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Abstract
Background and purpose: Diabetes represents one of the major global health issues, and the number of cases
is expected to increase dramatically in the coming years. In the new century, many strategies have been
developed to meet the urge for new therapies through technological innovations. Innovative pharmacological
treatments, such as electronic insulin pumps, represent one of the gold standards for diabetes, even if cell
replacement therapy is preferred in the most severe cases. Mesenchymal stromal cells (MSCs) can be
differentiated into insulin-producing cells or islet-like cell clusters. Consequently, understanding the role of
the extracellular matrix and three-dimensional (3D) structure in guiding MSC differentiation is crucial for
advancing regenerative therapies.
Experimental approach: The literature was examined using Google Scholar, PubMed, and Scopus, analyzing
the pertinence with the focus of this manuscript.
Findings: MSCs derived from birth tissues are characterized by a high level of plasticity and represent the
best candidates for regenerative treatments. Together with MSCs, 3D approaches can be integrated to obtain
complex structures supporting many biological requirements, namely the possibility of reproducing better
physiological conditions, as well as supporting vascular network development. Furthermore, the incorporation
of extracellular matrix components like laminin and collagen I'V into hydrogels has been shown to enhance the
insulin secretion and survival of insulin-producing cells.
Conclusions and implications: In this review, we present an overview of the different strategies applied as of
today in regenerative medicine, by unraveling the different cellular and matrix characteristics that can be
crucial for future and potential diabetes treatment. Ultimately, the convergence of MSC biology with advanced
gbioartificial pancreas to treat diabetes.
Keywords: 3D culture; B cell differentiation; Diabetes; Extracellular matrix; Hydrogels; Mesenchymal
Stromal cells.
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1. INTRODUCTION are being developed to act simultaneously on

In the last decade, diabetes cases increased
dramatically (1). This disease can be divided
into three different types, namely type 1
diabetes (T1D), type 2 diabetes (T2D), and
gestational diabetes. These are characterized by
hyperglycemia due to a lack of insulin
production from [ cells and/or insulin
resistance. Notably, in T1D, the pathological
landscape implies the destruction of insulin-
producing B-cells caused by an autoimmune
reaction (2). In T2D, both defective insulin
secretion and decreased tissue sensitivity to
insulin occur. This metabolic imbalance is
usually related to risk factors such as
overweight, lack of physical activity, history of
other diseases, and age (3). Gestational diabetes
is a condition that usually arises during
pregnancy, caused by insulin resistance of the
tissues of the mother, caused by the release of
placental hormones (4). The consequences of
diabetes imply long-term damage that can occur
to different organs, such as the eyes, kidneys,
and heart (5), thus representing a serious
economic burden worldwide (6).

The number of cases is rising not only
among adult patients but also among children.
This number is expected to substantially
increase in future decades, according to the
SEARCH study (7).

Currently, available = pharmacological
treatments rely mainly on insulin and
metformin administration. Although side
effects are relatively rare, these therapies imply
long-term treatment and do not represent a cure.
We previously described the growing interest in
G-protein-coupled receptors (GPCRs) as
targets to better manage and prevent diabetes,
particularly in children (8). Multi-peptide drugs

multiple receptors and better address several
molecular processes involved in the
pathophysiology of diabetes. Novel in vitro
models would be highly beneficial to
understand these mechanisms and to develop
new therapies. Animal models such as rodents
still represent the best choice for in vivo studies
of diabetes, despite ethical limitations.
However, recent technological developments in
biomaterials are rapidly improving the
opportunities to study the many different in-
Vvitro aspects of diabetes. As a surrogate of 3-
cells, researchers often used the rat insulinoma
cell line, INS-1. In particular, INS-1 832/13
responds to glucose oscillations in a wide range
(2.8-16.7 mM), comparable to primary rodent
B-cells (9) although not as dynamically as
human B-cells (10). The effective use of stem
cells for autotransplantation has been recently
reported for MSCs derived from bone marrow,
for the treatment of T1D in humans: autologous
stem cell therapy was safe, effective, and
partially reversed autoimmunity characteristic
of T1D (11). Despite this successful example,
stem cell therapy for diabetes treatment is quite
far from being applied in humans as a safe and
consolidated therapy; thus, new strategies in
this sense need to be developed. It is becoming
increasingly appreciated how 3D cell culture
may fill the gap between 2D cell culture and
animal models and provide experimental
models that better resemble the in vivo cell
environment, remaining more versatile and
affordable than animal experimentation (12).
At the same time, the ability to reproduce the
original microenvironment is also fundamental
for replacement therapies. Replacement
therapies for diabetes treatment consist of the
infusion of functional insulin-producing cells,



generated from stem cell differentiation or by
isolation from a donor (13). Moreover,
extensive efforts have been dedicated to
creating pseudo-islets by developing scaffolds.
Artificial and decellularized tissues have been
tested to provide a suitable structure that better
supports B-cells and other endocrine cells. 3D
cultures imply different approaches, such as
spheroids and organoids (12). For example, 3D
INS-1 cell spheroids display better in vivo
features than 2D cultures; Ntamo €t al.
confirmed by toluidine staining an increase in
active cellular turnover and increased metabolic
activity in the 3D group, which is strongly
correlated to insulin and amylin production in
response to glucose (14).

Current diabetes treatments are not fully
effective in the replacement of B-cell function,
and by artificially developing living functional
tissues, it could be possible to address the
demand for replacement therapy of the
pancreas, in part or as a whole (15). With this
perspective, 3D bioprinting is an advanced
technology that enables the creation of 3D
bioartificial constructs capable of restoring the
intricate structure and proper functionality of
complex  tissues  (16).  Consequently,
bioprinting is rapidly gaining acceptance
worldwide as a promising approach embraced
by doctors and researchers to enhance the
quality of life for patients affected by various
diseases and conditions, as 3D bioprinting of
skin for burned skin replacement, bone
bioprinting for replacement of lost or damaged
bone tissue, but also for cancer research by 3D
bioprinting models to improve the
understanding of cancer development (17).
Satisfactory results implying the bioprinting of

cells for diabetes treatment have been
achieved with the implantation of 3D-
pancreatic islets, embedded in pancreatic

extracellular matrix (pdECM) and hyaluronic
acid methacrylate, into diabetic mice, leading to
increased insulin secretion and stable blood
glucose levels (18). Although in literature,
different examples are reported of functional
3D organs (19) and especially the pancreas
(20), reconstructing the exact architecture and
cellular composition of the native tissue
represents an unmet challenge. For this reason,
one of the foremost requirements for 3D is the
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hydrogel or matrix, a substance that typically
consists of biocompatible materials and
bioactive components, such as growth factors
and signaling molecules (21). The literature
proposed in this manuscript was extracted from
Google Scholar, PubMed, and Scopus, utilizing
the following search terms: diabetes, 3D
bioprinting, MSCs differentiation, matrix,
hydrogel, and pdECM. This review presents the
different strategies that can be applied for the
generation of a 3D pancreatic tissue to
increase the knowledge of potential diabetes
treatment, focusing on the differentiation
potential of MSCs and the required matrix
characteristics.

2. Challenges in p-cells differentiation

B-cell dysfunction for inadequate glucose-
sensing and deficits in B-cell mass are identified
as the leading causes of diabetes onset. Since 3-
cells’ regenerative capacity is almost null
during adulthood, new strategies point to
differentiating B-cells from other cellular
sources (22). Three types of stem cells can be
identified: embryonic, adult, and induced
pluripotent stem cells (iPSCs). Excluding the
embryonic source for ethical problems
and iPSCs for risk of teratoma development,
MSCs are the most promising source of plastic
cells.

Mesenchymal stromal cells are adult and
multipotent cells that can be extracted from
different tissues within the body. These cells
have been reported to retain highly
immunomodulatory properties and participate
in physiological tissue regeneration and repair.
MSCs are characterized by the possibility to
differentiate in vitro into osteoblasts,
adipocytes, and chondrocytes (23). A literature
survey revealed that many attempts have been
reported to push their differentiation outside the
mesodermal  lineage. For this reason,
considering their well-established multipotency
in terms of stemness, whether these should be
considered multipotent or pluripotent remains
debated (24). Moreover, MSCs offer the
possibility to differentiate cells derived directly
from the patient, excluding the risk of rejection
(25). Successful differentiation into -like cells
has been reported for MSCs extracted from
dental pulp, umbilical cord, menstrual blood
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(25), bone marrow (26), adipose tissue, urine,
Wharton’s jelly, placenta, amniotic fluid, cord
blood, and pancreas (27). MSCs derived from
birth tissues represent the best choice for
B-cell regeneration due to the great
immunomodulatory capacity and the higher
degree of plasticity in comparison to MSCs
derived from adult tissues (27). These sources
offer many advantages, including the absence
of ethical implications and non-invasive
procedures for their collection. Particularly,
Wharton’s jelly-derived-MSCs have been
reported to show anti-inflammatory effects
following intravenous infusion in T2D patients,
improving B-cells function and glycated
hemoglobin levels (27). MSCs are also reported
overcome the P-cell destruction caused by
immunological attack of autoreactive T cells,
characteristic of T1D (28). In the last two
decades, B-cell replacement by intrahepatic
islet transplantation has been an option for T1D
treatment, although this procedure requires
lifelong treatment with immunosuppressive
drugs. Being an autoimmune disease, the
additional challenge of the transplantation
approach for TID is to avoid not only the
immune rejection directed to the donor’s cells
but also the autoimmune effects toward these
cells (29). Although immune rejection is not
critical in the case of MSCs usage for
autotransplantation, it is still not clear if the
autotransplant could eliminate in the long term
the immune reaction characteristic of T1D. The
lack of knowledge about the molecular
mechanisms by which MSCs contribute to T1D
treatment (also considering variables such as
the number of MSCs infused, frequency of
injection, and best infusion route) does not
permit a full translation of the treatment to a
large-scale (28).

Regarding MSC differentiation as tools for
diabetes treatment, protocols for [-cell
differentiation from MSCs involve a first
differentiation step into pancreatic progenitors
and a second step for B-cell maturation. These
phases imply different culture conditions, such
as the use of a high glucose medium and
different factors such as nicotinamide, exendin-
4, and glucagon-like peptide 1 (GLP1).
Although many groups reported the
attempt for P-cell differentiation, very few
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reported functional glucose-stimulated insulin
response and homogeneity in terms of
pancreatic marker expression, suggesting that
the different protocols proposed led to the
differentiation = of a  non-physiological
population of pancreatic endocrine cells.
Different pathways are reported to regulate
MSC differentiation into B cells, such as bone
morphogenetic protein (BMP), Wnt, Nodal,
Notch, retinoic acid, epidermal growth factor
(EGF), and fibroblast growth factor (FGF) (27).
Substrates related to EGF, such as
phosphoinositide 3-kinase (PI3-kinase) and
hepatocyte growth factor (HGF) signalling
pathways, have been demonstrated to strongly
influence not only differentiation but also
proliferation and cell survival of pancreatic
lineage cells (27). In the context of the
signalling pathway, reagents that promote
B-cell differentiation or proliferation play an
important role in potential diabetes treatment.
Exendin-4, a GLP1 analog approved as a
therapy for patients affected by T2D (30), has
been demonstrated to induce P-cell
proliferation in EGF-receptor (EGFR) knock-
out mice. GLP1 exerts its therapeutic action
through the interaction with GLP1-receptor
(GLP1R), a member of the GPCR receptor
family, acting through increasing cAMP levels
inside the cell and activation of PI3-kinase as a
downstream effector. Although the precise
mechanism of action of GLP1 that leads to
B-cell proliferation remains unclear, it seems
that GLP1R relies on EGFR to promote
proliferation (31). As reported by Svendsen
et al. (32), intra-islet signaling is another factor
influencing the B-cell secretory responses, and
particularly the fine-tuned balance between the
glucagon and GLP1 receptors is pivotal to
maintaining adequate insulin  secretion.
Undoubtedly, unraveling the signaling pathway
that controls such a transition could lead to the
development of new innovative therapies for
diabetes treatment.

From a transcriptional point of view, it is
established in vitro that the co-expression of
critical transcription factors such as PDX1 and
NKX6.1 is crucial for B-cells establishment,
even if the exact molecular mechanism of
glucose-stimulated insulin secretion (GSIS) in
cells influenced by these factors remains



undefined (27). Xu et al. demonstrated
by  quantitative = reverse  transcription
polymerase chain reaction (RT-qPCR) and
immunocytochemistry that MSCs in 3D culture
express higher PDX1 and insulin compared to
the 2D control group, suggesting the
impact of the extracellular matrix on their
differentiation (33). The stiffness of the matrix
is another factor that could influence MSC
differentiation, inducing the expression of
lineage-specific markers depending on the
cultivation of soft or hard matrices.
This is reasonable because during their
physiological  development, f-cells are
sensitive to the external stimuli of blood shear
stresses as they are part of Langerhans islets,
which are highly vascularized (34). Although in
the literature, no specific information is
reported regarding the influence of shear
stress and matrix stiffness on MSCs
differentiation to B-cell lineage, it is reasonable
that these aspects could play an important role
in this process.

The lack of adequate vascularization
represents another obstacle related to islet
transplantation (35). In fact, after the
transplantation, the absence of a wvascular
system not only limits the oxygenation, nutrient
diffusion, and clearance of waste materials but
also impairs the sensitivity of pancreatic islets
to glucose fluctuation and thus insulin release
(36). MSCs secrete pro-angiogenic factors
(i.e.,, FGF-2, vascular endothelial growth factor,
and interleukin-6) (37,38) and could thus
promote  tissue  vascularization  upon
incorporation in 3D constructs for islet
transplantation. In diabetic rats, MSCs have
been demonstrated to promote vessel
development and support the survival of
transplanted islets (39). Moreover, to improve
long-term engraftment after transplantation,
Kim et al. co-cultured islets together with
human umbilical vein endothelial cells
(HUVECs), given the previous evidence of
positive effects of endothelial cells on the
paracrine functions of islets. The co-cultures
in vitro improved both responsiveness to
glucose and the amount of secreted insulin, also
reducing the necrosis rate (40), suggesting
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that the co-culture with these cells could be a
winning strategy for improving 3D B-cell
culture conditions.

Human islet-like organoids from induced
pluripotent stem cells have been generated
and represent an important field of
research (41). Despite these later advances, the
functional maturity of cadaveric islets
is still outperforming all attempts made so
far to differentiate B-cells in vitro. Could
improved hydrogels and 3D culture fill
the gap?

3. 3D matrices and hydrogels for f-cells and
pseudo-islets cells

B-cell activity depends on the ECM and the
different cell types present in the islet of
Langerhans: i.e., glucagon-producing a cells,
somatostatin-producing 6 cells, pancreatic
peptide-producing cells, ghrelin-producing ¢
cells, and endothelial cells, which represent the
tissue interface with the blood flow. Evidently,
the achievement of fully functional PB-cells
implies the recreation of appropriate
spatial distribution and communications
among these cell populations. An artificial
recreation of this architecture appears still
distant. However, several groups developed
different matrices to support the islets' survival
and functionality in 3D culture, as summarized
in Table 1.

The ECM defines the architecture
of the organ by interacting with
adhesion molecules present on the cell
membrane, such as integrins, which, together
with  cell-cell interactions (connexins,
cadherins, N-CAM), produce intracellular
signaling that adds to paracrine cues (18,41-49).
Specifically, for the pancreas, its ECM is
composed of almost 30% collagen, particularly
type IV and VI (50) in addition to fibronectins,
elastins, and laminins-211 and -511 (51). B-Cell
interaction with collagen is mediated by B1
integrin subunit combined with o6 or o3
subunits (52). In INS-1 cells, the interaction
between collagen IV-06 Pl-integrin was
reported to be instrumental in organizing the
cytoskeleton and the exocytotic machinery
(52,53).
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Table 1. Summarizes different 3D approaches reported in the literature for the culturing of islets/B-cell like, with the
type of matrix and their effects, and the final result.

Type of matrix

Cell type

Matrix effects

Result

Reference No.

HUVECs,
human-derived

Higher level of GSIS
compared to other

Co-culture in vitro and 3D
bioprinting for an applicable

pdECM and rat-derived biomaterials (i.e., collagen transplant size that can represent an (40)
pancreatic islets and alginate) allogenic source of islets
Hyaluronic acid . HAMA-pdECM promoted _3»D-Pr1nt§d 1s_1 et 9rgan01ds 1mplanted
Rat-derived . Lo in diabetic mice induced a mild
methacrylate- g the expression of insulin . . (18)
pancreatic islets immune response, also promoting
pdECM and glucagon L
vascularization
Alginate-pdECM Porcine ic isl P;qmotll.on of the secretion 3D bioprinting of hydrogel scaffolds
and alginate- pancreatic islets, - of insulin upon characterized by high shape fidelity ~ (43)
fibrinogen HUVECSs and stimulation and of the and open porosit
g human MSCs vascularization pen p y
Increase in islets' Manipulation of the hydrogel to
. Human pancreatic ~ functionality for islets improve mechanical strength to
ECM-alginate islets encapsulated compared to  increase the success rate of (44)
the unencapsulated islets encapsulated islet transplantation
. Murine pancreatic EC M Almproved the AEC microcapsules can be exploited
Alginate-human . viability of encapsulated .
5 beta islet cells as a platform to support islet cells (45)
adipose ECM MING B cells compared to .
(MING B cells) : for potential T1D treatment
the alginate-only control
3D silk matrix Human-derived I;Ztlr?fﬁegieigsf;llilﬁ Develop a functionalized matrix to
functionalized with and mouse- secre tior? durine elucose support ex vivo expansion of (46)
ECM-derived motifs derivedislets . . e endocrine cells
stimulation
Human islets can adhere
to silk foam, maintaining ~ Following islet transplantation into
Human-derived their function after long- the anterior chamber of the mouse’s
Functionalized and mouse- term culture, developing eye, the matrix was preserved (47)
spider silk derived vascularization and without causing side effects and
pancreatic islets promote the formation of islets in spider silk foam show
new insulin-positive islet-  improved engraftment
like clusters
Mouse dermal . Fibroblast-populated collagen matrix
A collagen matrix . .
fibroblasts and . . . improved long-term isograft
Type 1 collagen . . improved islet survival L . . (48)
mice-derived and function function in chemically induced
pancreatic islets diabetic mice
ColTa spheroids improved
Collagen-tannic acid  INSIE cells insulin secretion in ngh-thr‘oughput method fqr cell- (49)
response to glucose laden microsphere production
compared to 2D culture
pdECM, Pancreatic extracellular matrix
The details of the interactions established by and requires endothelial cells. Hydrogels

the different components of the ECM and islet
cells have been reviewed by Llacua et al. (54).
During islets' enzymatic isolations, ECM
natural components are disrupted, affecting cell
viability and transplant outcomes (55). While
cell-cell interaction is re-established relatively
rapidly, the restoration of the ECM is slower

140

obtained from different tissues, including the
pancreas, have been tested to surrogate the peri-
insular basement membrane (56-59). On the
other hand, protocols that differentiate
progenitor cells into multiple cell types, based
on the differentiation of progenitor cells in
hand, are expected to secrete their own ECM



and thus better recapitulate the original. In-vitro
differentiation will unlikely recreate the
architecture of the islet with endothelial cells
surrounding the endocrine component and
secreting the basal membrane interposed
between the acinar. 3D printing of a structure
that spatially guides differentiation in space
may allow us to achieve this goal in the future.

To date, hydrogels developed from pdECM
appear advantageous, not only compared to 2D
cultures on treated plastic (59), but also
compared to collagen alone, demonstrating
better control of insulin secretion in response to
the extracellular glucose level (40). The effect
of ECM on MSC differentiation towards
insulin-producing cells remains to be
characterized, whereas, in vivo, the importance
of ECM in controlling self-renewal and
proliferation in the staminal niche has been
established. Particularly, integrins have been
demonstrated to  control  stem  cell
differentiation (60). The availability of human
pancreatic samples is limited. Most studies took
advantage of porcine-derived pdECM.
Particularly, porcine pdECM represents a
promising alternative for its capacity to
replicate tissue-specific composition,
maintaining the proteomic characteristics and
other bioactive components that are naturally
present in the native matrix (59). The literature
reports different pdECM extraction protocols
from the porcine pancreas with common main
steps (40,61,62). Briefly, the pancreas is
minced and rinsed in deionized water. Then, a
decellularization step is undertaken, mainly by
utilizing detergents such as Triton® X-100 or
sodium dodecyl sulfate (SDS). The matrix is
then rinsed with PBS to clear waste materials
and detergents. The resulting matrix is
subsequently frozen, lyophilized, pulverized,
and digested with pepsin in an acidic solution
to finally form a hydrogel at 37 °C after
neutralization and salt balancing. Pepsin
treatment is not only aimed at increasing
pdECM solubilization but also allows efficient
binding of cells to the matrix, for the cleavage
of collagen at telopeptides (63). The whole
extraction procedure should be conducted in a
cold room to reduce native pancreatic protease
activity. At the end of this process,
spectrometric analysis of the dsDNA amount
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allows us to check for successful pdECM
decellularization. Cell viability assays, such as
the MTT assay, must be conducted to check the
toxicity of the matrix due to reagents leftover
from the decellularization steps, which could
interfere with cellular viability. Dimethyl-
methylene blue assay and hydroxyproline
assay, showing glycosaminoglycans (GAGs)
and collagen presence, respectively, must be
performed to assess the pdECM general
composition.

One example of positive pdECM
components effects comes from Weber et al.,
who reported greater GSIS in B-cell culture
when polyethylene glycol (PEG)-based
hydrogel was supplemented with laminin and
type IV collagen, reaching a 350% greater
release with laminin, and a 75% increase in the
presence of type IV collagen (64). Previous
studies also reported that collagen type IV
promotes insulin production and cell survival of
human islets (65). Laminins, heterotrimeric
glycoproteins, have been demonstrated to
induce the expression of islet transcription
factors, such as PDX1, but also to activate Akt
and  extracellular-signal-regulated  kinase
(ERK), important factors for the induction of -
cell differentiation from precursor cells (54).
Particularly, when laminin was exploited in
combination with collagen IV, three specific
laminin sequences, RGD, LRE, and PDSGR,
had a positive impact on islet functionality and
viability by reducing islet cytokine-mediated
cell death (55). The ECM not only provides
structural support, spatial organization, and
related signals but also preserves and presents
signaling molecules, also sensitive to their
synthesis and degradation exerted by enzymes
released from embedded cells, whose survival
is ensured by the correct viscoelasticity of the
matrix itself (66).

4. CONCLUSION

Undoubtedly, the allotransplantation of
pancreatic islets represents the safest approach
for the worst cases of diabetes patients,
albeit many limitations characterize this
treatment as poor graft survival and the need
for multiple donors. Different factors contribute
to the failure of engraftmen after islet
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transplantation, notably the lack of adequate
vascularization, immunological responses, and
the disruption of pancreatic ECM-specific
factors due to the enzymatic dissociation. The
winning strategy for 3D pancreatic tissue is
represented by the utilization of patient-derived
cells and to reproduce the best pancreatic
cellular population, and a supportive cellular
compartment is also required. With this
perspective, 3D constructs not only represent a
tool for studying and delineating molecular
mechanisms related to diabetes insurgence but
also offer the chance to develop possible
implantable devices as a potential treatment.
Recently, there has been significant progress in
cell encapsulation and 3D culture methods for
diabetes therapeutic approaches. Islet cells have
shown higher activity and insulin secretion in
constructed models. However, several
challenges remain for the development of
implantable bioartificial pancreases. MSCs in
this sense could offer an untapped source
for the potential generation of  cells, although
huge efforts still need to be made to reach
functional maturation. Challenges related to
nutrient transport, vascular network formation,
matrix  biocompatibility, and implanted
bioartificial organs' stress resistance can be
addressed with more advanced 3D techniques,
particularly with modern 3D bioprinters.
Ultimately, 3D cultures offer a solution to the
shortage of donor organs and various medical
challenges in the field of complex organ
engineering and manufacturing. These results
suggest that soon the treatment of diabetes
could be transferred from the pharmacological
approach to the generation of an artificial
biological pancreas as a potential tool for islet
transplantation.
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