
clinical application [8, 22]. The current clinical standard of
care involves the infusion of islets into the patient liver via
the portal vein where islets encounter a sub-optimal non-pan-
creatic environment: high glucose concentration, lower oxy-
gen tension, and higher level of toxins [23]. Moreover, infu-
sion of islets via the hepatic portal vein triggers an innate
immune reaction upon contact with blood, known as the in-
stant blood-mediated inflammatory reaction [24]. The hypox-
ic islets secrete chemokines and express tissue factors, which
activates a thrombotic reaction [25]. Platelets are attracted to
the islet surface, recruiting leukocytes and macrophages to
infiltrate and destroy the islet cells [24, 26]. Together, these
factors kill up to 70% of transplanted islets in the first 48 h [27,
28] and consequentially islets from up to three donor
pancreata are required for clinical benefit, limiting the avail-
ability of the transplantation. Additionally, the obligatory use
of immunosuppressive regimen is another major challenge of
islet transplantation. Immunosuppressive drugs used for islet
transplantation are associated with many side effects including
risks of infection, higher rate of malignancy, 3 cell toxicity,
and organ toxicity, significantly decreasing the individual’s
quality of life [20].

Alternative Transplantation Site

Many studies in recent years have explored alternative sites
for islet transplantation with the following key characteristics:
(a) sufficient space for islet engraftment; (b) close proximity to
vascular network to provide optimal oxygen tension, sensing,
and release of insulin; (¢) allow real-time communication be-
tween cellular graft and the circulation; and (d) offer minimal
inflammatory potential to support long-term graft survival. A
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few sites with immunological privileges such as the testis or
thymus have been tested in small animals; however, to date,
they remained clinically irrelevant due to limited space for
islet engraftment [29, 30]. Among many sites explored, the
skin site received attention as it offers a readily accessible site
via a minimally invasive surgical procedure. The only draw-
back is that unlike the liver or kidney capsule, dermal poor
vascularization limits the integration and functionality of
engrafted islets [31]. The pancreas, the native home of islets,
has also been explored as a site of islet transplantation.
However, it is not considered for a transplantation site due to
the metabolic complications such as pancreatitis (potentially
induced after embolization) and limited vascular supply. At
this point in time, for clinical islet transplantation, intra-portal
infusion remains the gold standard [32].

As no suitable alternative transplantation site in the human
body has been found, one option to explore is the fabrication
of an artificial transplantation site. The recent advancements
in bio-engineering technology now enable constructing of
such sites. Hydrogels are a multi-component system com-
prised of a tri-dimensional network of polymer chains with
absorbed water filling the space between the macromolecules,
within which various biomaterials may be incorporated to
mimic tissue-like properties. To date, various types of natural-
ly derived polymers (e.g., alginate, collagen, gelatin, fibrin,
and fibronectin) and synthetic polymers (e.g., poly (lactic-
co-glycolic acid), polysulfone, poly (lactic acid), poly (vinyl
alcohol)) have been evaluated [33]. Among all, alginate-based
hydrogels have been the most extensively investigated poly-
mers for their utility with pancreatic islets to treat T1DM.
Alginate is a naturally occurring anionic polymer typically
obtained from brown seaweed. It is bio-inert, and naturally
hydrophilic, thus allowing covalent functionalization via in-
teraction with extracellular matrix proteins, peptides, and
growth factors [34, 35].

The main approach of incorporating such technology in
islet transplantation is via islet encapsulation. Pancreatic islets
are embedded within a hydrogel, and this “mini organ” holds
pores which allow bidirectional diffusion of small molecules
such as insulin (~6 kDa), nutrients, and glucose, and at the
same time, protects islets from immune attack by restricting
the access of immune cells or antibodies (~150-900 kDa)
[36]. Numerous small animal models have demonstrated that
islet encapsulation is able to improve glucose homeostasis for
a short term, but no permanent restoration of euglycemia was
observed [37-41]. Several challenges are suggested to limit
this biomedical approach to advance into clinical settings. One
challenge arises as physical irregularities from fabricating hy-
drogel result in an incomplete coverage of the islets within the
capsules. This may trigger a pericapsular fibrotic overgrowth
(PFO) which blocks the diffusion of nutrients and oxygen,
resulting in islet necrosis [42, 43]. Even the successfully en-
capsulated islets suffer from hypoxia due to the restricting

hydrogel permeability and increased distance from the sur-
rounding blood vessels reduces the availability of oxygen by
diffusion. This introduces a challenge in scaling up into a large
animal model or clinically relevant dose of islets. Moreover,
encapsulation prevents immediate revascularization post-
transplantation, subjecting the islets to further hypoxic stress.
As hypoxia hampers the function and responsiveness of islets
to glucose, even a larger number of islets are needed to restore
normoglycemia.

3D Bioprinting

One approach to address hypoxia involves “seeding” of islets
onto degradable 3D scaffold structures [44]. Scaffolds are
made of similar biopolymers to mimic the pancreatic micro-
environment. The construct provides increased surface area to
volume ratio compared with the hydrogel capsules, and even
allows for vascular ingrowth, thereby providing increased ox-
ygen and nutrient supply [45]. Upon slow degradation of the
scaffold, the extracellular matrix proteins are deposited by
surrounding tissues and engrafted islets, gradually re-
building the suitable environment required for islet survival
[46]. Even though immune isolation is not achieved through
this method, the scaffolds can prevent direct contact of em-
bedded islets to circulating immune cells to reduce the inflam-
matory response until the scaffolds eventually degrades [24].
The efficacy of such device has been demonstrated in animal
studies [47-49]. Moreover, utilization of 3D bioprinting tech-
nology with higher accuracy could provide highly controlled
seeding of islets, thereby minimizing the onset of PFO arising
with conventional techniques.

The concept of 3D printing was first introduced in 1986 by
Charles W. Hull and has become increasingly prominent over
the past decades [50]. 3D printing technology allows printing
of a 3D structure, typically through stacking successive thin
layers in a layer-by-layer fashion. Advances in engineering
technology have now opened up the possibility of using 3D
printing to “print” spatially controlled biomaterial structures
with embedded bioactive factors and cells into a functional
tissue construct [51]. Such automated printing allows for the
precise control of architecture, pore interconnectivity, and a
high degree of reproducibility necessary for commercial clin-
ical application and regulation. Furthermore, bioprinting al-
lows the deposition of a wide array of cell types and bioactive
factors in a precise order to simulate native tissue environment
and support cell survival [52-54].

The current varieties of 3D bioprinting techniques include
extrusion printing, inkjet printing, laser-assisted bioprinting,
and stereolithography bioprinting [55]. Among these, extru-
sion bioprinting has been most extensively investigated for the
generation of artificial tissue constructs such as cartilages [56,
57], liver [58], and neural tissues [59], with its ability to print
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various biomaterials at high cell density [60]. Extrusion
bioprinting has been utilized for the generation of artificial
pancreata. A rat (3 cell line, mouse and human islets were
successfully printed into a predefined 3D scaffold using
alginate-based bioinks and the subsequent cell viability and
morphology were found to be unaffected [61¢°]. Furthermore,
rat islets were printed into macroporous 3D constructs using
an alginate/methylcellulose bioink. These printed rat islets
retained their viability, morphology, and function, for up to
7 days in culture [62¢¢].

Beyond the modification of the bioinks to support islet
cells, bioprinting also enables the co-transplantation of islets
with supporting cells that could enhance islet survival [63].
Recently, our group developed a 3D bioprinter equipped with
a co-axial extruder nozzle and two separate ink chambers
[64+]. Different bioinks tailored with cell type—specific bio-
active molecules can be utilized in each chamber, allowing co-
printing of islets with supporting cells. These geometries have
the advantage that more delicate components can be strategi-
cally placed within the core with a surrounding protective
layer, referred to as the shell. The use of a co-axial structure
has been shown to significantly improve islet encapsulation
by minimizing material volume per islet and reducing the risk
of PFO [42]. Co-axially printed mouse islets and endothelial
progenitor cells (EPCs) demonstrated high viability using re-
cently formulated alginate-gelatin methacryloyl bioink [64e°].
Together, co-axial 3D bioprinting has the potential to enable
the embedding of clinically relevant doses of islets with sup-
port for islet survival, including supporting cells and bioactive
factors.

Supporting Cells
Endothelial Progenitor Cells

The islet of Langerhans is densely vascularized with fenestrated
endothelium, and this feature is crucial for {3 cells to readily sense
the blood glucose and secrete insulin into the systemic circulation
[65]. Endothelial cells are also crucial for promoting islet func-
tion through upregulating insulin transcription via either cell-to-
cell contact mechanism or secretion of humoral factors [66].
However, islets are removed from the vasculature during isola-
tion and remain avascular for up to several days post-
transplantation [67]. As native islets are physiologically adapted
to receiving a rich supply of oxygen (the islet mass in the pan-
creas comprises 1% of the cells but receives 10% of the blood
supply), prolonged hypoxia is detrimental to islet viability and
function. The hypoxia induced by isolation triggers activation of
NF-kB and inducible nitric oxide synthase, leading to the pro-
duction of cytotoxic nitric oxide [68, 69]. The consequence of
free radical production is decreased insulin production, macro-
phage cell infiltration, and islet apoptosis. Moreover, islets
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exposed to hypoxia pre-transplantation display dysregulated glu-
cose responsiveness and elevated basal insulin secretion, due to
the upregulation of hypoxic response genes which can continue
post-transplantation, resulting in poor glycemic control [70].
Normally, the revascularization occurs 2—4 days post-
transplantation and takes over 2 weeks to complete [71]. The
eventual vascular density and oxygen tension in transplanted
engraftments are less than 50% as compared with the native
pancreatic islets [72]. This highlights the crucial need for a mech-
anism to improve revascularization to restore full function of
engrafted islets.

One approach to achieving such acceleration is to directly
use pro-angiogenic cells such as EPCs. EPCs are a heteroge-
neous group of stem cells derived from the bone marrow that
are recruited to the site of hypoxia. EPCs promote vasculari-
zation by recruiting and differentiating other cell types, or by
differentiating themselves into endothelial cells, the building
blocks of the endothelial lining of blood vessels [73, 74].
Furthermore, the crosstalk between intra-islet endothelial cells
and islets enhances expression and secretion of insulin and
islet survival [75]. These properties of EPCs were shown to
be beneficial when EPCs were co-transplanted with islets in
several studies. Co-transplantation of human umbilical cord—
derived EPCs with porcine islets in diabetic nude mice signif-
icantly accelerated the revascularization in the first 2 weeks,
compared with islet transplantation alone, and increased ex-
pression of pro-angiogenic factor, vascular endothelial growth
factor-A (VEGF-A), in islets [76]. Co-transplantation of rat
bone marrow—derived EPCs with rat islets in diabetic rats
demonstrated long-lasting normoglycemia [77]. Moreover,
co-transplantation of mouse bone marrow—derived EPCs with
mouse islets in diabetic mice improved the cure rate and glu-
cose control with higher final 3 cell mass [78¢].

Regulatory T Cells

Upon transplantation, recipient T cells recognize alloantigens
of the allograft, which activate recipient T cells to induce in-
flammation at the site of the allograft, as part of the
alloresponse [79]. Alloresponse results in acute graft rejection
as well as chronic graft dysfunction, and as such the use of
immunosuppressive drugs is necessitated to prevent the com-
mencement of alloresponse. However, as aforementioned, im-
munosuppressants are associated with deleterious side effects;
there is a need for novel immunotherapies to achieve
immunosuppression-free transplantation. Regulatory T cells
(Tregs) are a promising candidate for this.

Tregs are a sub-population of T cells that specialize in im-
mune regulation and suppression. Tregs are defined as CD4*
FOXP3* CD25" CD127 T cells with two main types of
Tregs. Natural Tregs (nTregs) arise from highly self-reactive
T cells in the thymus during T cell development and establish-
ment of central tolerance [80]. nTregs are characterized by
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complete demethylation of the FOXP3 promoter, which re-
sults in stable expression of FOXP3 and a suppressive pheno-
type [81]. On the other hand, peripheral or induced Tregs are
generated from naive CD4+ T cells in the periphery or in vitro
upon stimulation with transforming growth factor beta
(TGF-f3) and retinoic acid. The FOXP3 promoter of induced
Tregs is only partially demethylated leading to their functional
instability. Treg-mediated suppression is the main mechanism
of peripheral tolerance. Tregs play many roles in the immune
system including downregulation of immune responses once
pathogens have been cleared, maintaining tolerance to self,
gut microbiota, new chemicals, environmental and food anti-
gens, and the fetus in cases of pregnancy. Treg-mediated sup-
pression targets a broad spectrum of immune cells such as
other T cell subsets, B cells, antigen-presenting cells, and nat-
ural killer cells [82]. Suppression is achieved via several
circumstance-dependent mechanisms, including inhibitory
cytokines, cytolysis, metabolic disruption, and modulation of
dendritic cells [83].

Since the first organ transplantation clinical trials, sponta-
neous graft tolerance (the acceptance of allograft without im-
munosuppressive regimen) has been observed, mostly in liver
transplant recipients [84—86]. The exact factors underlying
this phenomenon have not yet been fully identified; however,
it has been shown that Tregs play a major role in spontaneous
graft tolerance in mice liver allograft models [87, 88] and there
is elevation of Treg proportion in spontaneously tolerant pa-
tients [89]. Thus, various approaches to utilize their natural
abilities have been extensively investigated. In particular,
adoptive transfer of ex vivo expanded Tregs has a number of
advantages including greater control over the expansion/
generation of Tregs, the possibility of functional and pheno-
typical analysis prior to delivery, and finer control of dosage
and delivery time [90, 91]. This has proved promising in mu-
rine islet transplantation models [92, 93] and in clinical trials
for kidney [94+] and liver [95¢] transplantation.

Bioactive Factors
Insulin-Like Growth Factor-2

Insulin-like growth factor-2 is a potent growth factor highly
expressed in islets during fetal development with much less
activity in post-natal life [96, 97]. The fetal overexpression of
IGF-II can enlarge individual organs, and the whole body size
of a new born murine, in a dose-dependent manner [98].
Notably, the expression pattern of IGF-II in pre-natal period
coincides with the pancreatic mass growth, suggesting its role
in proliferation or survival of 3 cells [99, 100]. In vitro, IGF-II
showed increased DNA replication in 3 cell lines, and IGF-II
survival effect on transplanted islets has been observed in
animal models [101-103]. Together, it is suggested that IGF-

II plays a dual beneficial role on 3 cells as a survival and
mitogenic factor. In addition, IGF-II pre-incubation or viral
transfection-induced overexpression of IGF-II can effectively
improve islet survival against cytokine exposure and islet en-
graftment [104]. As such, incorporation of IGF-II could pro-
tect islets from hypoxia and cytokine-driven cell deaths until
revascularization is established.

Vascular Endothelial Growth Factor

VEGF is a family of pro-angiogenic proteins which includes
VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F,
and PIGF (placental growth factor) in human. Among these,
VEGF-A plays a crucial role in vasculogenesis during em-
bryogenesis as well as angiogenesis in post-natal life [105].
Furthermore, VEGF-A is required for formation of a dense
network of fenestrated blood vessels around islets [106].
These properties give VEGF-A the therapeutic potential to
induce neovascularization in islet transplantation. VEGF-A
containing alginate scaffolds were demonstrated to pre-
vascularize murine intramuscular space prior to islet trans-
plantation and to improve islet survival after transplantation
[107]. In addition, 3D ring-shaped polycaprolactone scaffolds
functionalized with VEGF-A were able to induce vasculariza-
tion and improve function of encapsulated islets embedded in
the polycaprolactone scaffolds, compared with free-floating
islets [108¢]. Thus, incorporation of VEGF-A in conjunction
with EPCs could accelerate revascularization of the islets.

Interleukin-2

IL-2 is a T cell stimulatory cytokine, largely produced by CD4* T
helper cells. IL-2 signaling is crucial for activation and clonal
expansion T cells [109]. While CD4" T helper cells can produce
IL-2 for autocrine signaling upon T cell receptor stimulation,
Treg cells cannot and thus are reliant on IL-2 produced by other
cells [110, 111]. IL-2 is crucial for Treg function as well as their
survival. Tregs highly express CD25, the «-chain of the high-
affinity IL-2 receptor complex [112] and the interaction of IL-2
and CD25 induces high expression of FOXP3 thereby reinforc-
ing Treg phenotype and function [113, 114]. Moreover, with high
expression of CD25, Tregs can respond to low concentrations of
IL-2 and bind to IL-2 with high affinity [115], which can lead to
sequestration of IL-2 from effector T cells, depriving them of
survival signal [83]. Administration of exogenous IL-2 in auto-
immunity and organ transplantation has been investigated to
augment Treg numbers and function [116]. Particularly, low-
dose IL-2 therapy has shown promising results in hematopoietic
stem cell transplantation graft-versus-host disease, selectively in-
creasing Treg numbers [117-120]. Thus, incorporation of IL-2
may enhance survival and function of printed Tregs and create a
Treg-rich microenvironment around the 3D bioprinted scaffold.
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Conclusion

Pancreatic islet transplantation is a promising curative cell
therapy for TIDM. The field is limited by human cadaveric
islet cell sources at present, but newer cell sources such as
embryonic stem cell or xenogeneic cell sources are in the
pipeline. The current procedure of islet infusion into liver
may not be optimal for these newer cell sources, and so alter-
native transplant strategies such as 3D bioprinting may pro-
vide new strategies. Modifications of the bioinks with local
immunosuppression and bioactive factors to support the cells
are new directions for the field. The recent 3D bioprinting
technology, especially with the development of the co-axial
bioprinter, thus has potential to change the current pancreatic
islet transplantation paradigm. The possibility of co-printing
islets with supporting cells and bioactive factors potentiates
direct improvement of engraftment condition, and thus surviv-
al and function of transplanted islets. Incorporation of EPCs
may accelerate revascularization of islets to support their func-
tion, and the incorporation of Tregs could provide localized
immune protection to islets. Bioactive factors such IGF-II,
VEGF, and IL-2 could enhance the survival and function of
printed cells to maximize the efficacy of the graft. Together,
extra-hepatic islet transplantation without the use of immuno-
suppression might be clinically achieved by utilizing 3D
bioprinting technology.
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