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Abstract

Type 1 diabetes (T1D) is a chronic autoimmune disorder characterized by the destruction of insulin-producing beta cells
in the pancreas, leading to insulin deficiency and chronic hyperglycemia. The main current therapeutic strategies for clini-
cally overt T1D — primarily exogenous insulin administration combined with blood glucose monitoring — fail to fully mimic
physiological insulin regulation, often resulting in suboptimal or insufficient glycemic control. Islet cell transplantation has
emerged as a promising avenue for functionally replacing endogenous insulin production and achieving long-term glycemic
stability. Here, we provide an overview of current islet replacement strategies, ranging from islet transplantation to stem
cell-derived islet cell transplantation, and highlight emerging approaches such as immunoengineering. We examine the
advancements in immunosuppressive protocols to enhance graft survival, innovative encapsulation, and immunomodulation
techniques to protect transplanted islets, and the ongoing challenges in achieving durable and functional islet integration.
Additionally, we discuss the latest clinical outcomes, the potential of gene editing technologies, and the emerging strategies
for islet cell regeneration. This review aims to highlight the potential of these approaches to transform the management of
T1D and improve the quality of life of individuals affected by this condition.

Key Points

o - Today, approximately 9 million people live with type 1 dia-
Islet cell transplantation is a promising approach for betes (T1D). This number is expected to grow to between

replacing beta cells and restoring endogenous insulin 13.5 and 17.4 million by 2040 [1]. The burden of T1D on
production in patients with type 1 diabetes (T1D), offer- human health and healthcare systems is substantial and is

ing the potential for long-term glycemic stability. projected to increase rapidly in the coming years. T1D is

In addition to islet transplantation, which has gained an autoimmune disease characterized by an immune attack
clinical approval in multiple regions of the world, newer against insulin-producing beta cells. This autoimmune
approaches such as transplantation of stem cell-derived attack causes patients to lose insulin production and control
islets and stimulation of regeneration from endogenous of glucose metabolism, leading to chronic hyperglycemia
progenitors are rapidly advancing. and generalized inflammation. The standard treatment for

T1D patients is exogenous insulin administration, which
needs to be diligently managed by the patient throughout
life. Although insulin therapy allows patients to manage the
disease, the lack of beta cell endocrine function results in
secondary complications such as retinopathy, nephropathy,
neuropathy, and cardiopathy. These complications markedly

Advancements in differentiation protocols, bioengineer-
ing, and immunomodulation strategies are improving the
protection of transplanted or regenerated islet cells while
addressing challenges related to achieving durable islet
function and integration.

Outcomes from recent preclinical and clinical studies diminish the quality of life of T1D patients and place a sig-
highlight the transformative potential of these islet cell nificant strain on healthcare system [1]. Approximately 6%
replacement and regeneration therapies for managing of T1D patients experience recurrent severe hypoglycemic
TI1D. events (SHEs) and impaired hypoglycemia awareness, con-

ditions that can put the life of a patient at immediate risk.
To address the limitations of conventional exogenous insulin
treatment, pancreas and pancreatic islet transplantation have

Extended author information available on the last page of the article

A\ Adis


http://crossmark.crossref.org/dialog/?doi=10.1007/s40259-025-00703-7&domain=pdf
https://orcid.org/0009-0001-1177-5333
http://orcid.org/0000-0003-3996-4803

262

A. Rech Tondin, G. Lanzoni

Historical milestones of pancreatic islet transplantation

The Ricordi
Chamber was
created by Dr.

First successful
pancreas
transplantation
performed by Camillo Ricordi,
surgeons Richard  allowing for more
Lillehei and William  efficient pancreatic
islet isolation

Pancreatic islet
isolation from
guinea pig utilizing
collagenase first
described by
Stanislaw

Moskalewski Kelly

The Edmonton
Protocol was
developed by Dr.
James Shapiro,
allowing successful
restoration of long-
term endogenous
insulin production
and glycemic
stability in subjects
with type 1 diabetes

First cellular
therapy for type 1
diabetes patients is
approved by the
US FDA. Lantidra
(CellTrans) consists
of allogeneic
pancreatic islet
transplantation
from deceased
donors

Phase 3 clinical
trial of allogeneic
human islets in
Type 1 diabetes
patients suffering
from severe
hypoglycemia

First stem cell-
derived islets enter
a phase 1/2 clinical
trial. Developed by

ViaCyte (VC-01)

by introducing a
steroid-free
immunosuppressive

regimen

Fig. 1 Historical milestones of pancreatic islet transplantation. FDA Food and Drug Administration

been developed. These transplantation strategies enable the
treatment of and potentially fully reverse the symptoms of
diabetes. However, the scarcity of organ donors poses a sig-
nificant limitation to these procedures. Additionally, because
such transplantations occur in the allogeneic setting, recipi-
ents require immunosuppressive therapy. This chronic and
systemic adjuvant treatment can lead to toxicity, increased
risks of infection and tumor development, and ultimately a
decreased quality of life for patients.

Research in beta cell replacement has focused on develop-
ing scalable solutions, such as stem cell-derived islets, com-
bined with localized immunosuppression. Here, we present
the key recent advancements in this field.

2 Cell-Based Therapies for T1D
2.1 Pancreatic Islet Transplantation for T1D

Pancreatic islet transplantation has laid the groundwork for
islet cell replacement strategies for T1D and has evolved
substantially since its early days (Fig. 1).

The first successful pancreas transplant in 1966 was a
landmark achievement in diabetes care [2]. Pancreas trans-
plantation has evolved extensively, but it continues to be
limited by its nature as an invasive surgical procedure. Islet
transplantation was developed as a less invasive alternative,
focusing on the replacement of islet cells, with fewer poten-
tial side effects. Significant strides in islet cell transplanta-
tion were made by pioneers such as Dr. Camillo Ricordi,
who developed the Ricordi Method for islet isolation in
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the late 1980s. This method enabled islet purification with
minimal damage to the islets, protecting islets from further
enzymatic action as they are freed, with minimal human
involvement in the process of enzymatic digestion, and with
high yield and purity of isolated islets. This work was a
steppingstone for a more efficient method of pancreatic islet
isolation intended for clinical islet transplantation [3]. In
the year 2000, Dr. James Shapiro introduced the Edmon-
ton protocol, which uses a steroid-free immunosuppressive
regimen that greatly enhanced outcomes of islet transplan-
tation. The international trial of the Edmonton protocol for
islet transplantation demonstrated that insulin independence
was achievable in 44% of T1D patients 1 year post-trans-
plantation. While long-term sustainability posed challenges,
with 31% of recipients maintaining insulin independence at
2 years follow-up, the study's execution across nine inter-
national centers showcased its potential. Despite encoun-
tering common manageable adverse events such as mouth
ulceration and anemia, the trial confirmed the transformative
potential of islet transplantation in significantly improving
glycemic control and preventing severe hypoglycemia [4].
This research enabled advancements in immunosuppressive
therapies to enhance patient outcomes and reduce toxicity,
paving the way for future innovations [4]. These innovations
made islet transplantation a feasible alternative to pancreas
transplantation. Over the years, advancements in islet purifi-
cation and immunosuppression have further improved graft
survival and insulin independence. The advancements in the
isolation of donor-derived pancreatic islets via the Ricordi
method [5] and the transplantation of islets in combination
with improved immunosuppressive regimens enabled this
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therapeutic modality to be tested in a series of large multi-
center clinical trials [5-7]. In a National Institutes of Health
(NIH)-supported phase 3 clinical trial, islet transplantation
was found to be more effective than intensive insulin therapy
in enhancing metabolic control and reducing severe hypo-
glycemic episodes in patients with T1D [7]. A recent phase
3 study confirmed that allogeneic islet transplantation is a
safe and effective treatment for patients with T1D and unsta-
ble glucose control despite intensive insulin treatment and
supported the indication in the post-renal transplant setting
[8]. Islet transplantation permits achievement of glycemic
targets in the absence of severe hypoglycemia for recipients
with impaired awareness of hypoglycemia, with acceptable
safety of immunosuppression, in both settings of islet-alone
and islet-after-kidney transplantation [9]. Despite ongoing
challenges such as limited availability of donor-derived
islets and the need for lifelong immunosuppression, recent
studies indicate long-term benefits of islet transplantation in
reducing hypoglycemia and improving glycemic control for
transplant recipients.

Islet transplantation is now a clinically approved thera-
peutic modality for T1D patients with impaired awareness
of hypoglycemia in multiple countries.

2.2 Stem Cell-Derived Islets for T1D

The widespread application of islet transplantation is signifi-
cantly constrained by the limited availability of pancreata
from deceased donors. Nevertheless, millions of individu-
als with T1D stand to benefit from islet cell replacement
therapy. To overcome the challenge of the scarcity of donor-
derived islets, researchers have investigated human pluripo-
tent stem cells (hPSCs) as a scalable source for generating
islet cells. Certain products developed in this rapidly advanc-
ing field have recently progressed to the stage of clinical
trials. Here, we highlight the potential of stem cell-derived
islets in developing sustainable and effective diabetes treat-
ments. We will further discuss the risks, the open questions
that need to be addressed, and the ethical considerations
connected with these novel forms of cell therapy for T1D.
Leveraging knowledge from the field of embryology
and development, a series of studies centered on pluripo-
tent stem cells have provided robust protocols for in vitro
differentiation of islet cells. In a pioneering study,
D'Amour et al. [10] developed a five-stage differentiation
protocol to generate pancreatic hormone-expressing endo-
crine cells from human embryonic stem cells (hESCs),
marking one of the first significant advancements in stem
cell therapy for diabetes. This protocol had the goal of
mimicking the stages of in vivo pancreatic development,
guiding hESCs through definitive endoderm, gut-tube
endoderm, pancreatic endoderm, and endocrine precursor
stages. Key steps include the use of Activin A and Wnt3a

to induce definitive endoderm, followed by fibroblast
growth factor 10 (FGF10) and KAAD-cyclopamine to
inhibit hedgehog signaling and promote the formation of
cells with the characteristics of primordial gut-tube. Sub-
sequent stages involve retinoic acid to stimulate the devel-
opment of posterior foregut cells and further differentia-
tion into pancreatic endoderm and endocrine precursors.
The final differentiated cells expressed key pancreatic
markers such as insulin, glucagon, and somatostatin, and
demonstrated insulin secretion in response to multiple
secretory stimuli. This protocol appeared to be the first
demonstrating convincing maturation of scalable stem
cells into insulin-producing cells, paving the way for
advanced cell replacement therapies in diabetes. In a sub-
sequent study, Kroon et al. [11] evolved the protocol to
differentiate hESCs, utilizing fibroblast growth factors
(FGFs) and bone morphogenetic proteins (BMPs) to estab-
lish pancreatic progenitors. Retinoic acid was confirmed
to promote commitment of these progenitors, and inhibi-
tion of the Sonic hedgehog (Shh) pathway, a known inhibi-
tor of pancreatic development, resulted necessary for
proper maturation. Transplantation of these cells at the
stage of pancreatic endoderm progenitors into immunode-
ficient mice enabled their maturation into functional insu-
lin-producing beta cells. This in vivo environment, which
provided vascularization, enabled the cells to mature and
respond to physiological levels of glucose. The glucose-
responsive insulin secretion observed in these cells
matured in vivo demonstrated their therapeutic potential,
restoring and maintaining normoglycemia in diabetic mice
models. The field of stem cell research received a major
impulse from the groundbreaking studies by Dr. Takahashi
and Yamanaka that discovered that mature cells can be
reprogrammed to become pluripotent. These studies ena-
bled the generation of induced pluripotent stem cells
(iPSCs) from adult cells using key transcription factors:
Oct4, Sox2, KIf4, and c-Myc [12, 13]. Leveraging this
technology, Maehr et al. [14] developed iPSC from
patients with T1D and stimulated them to generate insulin-
producing cells. This study supported the feasibility of
autologous islet cell therapy, where a patient's own cells
could be reprogrammed and used for treatment, thereby
minimizing the risk of immune rejection. The researchers
reprogrammed skin cells from T1D patients into iPSCs.
These iPSCs were then differentiated into insulin-produc-
ing pancreatic beta cells that exhibited insulin secretion in
response to glucose levels at levels similar to those of
natural pancreatic beta cells. The technology for genera-
tion of iPSCs was leveraged to generate cell lines derived
from primary human pancreatic tissue acquired through
organ donation [15]. In this approach, pancreatic cells
were isolated and reprogrammed using non-integrating
vectors. A cell line was selected because of its preferential
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differentiation toward endodermal lineage and loss of
mesodermal potential. With an improved differentiation
protocol, the selected cell line generated populations of
greater than 60% insulin-expressing cells that secreted
insulin in response to glucose and were capable of revers-
ing diabetes in rodents. The cell line, generated following
current Good Manufacturing Practice (cGMP) methods,
appeared as a candidate for insulin-producing cells for dia-
betes treatment [16]. In a milestone development aimed at
refining the differentiation protocol, Pagliuca et al. [17]
generated highly functional pancreatic in vitro from
hPSCs, and confirmed the function in vivo. The differen-
tiation process utilized specific growth factors and signal-
ing molecules such as Activin A, Wnt3a, FGF10, and reti-
noic acid to replicate the natural development of pancreatic
cells. The cells in output from the in vitro differentiation
protocol exhibited key markers of beta cells maturation,
including insulin, PDX1, and NKX6.1, and demonstrated
glucose-responsive insulin secretion. When transplanted
into diabetic mice, these cells effectively normalized blood
glucose levels. This advancement provided a scalable and
renewable source of insulin-producing cells, with signifi-
cant potential for developing cell-based therapies for T1D.
Nostro et al. [18] developed a method to generate
NKX6.1+ pancreatic progenitors from hPSCs in an effi-
cient way. The protocol utilizes epidermal growth factor
(EGF) and nicotinamide signaling, along with retinoic acid
and FGF10. This protocol inhibited BMP and hedgehog
signaling to stimulate the formation of pancreatic endo-
dermal cells expressing PDX1 and NKX6.1. These pro-
genitors matured into endocrine cells in vitro, showing
strong expression of NGN3 and differentiating into insu-
lin-producing beta cells upon transplantation into immu-
nocompromised mice. The study demonstrated glucose-
responsive insulin secretion and successful differentiation
into multiple pancreatic endocrine lineages, highlighting
an efficient method to generate enriched beta cell progeni-
tors from pluripotent stem cells. In 2016, Millman et al.
[19] demonstrated the successful generation of functional
pancreatic beta cells from iPSCs derived from skin cells
of T1D patients. This study utilized an advanced differen-
tiation protocol involving growth factors such as Activin
A, Wnt3a, FGF10, and retinoic acid to guide the iPSCs
through stages of pancreatic development. The resultant
beta cells expressed critical markers including insulin,
PDX1, NKX6.1, and MAFA, and exhibited glucose-
responsive insulin secretion both in vitro and in vivo.
When transplanted into diabetic mouse models, these cells
effectively controlled blood glucose levels, demonstrating
their functional maturity. Notably, there were no signifi-
cant functional differences between beta cells derived from
T1D patients and those from non-diabetic individuals,
underscoring the potential for personalized cell-based
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therapies. This approach provided a scalable and renewa-
ble source of beta cells for potential therapeutic use but
also offered a robust platform for studying beta cell biol-
ogy and screening new diabetes treatments, marking a
significant advancement in the field. Molakandov et al.
demonstrated that selection for CD26— and CD49A+ cells
from stem cell-derived islet-like clusters improves thera-
peutic activity in diabetic mice [20]. These cells were
derived from a clinical-grade line of hESCs, with a dif-
ferentiation protocol adapted to up-scalable bioreactors.
The team identified CD49A (integrin alphal) as a marker
for cells that express insulin (or C-peptide) and NKX6.1.
Depletion of CD26+ (dipeptidyl peptidase 4, DPP4),
which was found on NKX6.1— cells, followed by enrich-
ment for CD49A+ cells increased insulin+/NKX6.1+ cell
fraction to ~70%. The CD26—/CD49A+ enriched islet-like
clusters exhibited improved function in diabetic mice and
maintained prolonged blood C-peptide levels. Jeyagaran
et al. [21] presented a significant advancement in the for-
ward programming of human iPSCs towards beta-like cells
using the transcription factors NGN3, PDX1, and MAFA.
This approach addressed the limitations of prolonged dif-
ferentiation timelines and heterogeneity in pancreatic
endocrine cell populations, which are major hurdles in the
development of stem cell-based therapies for T1D. By uti-
lizing an inducible lentiviral system, the team upregulated
the expression of NGN3, PDX1, and MAFA in
human induced pluripotent stem cells (hiPSCs), demon-
strating glucose-responsive insulin secretion within 5 days
of induction. The extension of the culture period in three-
dimensional (3D) spheroid formations maintained the
expression of NGN3 and MAFA, though PDX1 expression
was lost, indicating the need for precise temporal control
of these markers. Comparative analysis revealed that the
hiPSC-derived spheroids resemble fetal pancreatic tissues
functionally, highlighting the necessity for further optimi-
zation in maturation protocols. A recent study conducted
by Augsornworawat et al. [22] demonstrated that hPSCs
can be stimulated to mature in beta-like cells that release
insulin following the same response profile and in amounts
similar to true beta cells. The study utilized single-cell
transcriptome profiling to track changes in stem cell-
derived beta cells (SC-p cells) after being transplanted into
the kidney capsules of diabetic mice over 6 months. The
results indicated that the transplanted SC-p cells under-
went significant transcriptional changes, maturing to
closely resemble adult beta cells. They also expressed
essential maturation genes like MAFA, CHGB, and
G6PC2, which are usually absent in cells differentiated
solely in vitro. Furthermore, these SC-f cells exhibited
improved functionality, demonstrated by increased secre-
tion of insulin and islet amyloid polypeptide (IAPP) pro-
teins, which iscrucial for effective glucose regulation in
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diabetes management. This study provided a valuable
resource for understanding human islet cell maturation and
offered insights that could refine differentiation strategies
for beta cells and other islet cell types in future
developments.

These findings highlight the promise of stem cell-
derived islets as a viable and sustainable solution for T1D
treatment. Advances in technologies and protocols have
led to major milestones, includinging the functional mat-
uration of beta cells following transplantation. Ongoing
clinical trials are assessing the safety, efficacy, and scal-
ability of these beta cell replacement approaches.

2.3 Chemically Induced Pluripotent Stem Cells
(CiPSCs)

Human chemically induced pluripotent stem cells (hCiP-
SCs) represent a transformative development in regenerative
medicine, potentially offering a scalable, safe, and efficient
alternative to traditional reprogramming methods. Unlike
genetic approaches, hCiPSCs are generated solely through
small-molecule cocktails, which avoids risks like genomic
integration and oncogenic transformation, making them
ideal for clinical applications [23].

Recent advances have refined differentiation protocols,
enabling the production of functional islet-like aggregates
containing beta cells, alpha cells, and delta cells at efficien-
cies comparable to native human islets. These hCiPSC-
derived islets display robust insulin secretion in response
to glucose stimulation, as well as high expression of mature
pancreatic markers such as MAFA and UCN3, essential for
beta cell function [24].

Preclinical studies in diabetic models, including nonhu-
man primates, demonstrated that transplantation of hCiPSC-
derived islets effectively restored glycemic control, reduced
exogenous insulin requirement, and significantly improved
C-peptide secretion [25].

Moreover, novel transplantation strategies, such as place-
ment under the abdominal anterior rectus sheath, have been
shown to enhance vascularization, functional maturation,
and long-term viability of grafts, overcoming limitations of
traditional intraportal infusion [25]. A recent clinical study
demonstrated a significant advancement in T1D treatment
through the use of autologous chemically induced pluripo-
tent stem cell (CiPSC)-derived islets. Patient-specific CiP-
SCs were generated from adipose-derived mesenchymal
stromal cells (ADSCs) [26]. These CiPSCs were differenti-
ated into islet-like cells through a six-stage stepwise protocol
optimized to mimic pancreatic development. The resulting
islet aggregates contained approximately 60% beta cells,
alongside alpha-like and delta-like cells, and were tested
for genetic stability, tumorigenicity, and glucose respon-
siveness. The differentiated islets were transplanted beneath

the abdominal anterior rectus sheath, a site chosen for its
reduced inflammation risk and ease of monitoring. Remark-
ably, the patient achieved insulin independence within 75
days and sustained over 98% time-in-range glycemic control
for a year, with glycated hemoglobin (HbAlc) reduced to
non-diabetic levels [26]. While the approach used patient-
specific CiPSCs, the patient was receiving immunosuppres-
sive drugs in connection with previous allogeneic organ
transplantation. There is the possibility that such immuno-
suppression may inhibit a recurrence of T1D autoimmunity.

Despite this important achievement, several challenges
remain that could limit the broader application of CiPSC-
derived islets. One key issue is scalability. While the
differentiation protocol used to generate islet-like cells
showed high efficiency, translating this process into a
scalable, cost-effective production system for widespread
clinical use poses significant logistical and economic chal-
lenges for millions of patients in the autologous setting.
Ensuring batch-to-batch consistency, maintaining the
safety of the cells, and meeting clinical-grade manufac-
turing standards must be addressed to support larger-scale
applications.

3 Immunomodulation and Immune
Evasion Strategies for Allogeneic Islet Cell
Transplantation

The development of immunomodulation strategies for allo-
geneic islet transplantation has yielded significant success
over the years (Fig. 2). Various approaches have shown
potential in furthering islet graft survival and function while
minimizing the need for chronic immunosuppression.

3.1 Improved Pharmacological Inmunosuppression
and Immunomodulation

The CD40-CD40 ligand (CD40L, also referred to as CD154)
pathway has a critical role in graft rejection. Studies on anti-
CD40L-based immunosuppression showed effectiveness in
preventing islet and kidney allograft rejection in nonhu-
man primates, but development toward clinical applica-
tions stalled due to antibody interaction with platelets and
thromboembolic complications. AT-1501 (Tegoprubart) was
developed as an engineered anti-CD40L-specific monoclo-
nal antibody characterized by reduced binding to Fcy recep-
tors on platelets to minimize these risks, while maintaining
CD40L binding activity. Anwar et al. tested AT-1501 in cyn-
omolgus macaque islet transplants and rhesus macaque kid-
ney transplants. AT-1501 monotherapy achieved long-term
graft survival, indicating strong immunosuppressive poten-
tial [27]. Post-islet transplant, AT-1501 improved C-peptide
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Immunomodulation and immune evasion strategies
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Fig.2 Strategies to improve the outcomes of islet and stem cell-derived islet transplantation

levels, appetite, and weight gain and reduced cytomegalovi- 3.2 Surface-Engineered Islet Cells to Evade

rus reactivation compared to traditional immunosuppression. the Immune Response

These findings support AT-1501 as a safe, effective agent

for promoting islet and kidney allograft survival. A clini-  Traditional allogeneic donor transplants for T1D are hin-
cal study investigating this approach was recently initiated  dered by immunosuppression-related morbidity and gradual
(NCT06305286). loss of islet function. One way to overcome this challenge is

through the engineering of islet cells to evade the immune
system. Presentation of Fas ligand (FasL) on the surface of
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islet cells could impart a pro-apoptotic signal in activated
effector T cells, thus inhibiting a T cell-mediated attack
against the graft. A study conducted by Yolcu et al. [28]
investigated the potential of engineering pancreatic islets
with a streptavidin-Fas Ligand (SA-FasL) protein to induce
localized immune tolerance in diabetic mice. The team dem-
onstrated that islet cells modified with SA-FasL protein,
which persisted on their surface for over a week, were able
to establish euglycemia indefinitely in diabetic syngeneic
mice, demonstrating both endocrine cell functionality and a
lack of acute toxicity. Furthermore, when these engineered
islets were transplanted into allogeneic recipients alongside
a brief rapamycin treatment, a robust localized tolerance
mediated by CD4+ CD25+ FoxP3+ regulatory T (T,,)
cells was imparted in the totality of recipients. Depletion
of Ty, cells led to immediate graft rejection, highlighting
their critical role in maintaining immune tolerance. These
results show the potential of ex vivo engineering of islets
with immunomodulatory proteins.

3.3 Genetically Engineered Stem Cell-Derived Islet
Cells to Evade the Immune Response

Multiple strategies are under investigation to engineer uni-
versal donor cells that can evade immune detection, thus
minimizing the need for immunosuppressive therapies in
transplantation [29]. The manipulation of human leukocyte
antigen (HLA) molecules, which are pivotal in immune rec-
ognition and rejection processes, is a central goal. A knock-
out of the Beta-2 microglobulin (B2M) inhibits HLA class
I expression, thereby avoiding cytotoxic T cell responses.
However, in absence of HLA class I, natural killer (NK)
cells would build a "missing self" response. To counteract
this response, immunomodulatory HLA molecules can be
utilized, such as HLA-E, HLA-F, or HLA-G. To inhibit T
cell activity and promote immune tolerance, other natu-
ral immune evasion tactics can be leveraged, such as the
expression of immune checkpoint molecules programmed
cell death ligand 1 (PD-L1) and CTLA4-Ig. Hence, to cre-
ate robust universal cells, there is a need for multifacto-
rial approaches that combine HLA engineering with other
immunomodulatory techniques. Preclinical studies demon-
strate the efficacy of engineered cells in evading immune
detection and surviving long term in allogeneic transplan-
tation models [29]. Building on the concept of engineering
islets for enhanced immunomodulation, Yoshihara et al. [30]
explored the development of human islet-like organoids
(HILOs) from iPSCs as a potential treatment for insulin-
dependent diabetes. Transplanted HILOs effectively restored
glucose homeostasis in diabetic NOD-SCID mice and, with
PD-L1 overexpression, achieved prolonged function in
immune-competent diabetic mice by evading immune rejec-
tion. Additionally, intermittent interferon gamma (IFNy)

stimulation induced sustained PD-L1 expression, enhanc-
ing immune protection [30].

A comprehensive study to address the immune rejection
of stem cell-derived islets in the context of insulin-depend-
ent diabetes therapy was performed by Sintov et al. [31].
Utilizing whole-genome Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) and single-cell RNA
sequencing (scRNA-seq), they identified key genetic modi-
fications that could reduce immunogenicity. By using sin-
gle-cell transcriptional analysis, the team identified "alarm"
genes that drive the immunogenicity of stem cell-derived
islets. These alarm genes appear to be involved in the regu-
lation of antigen presentation and inflammatory responses.
Among the most upregulated genes were B2M, HLA-A,
HLA-B, HLA-C, HLA-F, TAP1/2, CD74, PSMB9, STAT]1,
JAK1/2, IRF1/2, and IL32. These genes play critical roles
in T cell activation and inflammation. More importantly,
the study revealed that the interferon (IFN) pathways sig-
nificantly contribute to the immune response against stem
cell-derived islets. Targeting IFNy-induced mediators, such
as chemokine ligand 10 (CXCL10), improved stem cell-
derived islet survival in immune-challenged environments.
By depleting CXCL10, the stem cell-derived islets showed
enhanced resistance to allogeneic rejection in humanized
mice models, highlighting the potential for genetic engineer-
ing in developing hypoimmunogenic stem cell-derived islet
grafts.

In another study, Gerace et al. [32] engineered stem
cell-derived islets to promote localized immune tolerance.
The team initially focused on modifying stem cell-derived
islets to overexpress PD-L1 and HLA-E, aiming to inhibit
T cell activation and NK cell-mediated destruction. How-
ever, these modifications alone were insufficient, as the stem
cell-derived islets were rapidly rejected upon xenotransplan-
tation. To enhance immune evasion, the researchers devel-
oped stem cell-derived islets that secreted a combination
of immunomodulatory cytokines: interleukin-10 (IL-10),
transforming growth factor beta (TGFf), and a modified
IL-2 (IL-2 mutein N88D), designed to selectively expand
T, cells. This strategy created a local immunosuppres-
sive environment at the graft site, significantly improving
stem cell-derived islet survival and function. In vitro stud-
ies demonstrated enhanced resistance to immune cell-medi-
ated destruction, and in vivo experiments showed that these
cytokine-secreting stem cell-derived islets could normalize
blood glucose levels and maintain graft survival in diabetic
and NOD mice.

More recently, Hu et al. reported that allogeneic trans-
plantation of genetically engineered hypoimmune pseudo-
islets (B2M ™=, CIITA™", CD47") in diabetic nonhuman
primates resulted in successful engraftment, stable endo-
crine function, and insulin independence without trig-
gering any detectable immune response, even without
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immunosuppression [33]. Notably, these cells were trans-
planted in a fully immunocompetent diabetic nonhuman
primate, achieving stable endocrine function and insulin
independence without immunosuppression. The cells were
engineered to disrupt major histocompatibility complex
(MHC) class I and II functions and overexpress CD47,
rendering them hypoimmune. Diabetes was induced in the
nonhuman primate using streptozotocin, followed by insulin
injections to manage glucose levels. After 78 days, hyperim-
mune pseudo-islets were transplanted intramuscularly, lead-
ing to insulin independence within a week, with normalized
serum C-peptide levels and tightly controlled blood glucose
for 6 months. Immune analysis post-transplantation showed
no T cell recognition, graft-specific antibodies, or NK cell
and macrophage killing. Furthermore, the targeted deletion
of the hypoimmune pseudo-islets led to recurrence of dia-
betes and return to exogenous insulin dependence, which
confirmed the transplant as the source of insulin independ-
ence. This study demonstrated the potential for hypoimmune
pseudo-islets to provide an immunosuppression-free treat-
ment for type 1 diabetes mellitus, achieving immune eva-
sion and stable insulin independence in diabetic nonhuman
primates [33, 34].

These studies indicate that the modification of islets or
stem cell-derived islets through genetic engineering can
induce localized immune tolerance and enhance graft sur-
vival without the need for continuous immunosuppression.
Future research should address the safety and genetic stabil-
ity of these engineered cells, the long-term effects of their
engineered phenotype, and include mechanisms, such as
safety switches, to remove the cells in case of uncontrolled
growth.

3.4 Combination of Islet Cells
with Inmunomodulatory Cells

Mesenchymal stem cells (MSCs) are multipotent stromal
cells under investigation for their immunomodulatory and
regenerative properties. These cells can modulate immune
responses, reduce inflammation, and promote tissue repair,
making them promising candidates for therapeutic applica-
tions in various contexts, including autoimmune disorders,
diabetes mellitus, and organ transplantation. Investigations
are underway to determine the ideal MSC tissue source,
transplant setting, and timing for use in combination with
islet cell transplantation. A study by Kenyon et al. utilized
a preclinical model of allogeneic islet cell transplantation
in diabetic nonhuman primates, cynomolgus monkeys [35].
The study investigated the use of bone marrow-derived
MSCs in combination with reduced levels of immune sup-
pression as adjuvant treatment for allogeneic islet transplan-
tation. Transplantation of pancreatic islets was performed
with significant mismatch of major histocompatibility
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antigens. The goal was to evaluate the effects of MSCs
from different sources (recipient, donor, or unrelated third
party) and the timing of treatment. MSCs and islets were co-
transplanted, with additional MSC infusions administered
during the first month post-transplantation. MSC treatment
was found to prolong islet survival and improve metabolic
control, particularly when MSCs were derived from the
recipient and when MSCs were both co-transplanted and
administered with multiple infusions in the first month
post transplantation. Immunological analyses showed that
recipient MSCs significantly downregulated memory T cells,
decreased anti-islet donor T cell proliferation, and increased
the ratio of T, Teopyentionar C€lls, despite not preventing
alloantibody formation [35].

Drs. Gooch and Westenfelder reported a study focused on
Neo-Islets for the treatment of dogs with spontaneous auto-
immune T1D [36]. Neo-Islets are 3D organoids composed of
culture-expanded islet cells and MSCs. The study involved
nine diabetic pet dogs receiving allogeneic Neo-Islets at a
dose of 2 x 10°/kg body weight, administered intraperito-
neally under ultrasound guidance. Multiple parameters were
monitored: blood glucose levels, HbAlc, exogenous insu-
lin requirements, chemistry, lipids, complete blood counts,
urinalysis. Baseline measurements for each dog served as
control, followed by monthly assessments for 3 months
and biannual evaluations for 3 years. The results indicate
that allogeneic Neo-Islet treatment is safe, with no adverse
events attributed to the investigational therapeutic. More-
over, the investigational treatment appears to be effective
over the 3-year follow-up period. Notably, serum glucose,
HbAlc, fructosamine levels, and exogenous insulin needs
decreased after treatment. Neo-Islets appear to produce up to
1.2 insulin U/kg body weight. Importantly, Neo-Islets were
implanted without using anti-rejection drugs, suggesting
that the MSCs could impart key immunomodulatory effects
[36]. Further preclinical research and clinical trials will be
necessary to validate these results and optimize protocols
for human application.

4 Encapsulation and Devices for Allogeneic
Islet Cell Transplantation

Pancreatic islet encapsulation has been explored as a strat-
egy to address immune rejection issues in islet transplan-
tation for T1D treatment. Significant advancements have
been made in the design and functionality of encapsulation
devices, enhancing the viability and performance of trans-
planted islets. Key advancements include the development
of more biocompatible materials, improved microencapsu-
lation techniques, the incorporation of immunomodulatory
agents, and innovative oxygenation strategies. However,
certain challenges remain, such as material degradation,
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managing the immune response, ensuring adequate nutrient
and oxygen diffusion, scalability and manufacturing, and
maintaining the functional longevity of the implanted cells.

4.1 Macroencapsulation

In the macroencapsulation strategy, islets are combined
and placed into a single large device, built using materials
intended to bolster islet graft survival.

A macroencapsulation device that has been widely uti-
lized is the TheraCyte™ device [37]. Kumagai-Braesch et al.
[38] investigated the immunoprotective capabilities of the
TheraCyte™ device in preventing islet allograft rejection
in an allogeneic rat model, focusing on immunized recipi-
ents. The study involved Lewis rats as donors of allogeneic
islets and diabetic Wistar-Furth rats, either non-immunized
or pre-immunized, as recipients. The results indicated that
non-encapsulated islets had very short survival, averaging
less than 10 days. The survival was shorter in immunized
recipients compared to non-immunized ones (mean sur-
vival of 5.3 + 2.7 days vs. 9.3 + 1.6 days, respectively).
However, when islets were encapsulated within the Thera-
Cyte™ device, graft function was maintained throughout the
six-month study period in both immunized and non-immu-
nized rats. Oral glucose tolerance tests conducted 1 month
post-transplantation indicated similar metabolic functions
between the two groups, with comparable insulin and blood
glucose levels. Additionally, the study observed a higher
number of IFNy-producing CD8+ T cells in immunized
Wistar-Furth rats, indicating sustained donor-specific allore-
activity. Despite the presence of alloantibodies and alloreac-
tive CD8+ T cells, the TheraCyte™ device successfully pro-
tected the encapsulated islet grafts in immunized recipients.

4.2 Macroencapsulation Devices Tested in Clinical
Trials

Few devices for pancreatic islet encapsulation have been
explored in the clinical setting.

4.2.1 Encaptra® VC-01™,VC-02™

Viacyte's Encaptra® Drug Delivery System, a modified
version of the TheraCyte™ device, was designed to pro-
vide long-term biocompatibility and stability in the sub-
cutaneous space. This device was intended for complete
encapsulation of stem cell-derived islet progenitor cells,
preventing cell escape and teratoma formation while pro-
tecting against alloimmunity and autoimmunity [39]. In
2014, ViaCyte started its first clinical trial in T1D patients
(NCT02239354) testing pancreatic endoderm cells (PEC-
01) derived from CyT49 hESCs in combination with the
device, yielding the VC-01™ combination product. This

investigational product was tested in the absence of anti-
rejection drugs. The device appeared to be safe, but hypoxia-
induced necrosis affected most of the encapsulated cells.
ViaCyte subsequently evolved the design of the device by
adding several large pores across the membrane to enable
vascularization. This evolved design removed the immuno-
isolatory function, bringing back the requirement for immu-
nosuppression, but enabled cell engraftment, in vivo mat-
uration, and beta cell function [40, 41]. Preliminary data
from a phase 1/2 study showed that PEC-01 cells implanted
in T1D patients matured in insulin-releasing islet cells. In
17 participants, PEC-01 cells were implanted in VC-02™
macroencapsulation devices, resulting in engraftment and
insulin expression in 63% of devices within 3—12 months.
Positive C-peptide was observed in 35.3% of participants,
with adverse events mainly related to surgical procedures
and immunosuppression. These findings were among the
first to show that pluripotent stem cells could provide a scal-
able, renewable alternative to traditional islet transplants
in humans [40]. In the phase 1/2, open-label, multicenter
trial aimed at optimizing cell engraftment (ClinicalTrials.
gov identifier: NCT03163511), the VC-02™ combination
product was implanted in T1D patients with undetectable
endogenous insulin production (C-peptide levels below the
limit of detection of 0.03 nmol/L). In this trial, the function
of the engrafted and matured beta cells could be detected
in four out of ten patients at 6 months post-implantation.
Although the amounts of insulin release did not reach clini-
cally significant levels in most recipients, the patient with
the highest C-peptide (0.23 nmol/L) increased time in range
via continuous glucose monitoring from 55 to 85% at month
12 [42]. In this patient, at month 6 post-transplantation, the
beta cell mass in sentinel devices was 4% of the initial cell
mass. This observation indicates that substantial modifica-
tions will be necessary for improving engraftment and effi-
cacy of the VC-02™ combination product.

4.2.2 BAir Device

Considering that oxygen has an essential role in islet sur-
vival and function [43], improving oxygen permeability in
encapsulation materials will be key to improve transplan-
tation outcomes. Pedraza et al. [44] addressed the chal-
lenge of preventing hypoxia-induced cell death in beta cells
and islets. The team developed a hydrolytically activated,
oxygen-generating biomaterial using polydimethylsiloxane
(PDMS) encapsulated solid calcium peroxide (CaO,). The
encapsulation in PDMS restrained the rapid hydrolytic reac-
tivity of CaO,, enabling a sustained oxygen release over 6
weeks at an average rate of 0.026 mM per day. This bioma-
terial was evaluated using a beta cell line (MIN6) and pan-
creatic rat islets, demonstrating that the PDMS-CaO, disks
could eliminate hypoxia-induced dysfunction and death,

A\ Adis



270

A. Rech Tondin, G. Lanzoni

maintaining metabolic function and glucose-dependent
insulin secretion at levels comparable to normoxic controls.
Additionally, the presence of PDMS-CaO, disks enhanced
beta cell proliferation under hypoxic conditions for over 3
weeks. The study highlighted the potential of these materials
to prevent detrimental oxygen gradients in 3D tissue-engi-
neered constructs, supported by mathematical simulations.
Carlsson et al. [45] conducted a phase 1 clinical study to
evaluate the safety and efficacy of the bioartificial pancreas
BAir device, from Beta O,, which incorporates a refillable
oxygen tank to address the critical issue of oxygen supply
in macroencapsulation for islet transplantation. The study
involved transplanting macroencapsulated human islets
within the BAir device into four patients with type 1 diabe-
tes mellitus. Each patient received one or two PAir devices
containing between 155,000 and 180,000 islet equivalents
(IEQ). The patients were monitored for three to 6 months,
and the devices were subsequently recovered. The results
demonstrated that the fAir device successfully prevented
immunization and rejection of the transplanted islets, and
the implanted beta cells survived within the device. How-
ever, the study observed only minute levels of circulating
C-peptide, indicating limited metabolic control. Addition-
ally, fibrotic tissue formation with immune cell infiltration
was noted around the device. While the device supported
islet viability and insulin secretion in vitro, the in vivo func-
tion was significantly compromised, with recovered devices
showing blunted glucose-stimulated insulin responses and
amyloid formation in the endocrine tissue [45].

4.2.3 Cell Pouch

Sernova's Cell Pouch™ is a microporous pouch made of
polypropylene membranes designed for islet transplantation
without immunoprotection. It has multiple parallel cylindri-
cal chambers prefilled with polytetrafluoroethylene (PTFE)
plugs, which are removed post-implantation for islet intro-
duction. In a 2012 study (NCT01652911), Sernova's device
was implanted subcutaneously in three T1D patients for 53
days. After removing the PTFE plugs, allogeneic pancreatic
islets (~6000 IEQ/kg) were introduced, and immunosuppres-
sion was initiated. Despite initial C-peptide release, the graft
failed [46]. In a 2018 study (NCT03513939), immunosup-
pression was started a month after implantation, and islets
were introduced a month later. By July 2019, the first recipi-
ent showed no major adverse events, with well-vascularized
devices [46, 47].

4.2.4 Shielded Living Therapeutics
Sigilon Therapeutics, which was recently acquired by Eli

Lilly, developed the Shielded Living Therapeutics™ sphere
(SLTx), consisting of cell clusters in an alginate matrix with
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a triazole-thiomorpholine dioxide (TMTD) coating. This
modification is intended to inhibit host fibrotic reactions.
In preclinical studies, human SC-f cells were encapsulated
and implanted into the intraperitoneal space of immunocom-
petent diabetic mice. This combination product normalized
blood glucose for 174 days [48]. A related encapsulation
product from Sigilon Therapeutics was tested in a clini-
cal trial for hemophilia (NCT04541628), using SIG-001
spheres with genetically modified cells expressing human
factor VIII. When a patient developed inhibitors to factor
VIII, a laparoscopic procedure was performed to retrieve the
implanted spheres. The spheres were found to have fibrosed,
and the encapsulated cells appeared non-viable. Hence, in
view of T1D applications, the issue of fibrosis and engraft-
ment may still need to be fully addressed.

4.2.5 VX-264

Semma Therapeutics developed an investigational cell
therapy consisting of fully differentiated stem cell-derived
islet cells loaded in a device with two semipermeable mem-
branes of polyvinylidene fluoride. The device presents
cross-membrane channels to improve vascularization. With
a molecular weight cut-off of approximately 500 kDa, the
device prevents the entry of immune cells and IgM antibod-
ies but allows IgG antibodies, which are around 150 kDa,
and cytokines to pass through [46, 49]. Semma Therapeutics
was recently acquired by Vertex Pharmaceuticals, Inc., who
further developed the cell therapy. Vertex's VX-264 inves-
tigational treatment consists of differentiated islet cells that
are encapsulated in an immunoprotective device and surgi-
cally implanted in the body. The device is designed to shield
the cells from the body's immune system and is intended to
remove the need for immunosuppression. VX-264 is being
tested in a phase 1/2 clinical trial, which is currently enroll-
ing (NCT05791201).

4.2.6 Biovascular Pancreas

Recently, an innovative approach for islet transplantation,
termed the Biovascular Pancreas (BVP) has been developed
[50, 51]. This method addresses challenges associated with
traditional islet transplantation into the portal vein, such as
inflammatory reactions, hypoxia, and peri-islet thrombosis.
The BVP consists of an acellular biological vascular graft
with an outer layer coated with an islet-populated hydro-
gel, designed to create an oxygen-rich environment for the
embedded islets when connected to arterial circulation. This
method is designed to enhance islet viability and functional-
ity by ensuring adequate blood flow through the BVP lumen.
In previous studies, the BVP demonstrated the ability to
restore normoglycemia in diabetic rodent models with as
few as 1500 IEQ per rat. Recent advancements include the
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generation of BVPs using 6-mm inner-diameter human acel-
lular vessels coated with a fibrin layer loaded with primate
islets. These were tested in nonhuman primates (cynomolgus
macaque), where the BVP was implanted as an aortic bypass
graft. Over a two-week period, the BVP supported islet
viability and insulin secretion, marking the first successful
primate implantation of the BVP. The promising results of
this study suggest that the BVP has significant potential to
improve the viability of transplanted islets, which will be
further evaluated in subsequent long-term in vivo studies
[50, 51].

4.2.7 Immunomodulatory and Immunoprivileged
Hydrogels

Novel approaches are being developed to enable islet trans-
plantation without chronic immunosuppression. Lei et al.
[52] tested microgels presenting SA-FasL in combination
with islets as a method to enhance immune acceptance of
islet allografts in nonhuman primates. The team co-trans-
planted allogeneic islets with SA-FasL-presenting micro-
gels into the omentum of diabetic nonhuman primates,
administering only a short course of Rapamycin as immu-
nosuppression. The results demonstrated robust glycemic
control, sustained C-peptide levels, and long-term graft
survival exceeding 6 months when islets were combined
with SA-FasL microgels. The SA-FasL microgels signifi-
cantly prolonged islet graft survival compared to controls.
Enhanced presence of FoxP3+ T, cells at the graft site
indicated localized immune tolerance without affecting sys-
temic T cell responses. Recipients maintained excellent gly-
cemic control, had normal insulin and C-peptide levels, and
showed no significant adverse effects. This study highlighted
the potential of SA-FasL-presenting microgels in achiev-
ing durable islet allograft survival without chronic immu-
nosuppression, paving the way for more effective and safer
beta cell replacement therapies for T1D. Our team recently
reported that the SA-FasL immunomodulatory microgels
can be safely combined with human stem cell-derived islets,
without detrimental effects on the diabetes reversal function
of the cells in a preclinical model of diabetes. In our study,
IsletRx stem cell-derived islets manufactured by Kadimas-
tem Ltd (Israel) were shipped intercontinentally via air to
Miami (USA) and implanted in diabetic immunodeficient
NSG mice with or without SA-FasL microgels (iTOL-100,
iTolerance Inc.). Over 3 months, body weight, glycemia, and
human C-peptide levels were monitored. The study showed
that IsletRx successfully engrafted, demonstrated matura-
tion over time, and released substantial amounts of human
C-peptide, normalizing blood glucose levels within a month
at a dose of 9000 IEQ per recipient. Importantly, iTOL-100
did not negatively impact islet function or maturation. This
suggests that IsletRx could be a globally available stem

cell-derived islet and could be utilized in combination with
local immunomodulatory gels (TOL-100) [53]. In another
recent and important work, Stover and colleagues explored
physically immuno-protective hydrogels for allogenic islet
transplantation, aiming to overcome the limitations of sys-
temic immunosuppression [54]. Synthetic hydrogels were
evaluated for robustness and islet function both in vitro
and in immunocompetent diabetic animals without any
immunosuppression. The study involved encapsulating rat
and human donor islets in next-generation, shape-agnostic
hydrogels and implanting them in the peritoneal space of
streptozotocin-induced diabetic immunocompetent mice
and rats. The functionality of the encapsulated islets was
assessed over time through measurements of blood glucose,
C-peptide, and HbA 1c levels. The results demonstrated that
the hydrogels successfully excluded IgG, maintained good
islet function in vitro, and showed visible blood vessels early
post-implant. Encapsulated rat islets provided rapid and sus-
tained blood glucose control for over 140 days in immuno-
competent mice and over 110 days in immunocompetent
rats. Human donor islets encapsulated in the hydrogels also
had extended functionality in mice, Yorkshire pigs, and
Gottingen minipigs, as indicated by reduced blood glucose
levels and increased C-peptide and HbAlc levels. A dose-
dependent effect on in vivo function was observed, despite
similar in vitro glucose-stimulated insulin secretion (GSIS)
indices. Upon explantation, the encapsulated islets showed
indicators of good function and viability, while the hydro-
gels exhibited minimal tissue response, good robustness, and
integrity [54].

4.3 Microencapsulation and Conformal Coating

The microencapsulation technology for islets involves
encasing the cell clusters within a hydrogel polymer, creat-
ing an encapsulation structure with a very thin layer [55].
Synthetic polymers offer tunable properties, easy synthesis,
and superior mechanical properties, making them suitable
for creating hydrogels, solid scaffolds, and microparticles.
However, due to low biocompatibility and biodegradability,
challenges remain, as synthetic polymers can often trigger
chronic inflammatory or immunological reactions and may
pose toxicity concerns [56]. Among the various materials
tested for microencapsulation, alginate has shown consid-
erable promise—being a biocompatible hydrogel that cre-
ates a semipermeable barrier allowing for nutrient and hor-
mone exchange while preventing immune cell infiltration
[57-60]. Alagpulinsa et al. [61] investigated a novel method
to improve the survival and function of SC-f cells for the
treatment of T1D without the need for systemic immuno-
suppression. The study focused on using alginate micro-
encapsulation combined with the chemokine CXCL12 to
protect and enhance the functionality of these cells when
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transplanted into immunocompetent mice. The results dem-
onstrated that incorporating CXCL12 into alginate micro-
capsules significantly improved the GSIS and long-term
viability of the encapsulated beta cells. This approach led
to prolonged glycemic correction in diabetic mice for over
150 days without inducing a fibrotic foreign body response,
which is a common issue with other encapsulation methods.
Furthering the development of microencapsulation utilizing
alginate, Wang et al. [62] developed an islet encapsulation
system intended to address both challenges of oxygenation
and immune protection for therapeutic cells. The system,
termed the Inverse Breathing Encapsulation Device (iBED),
leverages a gas-solid reaction between carbon dioxide (CO,)
and lithium peroxide (Li,0,) to produce oxygen (O,) auton-
omously from CO, from cellular respiration. Encapsulation
was achieved using alginate. The O, generation is separated
from the aqueous cellular environment by a gas-permeable
membrane, ensuring cell survival under hypoxic conditions.
This system was validated through O, measurements and
imaging, demonstrating enhanced cell survival and func-
tion in hypoxic conditions. In vivo experiments showed
that the device restored normoglycemia in diabetic mice for
over 3 months and maintained functional islets in minipigs
for 2 months. Hence, the iBED system appears promising
to address the dual challenges of oxygenation and immune
protection.

4.3.1 Zwitterionic Modifications of Alginate Microcapsules

Capsules with different chemistries can trigger foreign body
reactions after implantation; hence, modifications of the
capsules are being investigated to minimize this risk. Zwit-
terionic modifications of capsules are gaining popularity.
Previous studies have shown that zwitterionic modifications
in hydrogels reduce foreign body reactions, through antifoul-
ing properties avoiding absorption of non-specific proteins
to the implanted materials [63, 64]. In addition, zwitterionic
modifications could reduce cellular overgrowth and fibro-
sis around the implants [65]. In a work sponsored by Novo
Nordisk, Liu et al. [66] developed the Safe, Hypo-immuno-
reactive, Islet Encapsulation, Long-term-functional Device
(SHIELD) to encapsulate islets and human SC-f cells. The
device utilized a nanofibrous membrane with a zwitterionic
alginate hydrogel coating, designed to mitigate fibrosis while
ensuring excellent mass transfer and long-term cell viability.
Notably, SHIELD successfully maintained normoglycemia
in diabetic mouse models for extended periods, demonstrat-
ing functionality for up to 399 days with rat islets and 238
days with human SC- cells. Furthermore, the results were
validated in canine models, demonstrating scalability and
potential for clinical application.
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4.3.2 Emulsion Cross-Linking Method for Conformal
Coating

In a recent study by Tomei and colleagues [67], an emul-
sion cross-linking method was investigated for conformally
coating islets with polyethylene glycol (PEG). The new
method addresses significant limitations of previous coating
techniques, which involved low pH exposure and viscosity
enhancers that compromised islet viability and functional-
ity. The emulsion method maintains a physiological pH and
eliminates the need for viscosity enhancers, resulting in
improved cytocompatibility and biocompatibility. In vitro
and in vivo studies demonstrated that emulsion method-
coated islets exhibit superior viability, insulin secretion, and
scalability compared to the more traditional direct method-
coated islets [67].

It is clear that encapsulation and device technologies for
islet cell transplantation have paved the way for potential
breakthroughs in the treatment of T1D, but key challenges
remain. Issues such as material degradation, biocompat-
ibility, and managing the immune response without chronic
immunosuppression need to be addressed. Ensuring ade-
quate nutrient and oxygen diffusion is crucial for maintain-
ing cell viability and function of the mass of implanted islet
cells. In addition, optimizing scalability and manufacturing
processes will be paramount to enable clinical applications.
Continued research and innovation are vital to overcome
these obstacles and fully realize the potential of islet trans-
plantation in T1D management.

5 Adult Beta Cell Progenitors:
Differentiation and Regeneration

5.1 Adult Beta Cell Progenitors

An improved understanding of beta cell development, matu-
ration, and replication could allow novel therapeutic strate-
gies based on the potential of endogenous cells. Razavi et al.
[68] conducted a pivotal study that shed light on the impact
of diabetes on the proliferation of adult pancreatic multipo-
tent progenitor cells (PMPs), as well as on their differentia-
tion into insulin-producing beta cells. This study, which uti-
lized both murine models and human samples, demonstrated
that hyperglycemia and beta cell metabolic stress are critical
factors in enhancing PMP proliferation and directing their
maturation into functional insulin-secreting beta cells. Wang
et al. [69] provided evidence that the peribiliary glands
(PBGs) within bile duct walls and pancreatic duct glands
(PDGs) along the major pancreatic ductal structures harbor
a continuum of progenitor cells across maturational lineages,
from pluripotent stem cells marked by NANOG, OCT4, and
SOX2, to fully differentiated pancreatic endocrine cells. The
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study revealed that biliary tree stem cells (BTSCs) obtained
from bile duct tissue can differentiate into functional pancre-
atic islet cells, capable of regulating glucose levels. This dif-
ferentiation appeared enhanced in a 3D culture environment,
forming neoislets that closely mimic the ultrastructural and
functional properties of native islets. The biliary tree, large
pancreatic ducts, and PDGs could serve as a reservoir for
pancreatic progenitors contributing to lifelong pancreatic
organogenesis, maintaining structural and functional rela-
tionships related to organ development [70]. The identifica-
tion of these stem and progenitor cell niches, along with the
recognition that pancreatic progenitors may be replenishing
pancreatic islet cells throughout adult life, offer a transform-
ative framework for developing regenerative therapies for
diabetes. In a recent significant study, Dominguez-Bendala
and colleagues [71] utilized dynamic scRNA-seq on live
human pancreatic slices (HPSs) to elucidate the process of
islet endocrine cell neogenesis. The research showed that
under bone morphogenetic protein 7 (BMP-7) stimulation,
pancreatic ductal cells exhibit a blurring of maturational
compartment boundaries and initiate a differentiation trajec-
tory through a ducto-acinar intermediate stage. By demon-
strating the conversion of ductal cells into insulin-producing
endocrine cells through an intermediate ducto-acinar stage,
this groundbreaking longitudinal analysis confirmed the
dynamic and plastic nature of human pancreatic cells and
suggested potential regenerative therapies for diabetes in
connection with BMP-7 stimulation [71].

More recently, Darden et al. investigated expandable
human pancreatic progenitor cells capable of generating
islet organoids in vitro and in vivo. Using scRNA-seq on
dissociated pancreatic tissue from normal and pancreatitis
human pancreata, they identified islet progenitor cell popu-
lations, gene signatures, and unique markers. Validation
involved quantitative polymerase chain reaction (qQPCR) and
flow cytometry. Progenitor cells marked by Procr, CD9, and
RGS16 were flow-sorted and expanded to produce functional
islet-like organoids. Undifferentiated progenitor cells and
differentiated organoids were transplanted into streptozo-
tocin-induced diabetic nude mice to assess function. Within
28 days, undifferentiated cells migrated to the damaged
pancreas and produced human islet organoids in vivo. Dif-
ferentiated cells produced insulin and glucagon in vitro and
restored islet function in vivo. Hence, Procr+, CD9+, and
RGS16+ islet progenitor cells showed regenerative proper-
ties, highlighting their potential in islet cell replacement and
regeneration [72].

In a recent study, Al-Hasani et al. [73] investigated the
potential of enhancer of zeste homolog 2 (EZH2) inhibi-
tors, specifically the Food and Drug Administration (FDA)-
approved GSK126 and tazemetostat, to promote the regen-
eration of beta-like cells in samples from donors with
T1D. The study demonstrated that transient stimulation

of exocrine cells from juvenile and adult T1D donors with
these EZH2 inhibitors resulted in a phenotypic shift towards
beta-like cell identity. This shift was facilitated by changes
in chromatin states, particularly modifications involving
H3K27me3 and H3K4me3. The reprogrammed pancreatic
ductal cells exhibited insulin production and secretion in
response to physiological glucose challenges ex vivo. These
findings highlight the potential of EZH?2 inhibitors as novel
modulators of ductal progenitor differentiation and propose
a promising approach for restoring beta-like cell function
in diabetic patients. The study's results suggest that target-
ing EZH?2 could be a viable strategy for enhancing beta cell
regenerative capacity.

As previously discussed, investigators have developed
methods for generating pancreatic islets from early-stage
stem cells, often resulting in protocols that are both time-
consuming and costly. Starting with pancreatic progenitors
could offer a more efficient approach that may significantly
accelerate the process [74]. Moreover, pancreatic progenitor
cells could be stimulated in vivo, within the pancreas of a
patient, to form new insulin-producing cells.

5.2 Beta Cell Regeneration

Beta cell regeneration is another mechanism targeted for
therapeutic intervention. This approach allows for non-
invasive treatments to be developed. Recent advancements
in the understanding of beta cell regeneration have unveiled
promising pathways for diabetes therapy.

Dor et al. [75] employed a tamoxifen-inducible Cre/lox
genetic lineage tracing system to elucidate the source of new
beta cells in adult mice. The findings from this study indi-
cated that adult beta cells are primarily generated through
the duplication of pre-existing beta cells rather than stem
cell differentiation. The study suggested that no substantial
numbers of new islets are formed postnatally, and that the
significant turnover and expansion of beta cell mass in adult
life is primarily deriving from the proliferation of beta cells.
These results highlight the intrinsic capability of beta cells
to maintain and restore their population.

Molecules and growth factors with the ability to stimu-
late beta cell proliferation have been studied extensively,
but few have shown sufficient promise to reach the stage of
clinical trials for T1D. One notable exception is related to
the recent work on harmine. Dr. Stewart and his team have
conducted pioneering studies on the regenerative potential
of harmine, a dual tyrosine-regulated kinase 1A (DYRK1A)
inhibitor, in human pancreatic beta cell regeneration [76].
Harmine has shown promise in enhancing beta cell prolifera-
tion and function, with therapeutic potential for both T1D
and type 2 diabetes. The study indicates that harmine boosts
beta cell numbers, restores insulin secretion, and normalizes
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glycemic control. Importantly, harmine appears especially
efficacious when combined with glucagon-like peptide 1
(GLP-1) receptor agonists (GLP-1RAs) like exenatide,
significantly enhancing human beta cell mass by four- to
sevenfold, as demonstrated in a mouse xenograft model
[77]. This combination therapy achieved beta cell increase
through enhanced cell proliferation, function, and survival
without causing dedifferentiation or affecting alpha cell
mass. The studies further identified the islet prohormone
VGF is non-acronymic as a mediator of increased beta cell
survival. The safety profile of harmine is favorable, showing
no significant off-target effects, adverse proliferation, or his-
tological changes in non-target tissues, and no hypoglycemia
in treated mice. Provided that the autoimmune condition can
be addressed, these advancements could enable the devel-
opment of an affordable treatment to restore beta cell mass,
offering a promising solution for T1D management.

6 Recent Clinical Developments in Islet Cell
Replacement Therapy

6.1 US Food and Drug Administration Approval
of CellTrans’s Donislecel (Lantidra)

Recently, in June 2023, the first cellular therapy for T1D
was approved by the US FDA [78]. Donislecel, a prod-
uct developed by CellTrans Inc., consists of isolated
islets from deceased donors, intended for transplanta-
tion into T1D patients who are unable to maintain good
glycemic control through traditional insulin therapy and
with impaired glycemia unawareness. These islet cells are
infused into the hepatic portal vein, where they can estab-
lish themselves in the liver and begin to produce insulin
endogenously, thereby helping to regulate blood glucose
levels more effectively [79, 80]. The FDA's approval of
donislecel was grounded on findings from two non-ran-
domized controlled single-arm trials. In a recent update,
Rios et al. presented the efficacy and safety results of don-
islecel, evaluated in two core clinical studies, UIH-001
(phase 1/2) and UIH-002 (phase 3). Patients who were
screened for an appropriate benefit-risk profile received
one to three administrations of donislecel. Out of 30
patients treated, 19 (63%) achieved the composite effi-
cacy endpoint of HbAlc < 6.5% and the absence of SHEs
through one year after the last transplant. Additionally,
20 out of 30 patients (67%) were insulin-independent at
one-year post-transplant. Importantly, the improvements
in glycemic control persisted, with two-thirds of patients
maintaining good glycemic control after 6 years. Don-
islecel demonstrated a safety profile consistent with the
known risks associated with the transplant procedure and
the long-term use of immunosuppressants [81].
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The approval of donislecel represents a significant
milestone in the treatment of T1D, offering an option for
patients who struggle with traditional insulin therapy and
hypoglycemia unawareness.

6.2 Clinical Trials of Stem Cell-Derived Islets

In 2014, the FDA approved the first clinical trial for stem
cell-derived islets. In that trial, an investigational product
consisting of hESC-derived pancreatic endoderm encap-
sulated was tested: ViaCyte's VC-01™. However, the trial
for the modified device VC01-103 was terminated due to
inadequate functional engraftment [41]. Subsequently,
ViaCyte initiated a new trial using a different cell prod-
uct, PEC-01, encapsulated in an open macroencapsulation
device, VC-02™. The open system allowed re-vascular-
ization and immune system access, necessitating immu-
notherapy [40]. A multicenter trial reported by Shapiro
et al. [40] demonstrated insulin expression and C-peptide
production in T1D participants who received PEC-01
cells. Preliminary findings from this phase 1/2 open-label
trial involved 17 participants with T1D who received sub-
cutaneous implants of PEC-01 cells in VC-02™ devices.
The study found that 63% of the explanted VC-02™ units
showed successful engraftment and insulin expression at
3-12 months post-implantation. Six out of the 17 partici-
pants (35.3%) showed positive C-peptide production, indi-
cating functional insulin secretion as early as 6 months
post-implant. Most adverse events were related to surgical
procedures and immunosuppression, with a few potentially
linked to the investigational product.

Separately, Ramzy et al. [82] reported on a single-center
trial using the ViaCyte system with 15 patients who received
subcutaneous PEC-01 cell implants within a macroencap-
sulation device. Over 1 year, the implants were well tol-
erated without teratoma formation or severe graft-related
adverse events. Patients showed increased fasting and glu-
cose-responsive C-peptide levels, with some developing
meal-stimulated C-peptide secretion. The explanted grafts
contained cells with a mature beta cell phenotype, immuno-
reactive for insulin, islet amyloid polypeptide, and MAFA.

More recently, Keymeulen et al. [42] reported that in
one study group, ten patients with undetectable baseline
C-peptide received two to three times the cell doses (PEC-
01) in ViaCyte encapsulation devices with enhanced perfo-
ration patterns. After over a year, results showed that three
patients achieved clinically significant C-peptide levels
(= 0.1 nmol/L) correlating with improved glucose control
and reduced insulin requirements. However, beta cell mass
in the best responder was only 4% of the initial implant, sug-
gesting a need for further optimization.
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ViaCyte led the way for the further development and
exploration of stem cell-derived pancreatic islets. In July
2022, the company was acquired by Vertex Pharmaceuti-
cals, which is now leading clinical trials utilizing stem cell-
derived islets.

6.3 Observations in the Clinical Trial of Vertex’s
VX-880

VX-880 is an investigational allogeneic stem cell-derived,
fully differentiated pancreatic islet cell replacement therapy
developed by Vertex Pharmaceuticals Inc. VX-880 is cur-
rently being evaluated in a phase 1/2 clinical trial for patients
with T1D with impaired hypoglycemic awareness and severe
hypoglycemia (NCT04786262) [83]. Initial observations in
this trial have been reported between 2022 and 2024 [84,
85]. At baseline, all patients in the study had undetectable
fasting C-peptide (indicating negligible levels of endogenous
insulin secretion), had a history of recurrent SHEs in the
year prior to screening, and required an average of 39.3 units
of insulin per day. The preliminary observations in this trial
suggest that VX-880 with immunosuppression has a safety
profile consistent with that of immunosuppressive agents
used, the infusion procedure, and complications from long-
standing diabetes. All 12 patients who received a full dose
of VX-880 in a single infusion exhibited islet cell engraft-
ment and glucose-responsive insulin production by day 90.
SHEs were abated, and glycemic control was significantly
improved. All patients achieved the ADA-recommended tar-
get of HbAlc levels below 7.0% and spent over 70% of their
time within the glucose range of 70-180 mg/dL, with 11 out
of 12 patients significantly reducing or completely eliminat-
ing the need for exogenous insulin. Based on these results,
the trial has advanced and expanded to enroll approximately
37 participants. These observations indicate that VX-880
has potential to restore insulin production, improve glycemic
control, and provide insulin independence in patients with
T1D.

6.4 VertexVX-264 - NCT05791201

In 2023, Vertex received the approval of the FDA to con-
duct a phase 1/2 clinical trial for its other product, VX-264,
which employs a unique strategy. It uses the same pancreatic
islet stem cells as VX-880, but these cells are encapsulated
within a surgically implantable canal-arterial protective
device to shield them from the recipient’s immune system
[86]. The completion of the study is aimed for May 2026
(NCT05791201).

6.5 Regulatory Approach to Pancreatic Islet Cell
Transplantation

In the USA, allogeneic islet transplantation is regulated by
the FDA as a biological drug under the Biologics License
Application (BLA) pathway [87]. This classification man-
dates extensive clinical trials, consistency in manufacturing,
and strict adherence to safety and efficacy standards. While
this regulatory framework is intended to maximize quality
and long-term safety, it comes with significant challenges,
including high costs, approval delays, and limited accessi-
bility. For example, the orphan drug designation granted to
Lantidra (CellTrans), the first FDA-approved allogeneic islet
product, gives 7 years of market exclusivity, which restricts
competition and potentially limits broader patient access
[88].

Many in the field propose a shift in the oversight of islet
transplantation to the framework used for organ transplants,
governed by the Health Resources and Services Adminis-
tration (HRSA) and the United Network for Organ Sharing
(UNOS). This model would integrate clinical oversight and
quality assurance tailored to the unique characteristics of
islets, facilitating broader access while maintaining safety
standards [89]. Such updates could enable the USA to align
with international practices where islet allotransplantation is
a recognized standard of care. Countries like Canada, Aus-
tralia, and several European nations regulate islets as tissue
or organs, exempting them from drug-related constraints and
allowing reimbursement through national healthcare system.

6.6 Risks and Challenges in Developing Stem
Cell-Derived Islets for Therapeutic Applications

Although stem cell-derived islet cell therapy represents a
promising approach for treating diabetes mellitus, a range
of issues must be addressed to deliver safe, efficacious,
and scalable therapies. The use of allogeneic cells raises
the challenge of alloimmune responses and graft rejection.
While immunosuppression can mitigate these issues, it intro-
duces risks such as increased susceptibility to infections and
tumors, along with organ toxicity. Moreover, T1D autoim-
munity could recur, attacking the engrafted islets. A wide
array of strategies have been studied regarding preventing
immune attacks and rejection, but the risks associated with
most of these strategies remain unclear, and further research
is needed to refine their safety and efficacy [29, 90]. Repeat
transplantation might be an option in the case of graft loss,
but it is not ideal, due to the associated risks and logistical
challenges. Another important concern is whether residual
pluripotent stem cells persist in the transplanted products,
which could lead to tumorigenesis or teratoma formation.
To mitigate these risks, strategies to increase the safety
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have been proposed, including reprogramming of somatic
cells into iPSCs, selection of “pure” differentiated pancre-
atic cells, depletion of contaminant PSCs in the final cell
product, and control or destruction of tumorigenic cells with
engineered suicide genes [91, 92]. From a manufacturing
point of view, although multiple observations suggest that
high-yield, precise, and advanced differentiation of hPSCs
into functional beta cells is possible, many protocols appear
to be difficult to replicate in full. Additionally, the risk of off-
target differentiation exists. While it is unclear whether such
misdirected cells would be harmful, they are often detected
in the cell preparations in output from differentiation proto-
cols. These observations highlight the importance of rigor-
ous quality control in the manufacturing process and the
need to quantify the risks associated with implanting such
cells. Achieving efficient differentiation of stem cells into
fully functional, insulin-producing beta cells remains a sub-
stantial challenge, impacting the reproducibility and costs
of the cell manufacturing. Incomplete or suboptimal differ-
entiation can result in cells that fail to respond adequately
to glucose levels, diminishing therapeutic effectiveness, or,
worse, that can give rise to unexpected or undesired tissues
in vivo.

The potential need for a retrievable implantation device
and transplant site [93] or the eventual need for direct inter-
action with recipient tissues further complicate the strate-
gies. All of these factors could influence both differentiation
outcomes and therapeutic efficacy. The duration and sus-
tained function of transplanted islet cells will be critical for
long-term disease management. Microenvironmental factors,
immune responses, fibrosis, and the potential need for a sup-
portive graft microenvironment could affect the viability and
function of engrafted cells. Research into the best implanta-
tion sites and surgical strategies is ongoing, as these factors
appear to influence outcomes significantly.

The use of embryonic stem cells continues to raise ethical
concerns, and navigating the global regulatory landscape
for stem cell therapies adds a layer of complexity. In combi-
nation strategies, such as those involving immune-evasion,
encasing, and retrievable devices, safety analyses may need
to dissect the risks of the non-cellular components. Safety
of adjuvant immunosuppressive regimens has always been a
concern, and when these are combined with potentially tum-
origenic or improperly differentiated cells, the risk-benefit
analysis reaches yet another layer of complexity.

Several questions remain unanswered. Should the cells
be encapsulated or implanted directly to enable contact
with recipient tissues? What is the best graft environment
to ensure engraftment and sustained function? Could the
risks of rejection or autoimmune recurrence be entirely
mitigated, or will ongoing advancements in pharmacology,
gene editing, and biomaterials provide a partial solution?
These challenges highlight the need for further research and
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innovation in the field, with close consideration of the safety
implications.

7 Discussion

Advancements in islet cell replacement therapy show signifi-
cant promise for treating T1D. The recent FDA approval of
donislecel makes donor-derived islet transplantation a viable
clinical option for T1D patients with poorly controlled gly-
cemia and impaired glycemic awareness. However, long-
term graft survival remains a challenge, and the scarcity of
donor pancreata limits widespread application. Millions of
patients with T1D could benefit from islet cell replacement
therapy. To address the donor shortage, hPSCs are being
investigated as a scalable source for generating islet cells.
The field has made significant progress, reaching early-stage
clinical trials. Optimized protocols for stem cell differen-
tiation have enhanced glucose responsiveness and insulin
release in the derived beta cells. Early-phase clinical trials,
such as the one testing Vertex’s VX-880, suggest substantial
efficacy of stem cell-derived islets in T1D. Safety and effi-
cacy in the long term need to be further explored.

Remaining concerns revolve around the manufacture, scal-
ability, and post-transplantation safety of stem cell-derived
islets. Developing cost-effective, large-scale manufacturing
methods for stem cell-derived islets is crucial for making
this therapy accessible. The dose required for human trials is
still not clearly defined. However, the established standards
for achieving insulin independence in allogeneic islet trans-
plantation from deceased donors [94, 95] can be considered
to estimate the amount of stem cell-derived islets cells. To
achieve such a sizeable number, the differentiation protocol for
stem cell-derived islets will need to be tailored for scalability.
An efficient solution to this issue is incorporating 3D culture
utilizing bioreactors throughout the differentiation steps [96].
Furthermore, it will be relevant to pair large-scale manufactur-
ing with islet cryopreservation. Many groups are investigat-
ing efficient methods to cryopreserve islets, aiming for good
viability and the ability to ship globally [97, 98].

The fate of stem cells post-transplantation is always a
point of concern due to the risk of continued proliferation
and tumor formation [99]. In stem cell-derived islets, a
significant concern is the possibility that highly prolifera-
tive uncommitted progenitors or residual pluripotent stem
cells could be present in the final stem cell-derived islet
product, potentially leading to tumor formation. Interest-
ingly, Dr. Nostro’s group showed that a pancreatic progeni-
tor population enriched via glycoprotein GP2 can prevent
teratoma formation in vivo [100]. It is also crucial to con-
sider additional measures to ensure the safety of stem cell-
derived transplantation. These include preventing the cells
from differentiating into unintended cell populations and
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implementing safety switches to destroy the graft if adverse
outcomes occur [101].

Additionally, the need for immunosuppression in alloge-
neic transplantation remains a challenge, needing explora-
tion of immunomodulation strategies. Significant advance-
ments have been made in addressing this issue since the
early days of pancreatic islet transplantation, where high
doses of steroids were used to avoid graft rejection [102].
The Edmonton protocol developed by Dr. James Shapiro
and colleagues was a steppingstone to different approaches
for immunosuppression [4, 103]. Nowadays, the focus
has turned to localized immunosuppression using various
approaches, such as co-transplanting islets with immu-
nomodulatory agents [52], encapsulating islets via macro-
and microencapsulation methods [38, 54, 61], and engineer-
ing islets to evade the immune system [32, 104].

8 Conclusion

Approximately 9 million people worldwide are living with
T1D. The vast majority of these individuals manage their
metabolism through exogenous insulin treatment and reg-
ular blood glucose monitoring, which is crucial for regu-
lating blood glucose levels and preventing complications.
However, this treatment modality is also very demanding
for patients. Islet cell replacement therapy offers a trans-
formative approach to managing T1D. The transplantation of
donor-derived pancreatic islets, now clinically approved in
multiple countries, laid the groundwork for beta cell replace-
ment therapies. Advancements in stem cell-derived islets,
immune modulation, and encapsulation techniques present
a promising future for T1D treatment. Ongoing research and
clinical trials need to address challenges related to the safety,
scalability, and immune tolerance of these cell therapies,
aiming to fully realize their potential.
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