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Abstract

Purpose of Review Engineering endocrine pancreatic tissue is an emerging topic in type 1 diabetes with the intent to overcome
the current limitation of 3 cell transplantation. During islet isolation, the vascularized structure and surrounding extracellular
matrix (ECM) are completely disrupted. Once implanted, islets slowly engraft and mostly are lost for the initial avascular phase.
This review discusses the main building blocks required to engineer the endocrine pancreas: (i) islet niche ECM, (ii) islet niche
vascular network, and (iii) new available sources of endocrine cells.

Recent Findings Current approaches include the following: tissue engineering of endocrine grafts by seeding of native or
synthetic ECM scaffolds with human islets, vascularization of native or synthetic ECM prior to implantation, vascular
functionalization of ECM structures to enhance angiogenesis after implantation, generation of engineered animals as human
organ donors, and embryonic and pluripotent stem cell-derived endocrine cells that may be encapsulated or genetically
engineered to be immunotolerated.

Summary Substantial technological improvements have been made to regenerate or engineer endocrine pancreatic tissue; how-
ever, significant hurdles remain, and more research is needed to develop a technology to integrate all components of viable
endocrine tissue for clinical application.
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Introduction 2]. The human pancreas is a 13—15-cm-long soft lobulated

organ composed of endocrine and exocrine compartments.

Approximately 20 million people worldwide are affected by
T1D. Although exogenous insulin administration is a valuable
therapy, most patients would benefit from engineered thera-
peutics providing a living, functional beta cell replacement [1,
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The endocrine pancreas is organized into hierarchically dis-
tributed building blocks such as vasculature and endocrine
cell niches that enable spatial distribution and function of var-
ious endocrine cells. The endocrine macro- and microenviron-
ments are structured into vascularized independent units,
called niches. In their specific niche, islets are embedded with-
in extracellular matrix (ECM), composed of interstitial matrix
(IM) and basement membrane (BM) proteins predominated
by collagen type IV, laminin, and fibronectin [3]. Pancreatic
islets represent approximately 1% of the overall pancreatic
tissue but they receive more than 15% of the entire pancreatic
blood flow to perform the endocrine functions [4, 5]. The
blood supply of the endocrine pancreatic niche is provided
by one to five arterioles per islet, branching into capillaries
and forming a spherical framework with structural and func-
tional similarities to a glomerulus [6, 7]. Endocrine cells with-
in the pancreatic islet niche reside within this framework, all
closely associated with the vasculature. Thanks to this vascu-
lar distribution, the islet niche receives oxygen and nutrient
supply, and hormonal signals across the capillary endothelium
connected to the arterial circulation, ensuring that they are all
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simultaneously exposed to the same hormonal and nutrient
stimuli [8]. The islet itself is a highly specialized independent
organ composed of single cells in a specific distribution: as
parenchymal cells, «, 3, and 9, and PP cells are the main
components distributed in a 3D spheroid structure [9] inter-
connected with specific islet vascular endothelial cells (VECs)
[10]. VECs not only make up a significant part of the islet
volume but also sustain islet function. Any effort to re-
engineer the endocrine pancreas will require careful consider-
ation of all these pivotal components of the islet niche and the
endocrine cells within. Type 1 diabetes (T1D) is the most
relevant disease that afflicts the endocrine pancreas [1]. TID
is an autoimmune disease in which 3 cells are selectively
destroyed. 3 cell loss results in permanent endocrine deficien-
cy that makes daily insulin injections necessary to sustain
normoglycemia [2]. As of now, islet transplantation is the only
available cell therapy that can provide at least temporary in-
sulin independence [11]. However, during islet isolation, the
pancreatic endocrine niche is completely disrupted. Once im-
planted, islets slowly engraft while a large number is lost
during the initial avascular phase, mainly due to ischemia
and inflammation [12—14]. This review will discuss currently
available technologies to recreate the main components need-
ed to synthetically or naturally re-engineer the endocrine pan-
creas (Fig. 1).

Engineering the Endocrine Pancreas:
the Importance of the Islet ECM Niche

The islet ECM plays a pivotal role in spatial organization and
function of islet cells. The IM confers flexibility and elasticity
whereas the BM acts as a barrier limiting the movement of
both soluble molecules and cells [15]. The BM provides at-
tachment sites to epithelium and endothelium and consists of
different layers of laminin [16, 17], collagen IV [17, 18], col-
lagen I [19], and fibronectin [16, 17]. Mature islet interaction
with native or similar ECM material regulates survival
[20-23], insulin secretion [24], and proliferation and morphol-
ogy preservation [25, 26]. Moreover, isolated islets with
retained native ECM (via an incomplete isolation process)
showed a reduction of apoptosis and a significant improve-
ment of function [17, 27, 28]. Glycosaminoglycans such as
heparan sulfate are involved in the regulation of postnatal islet
growth and insulin secretion [29]. Moreover, laminins &4 and
oS5 are essential for physiological beta cell adhesion and hor-
mone secretion [30]. These datapoints highlight the impor-
tance of a defined ECM niche in islet development and
function.

Recognizing the essential role of the ECM in islet survival
and endocrine function, most engineering approaches aim to
utilize natural or synthetic ECM components to mimic the
native ECM. The ultimate goal is to define and replicate the
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Fig. 1 Minimal building blocks required to engineer the endocrine
pancreas. The pancreas is composed of independent endocrine units,
connected by an extensive and highly specialized vascular network.
The ECM (BM and IM) as a unique pancreatic islet niche, its vascular
network, and the endocrine cells are the three minimum building blocks
required to engineer a bioartificial endocrine pancreas

minimal ECM niche requirement (collagen, laminin, and fi-
bronectin) to create an adequate microenvironment for islets.
One of the most recent technologies enabling the isolation of
native extracellular matrix is organ decellularization [31-33].
Various decellularization techniques preserve organ architec-
ture including the native vascular network [34e¢]. To date,
several protocols have been developed to decellularize native
organs including the pancreas [35¢¢]. Human, pig, and rodent
pancreata have been successfully decellularized showing
[35¢, 36-38] that decellularized native pancreatic ECM pre-
serves micro- and macrostructure and most importantly the
islet niche. Moreover, such native scaffolds have been consis-
tently produced from human pancreata maintaining their in-
nate molecular and spatial framework and stiffness and
growth factors. Rodent pancreatic ECM were successfully
repopulated with rodent islets and support islet function
in vitro and after transplantation in a diabetic mouse model
in vivo [39]. Peloso et al. first repopulated a human
decellularized pancreas with endothelial cells and islets, show-
ing the preserved ability to sustain the endocrine function of
islets in this 3D context ex vivo in the presence of different
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stimuli [35¢¢]. More recently, pancreatic ECM hydrogels have
been reported to support cell survival and engraftment [40].
On the other hand, several non-pancreas-derived
decellularized matrix products have been used to treat type 1
diabetes in preclinical models. Decellularized porcine lung
slices (300 um) have been employed as mechanical support
for islet seeding prior to intraperitoneal transplantation. In this
report, authors showed long-term follow-up with preserved
function with a consistent initial engraftment gap compared
to an internal control; indeed, a de novo vascular network was
established 60 days post transplantation [41]. Wang et al. have
used a composite decellularized scaffold, based on
decellularized pericardium and collagen powder. In this re-
port, a composite of native and artificial ECM, used as support
for islet transplantation, showed successful reversal of diabe-
tes in a syngeneic transplantation model of type 1 diabetes
[42]. While the response was reported in correlation with the
number of equivalent transplanted islets, no comparison with
preclinical gold standard techniques, such as intraportal islet
transplantation or kidney capsule, was performed [42].
Extensive research has been performed to explore pure syn-
thetic ECM scaffolds for beta cell replacement. These tech-
nologies are more amenable to controlled scaffold architec-
ture, reproducible matrix functionalization, and scalable pro-
duction. Several reports attempted to define minimum require-
ments of ECM components to generate biologically relevant
islet scaffolds. Alginate capsules are among the oldest and
most commonly used synthetic scaffolds. Recent develop-
ments in the islet encapsulation field provided improvements
in the capsule structure and supplementation with biologically
relevant ECM components to improve islet survival and func-
tion in vivo. Although encapsulation is able to immune-
protect pancreatic islet, the major obstacle is the drastic loss
of islet survival within the first 2 weeks after transplantation
[43, 44]. To overcome this limitation, recent studies have eval-
uated alginate capsules that can be supplemented with ECM
component to improver islet survival and function [45]. Of
note, recent encapsulation technologies were used to generate
alginate capsule based on laminin and collagen IV [46].
Moreover, Llacua et al. improved ECM encapsulation tech-
nologies by integrating bioactive sequences of ECM mole-
cules instead of full proteins. These bioactive sequences were
synthetically produced reducing the variability of ECM com-
ponents in comparison with those from biological origin.
Interestingly, not all ECM components had beneficial effects
and graft performance varied depending on their concentra-
tion. Different concentrations of collagen IV did improve in-
sulin secretion when used in a physiological range. However,
when used at high concentration, it had a detrimental effect on
glucose-stimulated insulin secretion [45, 47, 48]. Other ap-
proaches combined decellularized ECM tissues as cell-
instructive component within a hydrogel carrier. This interest-
ing approach combines the flexibility of a hydrogel with the

biological activity of ECM proteins that can be tuned to gen-
erate the desired cellular response [49]. All these reports em-
phasize the urgent need to further improve the cell-scaffold
interaction and to develop biocompatible synthetic scaffolds
to optimize islet survival, engraftment, integration, and
function.

Engineering the Endocrine Pancreas:
the Importance of the Islet Vascular Network

One of the major obstacles towards manufacturing of a valu-
able scaffold for endocrine replacement is the lack of a phys-
iologic islet vascular network to allow nutrient distribution
and oxygen diffusion. Pancreatic islets depend on substantial
blood flow even if they represent only a small percentage of
the overall pancreatic tissue [4, 5]. Pancreatic islets have a
high metabolic rate and are susceptible to functional impair-
ment even at moderate decreases of oxygen tension. In trans-
plantation, adequate oxygenation during the early engraftment
phase plays a critical role in the preservation of the
transplanted islet mass [50]. After isolation, the lack of a prop-
er vascular system and perfusion limits oxygen supply to dif-
fusion from the surrounding media. Timely revascularization
represents a key strategy in preserving beta cell mass during
the early engraftment phase. Functional revascularization re-
establishes the dynamic interplay between the islet cell core
and recipient system metabolism. Thus, prompt islet revascu-
larization after transplantation is crucial for survival and
sustained function. To this date, revascularization is the most
challenging limitation an engineered endocrine pancreas has
to overcome. Current approaches can be divided into two cat-
egories: vascularization ex vivo before implantation, or in vivo
after implantation. While work in this field is ongoing, no re-
ports to date have shown a prevascularized endocrine device
before implantation. Recently, decellularized rat pancreata were
re-endothelialized with EPC (endothelial progenitor cells) [51].
In this model, the newly formed EPC vessels were able to
promote new vascular formation in the subcutaneous site com-
pared to the empty scaffold. Although this study did not show
evidence of functional vascular anastomosis or perfusion, it
demonstrated that an empty scaffold can recruit vascular in-
growth, emphasizing the idea that a prevascularized construct
will improve scaffold integration after transplantation [51]. On
the other hand, revascularization post implantation is the most
commonly used approach. Indeed, natural and synthetic scaf-
folds can be engineered to improve neo-vasculogenesis derived
from the recipient. Native decellularized pancreatic scaffold
was recently edited to enhance the angiogenic properties. The
immobilization of heparin was performed through 1-ethyl-
3—(3-dimethylaminopropyl)-carbodiimide and N-
hydroxysuccinimide. In vitro data showed increased
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endothelial cell adhesion, proliferation, and angiogenesis on
heparin-enhanced decellularized pancreatic scaffolds [52, 53].

A similar strategy was developed by Kim et al. using a
layer-by-layer approach to shield non-human primate islets
with polyethylene glycol plus heparin reducing the instant
blood mediated inflammatory reaction (IBMIR) compared to
the control group without heparin [54]. In another approach,
scaffolds have been functionalized via incorporation of vascu-
lar endothelial growth factor (VEGF). Indeed, large-pore
polymeric sponge scaffolds were loaded with peripheral cav-
ities that contained islets suspended in a collagen hydrogel
while a central cavity contained an alginate sphere for con-
trolled release of pro-angiogenic VEGF. The functionalized
scaffold was able to restore normoglycemia in a preclinical
model of diabetes, 30 days after subcutaneous implantation
[55]. Although scaffold functionalization can enhance vascu-
lar integration and invasion from the recipient, it is not able to
recapitulate native vascular structure of islet niche, and most
importantly, requires time for cell recruitment and structure
generation after implantation.

Engineering the Cellular Building Blocks:
Strategies to Produce Endocrine Cells

Thus, successful endocrine pancreatic engineering depends
not only on innovative scaffolds but most importantly on cel-
lular building blocks committed to beta cell phenotype and
function. Several approaches have been developed to generate
a stable and reproducible source of human beta/islet cells. One
possibility is to obtain both vascular and islet cells from ge-
netically engineered animals. The first exploratory studies in
xenotransplantation were performed decades ago [56-58]. In
more recent years, genetic engineering has improved the trans-
lational potential of porcine cell sources. Major obstacles to
the clinical translation of xenotransplants are rejection by the
human immune system, and the presence of large numbers of
pig retroviruses that may jump across species. Thanks to
CRISPR—Cas9 technology, several retroviruses have been
cleaned from pig skin cells showing the possibility to use
those cells to make iPSC (induced pluripotent stem cells)
and clean islets [59, 60]. Moreover, a recent report demon-
strated that genetically engineered neonatal pig islets, when
induced to overexpress LEA29Y (a high-affinity variant of the
T cell costimulation inhibitor CTLA-4Ig), were able to engraft
and restore normoglycemia after transplantation into
streptozotocin-diabetic humanized mice. This report provided
the first evidence that beta cell-specific LEA29Y expression is
effective for pig islet engraftment in the presence of a human-
ized immune system and it has a long-lasting protective effect
on inhibition of human anti-pig xenoimmunity showing a
possible clinical application [61]. A recent report demonstrat-
ed further proof-of-concept that the injection of mouse PSC in
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rat PDX17 blastocysts enables the generation of rat-sized
pancreata composed of mouse PSC-derived cells. In addition,
these mouse pancreatic islets could be isolated, harvested, and
safely implanted in diabetic recipient mice to restore
normoglycemia showing the feasibility and therapeutic poten-
tial of PSC-derived islets generated by blastocyst complemen-
tation in a xenogeneic host [62¢¢]. Although this approach
represents a promising strategy, several limitations need to
be addressed to fully understand the clinical potential. A more
robust and already tested approach is the use of PSC, in par-
ticular embryonic stem cells (ESC) and iPSC, generated from
the reprogramming of somatic cells with defined factors [63].
In 2006, Novocell (known as ViaCyte, Inc.) generated an ef-
ficient in vitro protocol for ESC mimicking pancreatic organ-
ogenesis for the generation of beta cells [64]. Two years later,
the same group successfully demonstrated the spontaneous
in vivo differentiation of ESC-derived pancreatic endoderm
cells into glucose-responsive endocrine cells 3 months after
implantation [65]. These findings paved the way for the first
clinical trial in phase I/II started in 2014 (ClinicalTrials.gov
identifier: Nbib2239354) by ViaCyte. Over the last 10 years,
several modifications have been made to the ViaCyte original
protocol to finally enrich the pancreatic endocrine end
products from in vitro differentiation. In 2014, promising
protocols were published showing improvements in insulin
secretion of PSC-derived pancreatic cells [66, 67]; Rezania
et al. reported the seven-stage in vitro differentiation protocol
that led to efficient ESC conversion into glucose-responsive
insulin-producing cells with an effective role in reversing di-
abetes in 2 months after transplantation in diabetic mice [66].
On the other hand, Melton’s group developed an alternative
strategy using a three-dimensional cell culture system
obtaining mature, mono-hormonal, and functional stem cell-
derived f3 cells showing their efficacy in hyperglycemic mice
[67]. The first successful report of differentiation of human
iPSC into insulin-secreting cells dates back to 2008 [68].
Although this was the first proof of concept, the differentiation
process struggled with very low efficiency [69]. Later proto-
cols focused on the differentiation successful rate. Yupo Ma
et al. were able to obtain up to 50% of beta cells capable of
secreting insulin in response to glucose stimulus from murine
iPSC with in vivo successful ability to restore normoglycemia
in diabetic recipient mice [70, 71]. Last updates were per-
formed by Melton’s group. They defined a 5-week in vitro
differentiation protocol that led to the generation of ~50%
of C-peptide and Nkx6.1 double-positive cells from human
iPSC [67]. Moreover, iPSC from patients affected by T1D
were also differentiated into beta-like cells, as for a new con-
cept of autologous therapy [72, 73].

Beta cell replacement in T1D is not only limited by short-
age of islet donors, but also by the immunological aspect
related to the allo and autoimmune response after transplanta-
tion. To overcome this limitation, gene editing was recently
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applied also to the PSC technology. Indeed, Russel’s group
demonstrates that HLA-engineered PSCs and their differenti-
ated derivatives are not recognized by CD8+ T cells, do not
bind anti-HLA antibodies, and are resistant to NK-mediated
citotoxicity, opening to the use of these cells as universal do-
nor cells [74]. This approach will extend the use of cell ther-
apy and reduce the abuse of immunosuppression to fight
against allo-autoimmune responses.

Conclusion

In this review, we have discussed the minimum required
building blocks needed to engineer endocrine pancreas grafts.
The islet ECM plays a pivotal role in preserving islet morphol-
ogy, survival, and function. Moreover, the islet vascular net-
work is necessary to control glucose homeostasis and nutrient
distribution. The most important component remains to be
endocrine cells; to date, several approaches have been devel-
oped to engineer alternative sources of beta cells.

As of now, substantial technological improvements have
been made to outline viable strategies towards the develop-
ment of bioartificial pancreas grafts. However, more research
is needed to generate fully functional and translatable grafts
ready for clinical application.
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