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autoimmune destruction of pancreatic beta cells or a combination of peripheral
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f&zé;‘;fgfw insulin resistance and impaired insulin secretion. Current therapeutic

2024-05-38 approaches are not curative and have their complications. Recently, stem cell-
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1 restore normoglycemia and beta cell function, reverse diabetes, achieve long-

}7;;::::)11 term glycemic control, and prevent complications. Various stem cell sources are

being investigated to find a potential solution for manufacturing unlimited
Editor-in-Chief: . . . L. .
Behrouz Aflatoonian Ph.D. transplantable insulin-secreting cells. Significant progress has been made in
preclinical studies and the generation of islet-like endocrine clusters or
organoids. However, the clinical translation of these cell therapies is still in
the early stages. New strategies such as gene editing and tissue engineering may
improve the safety and efficacy of stem cell-derived beta or progenitor cell
transplantation. This review discusses the current state of islet transplantation,

different cell-based therapies, and their potential for clinical translation, with a
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major focus on pancreatic organoids and associated technologies.
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Introduction
Type 1 and type 2 diabetes are complex,
and heritable

heterogeneous, metabolic

conditions commonly characterized by
and
The

insulin and self-regulate blood levels of

hyperglycemia disrupted  glucose

homeostasis. inability to produce
glucose causes type 1 diabetes (TiD), while
type 2 diabetes (T2D) is due to a decrease in
insulin sensitivity and function. When the
immune system attacks the beta cells, the
endogenous insulin-producing pancreatic
islets are destroyed, resulting in T1iD (1). T2D
is the common form of diabetes that develops
when organs such as muscle, liver, and adipose
tissue become insulin resistant, leading to
insulin hypersecretion that ultimately causes
beta cell exhaustion and failure. T1D and long-
standing T2D patients require exogenous
with continuous

insulin injections

glucose  monitoring.  Despite  different
pharmaceutical therapies for T2D that reduce
glucose levels, achieving normoglycemia is not
always possible and is often associated with
severe complications (2). Uncontrolled TiD
can also result in additional complications,
including an increased risk of heart attack,
stroke, neuropathy, retinopathy, renal failure,
and liver disease, impacting the quality of life.
While insulin therapy achieves a degree of
glycemic control and remains the main
medication for treating TiD, to cure
diabetes effectively, blood glucose control by
fully

and insulin production and glucose-dependent

beta cells must be recapitulated,
insulin secretion (GSIS) must be correctly
controlled. In this regard, cell-replacement
therapies have emerged as a promising
with the

approach potential to

restore normoglycemia and beta cell function,

reverse diabetes, achieve long-term glycemic
control, and prevent complications. Over the
past decades, cell-based therapy has been
proposed as a potential therapy to replace
insulin treatments (1, 2). To increase the
accessibility of this therapy, a readily
available supply of insulin-secreting cells or
islets must be generated, and methods for
preventing graft rejection must be improved.
efficient differentiation

In recent years,

protocols have been  developed to

produce stem cell-derived insulin-secreting
cells. Ongoing research on beta cell production
from  human pluripotent stem cells
(hPSCs) promises that this field can be a
transformative treatment for diabetes soon (3,

4). This review summarizes cell-based beta cell

replacement  for  diabetes, pancreatic
organoid technologies, and future
perspectives.

Whole pancreas and islet transplantation

Whole pancreas transplantation has been
1966

effectively managing blood glucose and insulin

performed since in TiD patients,
independence in 76% of transplanted patients
five years after transplantation (5). However,
the mortality rate after five years is higher
than 10% (6). As this procedure is frequently
associated with serious complications of
surgery, pancreatic islet transplantation has
been developed to provide a less invasive
procedure with low morbidity and mortality
(7). A shift from pancreatic tissue extract
transplantation to transplantation of purified
islets was achieved in the 1960s after
improvements in islet yield and quality by
modifications in pancreatic tissue digestion,

density gradient separation, and intraductal
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injection (8). Although the first human islet

transplantation was reported in 1977 by

Najarian et al. (9), the islet auto-
transplantation was conducted in 1980 for ten
patients, with some of these patients

successfully avoiding pancreatogenic diabetes
after surgery (10). The first successful results
of intrahepatic allogeneic islet transplantation
in T1D patients were reported in the 1990s (11,
12). Up to the year 2000, several clinical trials
were performed to achieve variable rates of
success; however, only around 11% of patients
achieved insulin independence beyond 1-year
post-transplant (8). The first group to show a
100% insulin independence rate during the
first year after allogeneic pancreatic islet
transplantation was reported in 2000 by
Shapiro et al (13), known as the Edmonton
protocol. Afterward, although the Edmonton
protocol was conducted in several islet centers
around the world, substantial variability in
success between centers was reported (14). In
the next decade, several modifications of the
original Edmonton protocol have improved the
rates of insulin independence (15, 16). Recent
data on islet transplantation in T1iD patients
show that insulin independence is gained in
approximately 54% of the patients after the
first-year follow-up. In contrast, at the end of
the second year, 20% of the patients remain
insulin-free. Eventually, they return to use
some form of exogenous insulin within a few
years after the transplantation (17). The
limited availability of allogenic islets has
tended to use scalable sources of insulin-
producing cells (IPCs) such as stem cell-
derived f cells (18). Considering the enormous
potential of human pluripotent stem cells
(hPSCs) in

studies

regenerative medicine, many

have been conducted for the

generation of scalable IPCs or islet organoids

from these cells (19, 20).

Human Stem Cells

(MSCs)

Mesenchymal

Clinical studies have explored the safety and
efficacy of mesenchymal stem cells (MSCs)
transplantation in diabetic patients. These
studies have used various sources of adult
MSCs to understand the mechanisms of B cell
protection provided by MSCs and to evaluate
their efficacy in modulating the immune
response (19). It has been suggested that MSCs
transplantation may represent a safe and
effective treatment for T1D patients (21, 22).
However, the interpretation of early MSC-
based
challenged by the small sample sizes and short

clinical trials for TiD has been

follow-up periods that do not allow for proper
statistical analysis (19, 20). MSC-based clinical
trials for T2D have observed a significant
increase in fasting C-peptide levels,
improvement in HbA1c values, and reductions
in required insulin dosage (19). Studies have
focused on transplanting MSCs or MSC-
derived insulin-producing cells to overcome
the underlying T cell-mediated autoimmune
dysfunction, restore immune homeostasis,
preserve residual [ cells, and replace damaged
cells. However, clear evidence supporting
these hypothetical mechanisms is currently
lacking (21, 22). Two clinical trials have
reported positive outcomes of in vitro
MSC-derived

progenitors’ transplantation; however, these

generated pancreatic
studies lack clear evidence for the presence of
mature functioning MSC-derived [ cells.
Therefore, it can be concluded that the use of
MSCs can be supportive of islet cell survival in
but the

T2D patients, efficacy of the

therapeutic use of MSCs in T1D clinical trials is
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controversial. The ability of MSCs to
differentiate into functional f cells in vitro is
poor, and trans-differentiation in vivo does not

seem to occur (19).

Human pluripotent stem cell-derived
pancreatic progenitor or 3-like cells

The advantages of unlimited self-renewability,
accessibility, and the extreme potential to
generate an alternative source of insulin-
hPSC an

major

secreting cells in vitro make

important source to overcome
challenges of clinical islet transplantation (23,
24). Several publications have demonstrated
the potential of human embryonic stem cells
(hESCs) and induced pluripotent stem cells
(iPSCs) to form functional mature insulin-
producing B cells (19). However, so far, only a
few clinical trials have used the administration
of differentiated hESCs in TiD patients to
evaluate the safety and efficacy of this new
therapeutic approach (20, 25). The first-in-
I/II
(NCTo02239354) was initiated in 2014 by
ViaCyte Inc. with hESCs derived-pancreatic

human phase clinical trial

progenitor cells (PEC-01) within a closed
encapsulation device called PEC-Encap (VC-
01) in one T1D patient (26). However, the trial
was suspended due to a foreign body reaction
to the device component and its coverage with
fibrous tissue (27, 28). Subsequently, ViaCyte
initiated two  further clinical trials
(NCT03162926 and NCT03163511) implanting
the same type of PEC-01 cells into diabetic
patients in a modified encapsulation device.
The outcomes showed that PEC-01 cells were
able to survive and produce measurable C-
peptide levels; however, the intended islet
insufficient to

mass transplanted was

normalize HbAi1c levels (29, 30). Vertex

Pharmaceutical and Sigilon Therapeutics
companies hPSC-derived, fully
differentiated B cells (SC-B cells), in their
1/2 (19).
transplanted the VX-880 cells intraportally

use

phase clinical trials Vertex

without any encapsulation
(NCTo04786262) (18). SC-B cells transplanted

in patients with hypoglycemia unawareness

system

syndrome were not fully mature B cells but
were able to achieve glucose-responsive
insulin secretion and improve HbAic in two
T1D patients (18, 23). CRISPR Therapeutics
and ViaCyte have recently launched the first
clinical trial based on gene-edited immune-
evasive hPSCs-derived pancreatic progenitors
(19). Patient-specific iPSCs potentially offer a
promising alternative for autologous cell
transplantation. A clinical trial conducted in
2017 in Japan showed the safety and feasibility
of autologous iPSCs-derived pancreatic

endoderm transplantation in a TiDM patient

(24).

Organoids: a future source for islet

transplantation

Recent advances in three-dimensional (3D)
culture methods have led to the development
of organoid culture systems, which allow
researchers to culture cells in vitro for
extended periods. Organoids are 3D cellular
through  the  self-

organization of tissue-specific cells that can

structures  created
mimic the structure and function of the
original organ (31). Due to their ability to
better simulate the structure of islets, islet

organoids provide better conditions than two-

dimensional pancreatic beta cell
differentiation  protocols. However, islet
organoids do not fully restore glucose-

stimulated insulin secretion (32). The use of
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disease-specific pancreatic organoids
facilitates an understanding of the molecular
mechanisms of diseases (disease modeling),
the identification of potential biomarkers, drug
screening, drug production, and the
development of personalized medicine for
drug testing or toxicology studies (33). The
success of organoid generation from adult cells
was due to the discovery of Lgr5-positive stem
cells in mice intestinal crypts, which led to the
in-vitro production of intestinal organoids
(34). Since then, organoid culture methods
have been developed for the stomach, liver,
pancreas, brain, lungs, and other organs and
tissues (35). This development led to the
hypothesis that the culture of adult stem cells
from the human pancreas could be suitable for
pancreatic regeneration studies and beta cell
replacement therapy. Human pancreatic ducts
can proliferate and expand in vitro, forming
hollow 3D

collagen or Matrigel, making them suitable for

structures when cultured in

regenerative medicine studies (36). Several

groups have succeeded in generating

pancreatic organoids from adult human
pancreas. These organoids containing hollow
spheres cannot form complex apical-truncal
structures or any spontaneous differentiation
towards endocrine cells (37, 38). In 2015,
hESC-derived PDX1 and NKX6.1 positive
pancreatic progenitor cells were cultured in a
3D Matrigel culture system. The resulting
spheroids were able to be passaged and
maintained for 12 days in 3D culture and
continued to express progenitor cell markers
such as SOX9, PDX1, and NKX6.1 (39). The
production of islet organoids using targeted
differentiation of pluripotent cells in 3D
culture conditions has been associated with

many successes. The islet-like organoids that

were produced from hESCs (40) or the
spontaneous accumulation of endocrine cells
(41) could secrete insulin in response to
glucose in vitro and in vivo. Researchers are
seeking to produce complex organoids from
the residues of the human pancreas islet
isolation procedure. The first reported attempt
for GMP-compliant, large-scale pancreatic
organoids manufacturing from adult human
cells comes from Dossena et al., who were able
to expand islet-depleted pancreatic digest from
a single cadaver donor to form up to 250 x 10°¢
pancreatic organoids, reaching a total number
109

of approximately 250 x cells (42).

However, more research is necessary to
develop a truly efficient and safe approach.
Currently, the clinical application of adult
pancreatic organoids as a cell source for
diabetes cell-based therapies is still far from
realization due to the complicated access to
this potential cell source, doubtful existence of
bipotential progenitors in the adult pancreas,
inaccessibility of the proper pancreatic niche,
inherent variability among different donors,
safety concerns, and technical difficulties

associated with up-scaling organoid culture

(25).

Strategies for the generation of

pancreatic organoids

There are still gaps regarding the actual effect
of pancreatic epithelial and non-epithelial cells
in human pancreas development to produce
pancreatic organoids that mimic the structure
of the islets of Langerhans. Simulating cell
interactions during pancreas development
provides a suitable model. Analysis of
signaling pathways has shown the importance
cell influence.

of tissue-specific stromal
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Therefore, by incorporating these cells, the
niche of pancreas development is better
mimicked (45-43). Co-cultivating ESC-derived
pancreatic progenitors with pancreas-derived
endothelial or mesenchymal cells increases the
possibility of their proliferation and self-
renewal. This strategy may also promote their
in vivo differentiation into insulin-secreting
cells after transplantation (46-48). Studies
have emphasized the importance of mimicking
pancreas development and recapitulating
pancreatic cell-cell interactions to generate
more mature pancreatic organoids through
pancreatic non-epithelial cell co-culture (49,
50). Despite progress in producing pancreatic
organoids, there is still room for improvement,
and applying new methods can enhance this
knowledge. During development, cells can be
influenced by various environmental factors,
including soluble factors (such as small
molecules, cytokines, and growth factors),
the

interactions,

properties  of extracellular matrix,

intercellular and mechanical
forces. This highlights the necessity of using
three-dimensional co-culture systems for the
formation of multicellular structures (51).
Various bioengineering approaches, such as
extracellular matrix

design, engineered

vascularization, genetic manipulation of

signaling molecules at the cell surface,

bioprinting, pancreas-on-a-chip, and
microfluidic technologies can engineer cellular
interactions to generate more potent
pancreatic organoids or produce mature and

functional pseudo islets (52-54).

Conclusion
There are several ongoing studies and clinical
trials focused on stem cell-derived beta or

progenitor cells for the treatment of diabetes

mellitus. Alongside significant advancements
in stem cell biology and islet transplantation,
other advanced therapeutic approaches such
as gene manipulation, immunotherapy, and
cell encapsulation have also garnered attention
in the realm of diabetes treatment. Currently,
beta cell-derived stem cells do not fully
replicate their endogenous counterparts.
However, with improvements in beta cell
engraftment and progenitor cell differentiation
protocols, the number of cells required for
transplantation can be reduced. Stem cell-
derived islets offer a potentially limitless
resource to increase accessibility to islet
transplantation. Advancements in single-cell
technologies for better characterization of the
shed

aiding in

produced cells have light on

the

development of more efficient protocols that

differentiation processes,

result in increased insulin secretion in the final
product while minimizing the presence of off-
target cell types. Progress in the generation of
immune-evading stem cell-derived beta or
progenitor cells may enhance the efficacy and
safety of cell transplantation and reduce the
need for immunosuppressive drugs. In the
near future, immune-protected stem cell-
derived beta or progenitor cells may be
achievable through genetic engineering
approaches that enable cells to evade the

immune system and resist rejection post-

transplantation. ~ Additionally,  candidate
biomaterials could induce local immune
tolerance post-transplantation, improving

graft viability and reducing the required
number of cells for transplantation. It is
important to recognize that a combination of
these therapeutic approaches may be
necessary for optimal outcomes, as various
to Dbe

aspects of transplantation need

41




Regenerative Biomedicine
Volume 1, Issue no. 1

Production and Hosting by Shahid Sadoughi University of Medical Sciences

Ghezel-Ayagh et al.
Diabetes cell-based therapies

considered. Nevertheless, the rapid progress in
scientific and technological aspects of cell-
based therapies, makes this field a promising
area of research for the treatment of diabetes

mellitus.
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