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Type 1 diabetes mellitus (T1D) arises from autoimmune destruction of pancreatic B-cells, necessitating lifelong
exogenous insulin therapy that cannot fully prevent long-term complications. This review synthesizes literature from
2015 to 2025, tracing the evolution of B-cell replacement therapy from a donor-dependent, scarcity-limited
intervention to a scalable biotechnological platform. A paradigm shift between 2020 and 2025 has been driven by
advances in stem-cell differentiation and implantation strategies. Landmark clinical milestones include the
restoration of insulin independence in both T1D and T2D patients using autologous stem-cell derived islets (Wu et
al., 2023; Wang et al., 2024) and the first reports of gene-edited “hypoimmune” grafts surviving without
immunosuppression (Carlsson et al., 2025). Parallel innovations in manufacturing such as vertical-wheel bioreactors
and the transition from intraportal infusion to safer, retrievable implantation sites like the anterior rectus sheath have
enhanced both safety and scalability [8]. While biological feasibility has now been established, the field faces the
“last-mile” challenge: overcoming logistical, regulatory, and economic barriers to transform these early successes
into accessible, off-the-shelf therapies for global diabetes care [12].
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INTRODUCTION

1.1 Type 1 Diabetes and the Need for B-Cell e The fundamental limitation of exogenous insulin
Replacement therapy is its inability to replicate the precise,
glucose-responsive insulin secretion of functional

e Type 1 diabetes (T1D) is a chronic autoimmune B cells 1481,

disease characterized by the selective destruction

of insulin-producing B cells in the pancreatic e This physiological gap motivates the pursuit of
islets of Langerhans *®!. This results in absolute cell replacement strategies that can restore
insulin deficiency, requiring lifelong exogenous endogenous insulin production and achieve near-
insulin therapy. normoglycemia without the burden of intensive
insulin management.

e Despite advances in insulin formulations and

delivery technologies, including continuous 1.2 Evolution and Historical Context of Cell

glucose monitoring and insulin pumps, many
patients continue to experience glycemic
variability, severe hypoglycemia, and long-term

microvascular and macrovascular complications
[10]

Transplantation

The concept of pancreatic tissue transplantation
dates back more than a century, but true clinical

progress began with whole-pancreas
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transplantation in the late 20th century, primarily
for patients with concomitant renal failure '),

The (2000)
revolutionized diabetes therapy by demonstrating
that intraportal infusion of isolated pancreatic
islets, combined with a glucocorticoid-free

landmark Edmonton protocol

immunosuppression regimen (sirolimus,
tacrolimus, daclizumab), could restore insulin
independence in patients with Type 1 diabetes *!1.

This breakthrough transformed islet
transplantation from an experimental procedure
to a viable clinical therapy.

Over the following two decades, advances in
enzymatic islet isolation, donor preservation, and
perioperative management significantly
improved graft yield and early survival.

Modern protocols now emphasize refined
immunosuppression strategies that minimize -
cell toxicity, expanded donor criteria, and
emerging alternatives such as pluripotent stem-
cell derived islets and immune-protective
encapsulation technologies, marking a pivotal
evolution toward long-term functional cures for

diabetes.

1.3 Scope and Objectives of This Review

>

This comprehensive literature review synthesizes
research and clinical evidence published between
2015 and 2025, focusing on three interconnected
domains:

Allogeneic islet Clinical
outcomes, immunosuppression strategies, graft

survival, and limitations

transplantation:

Stem cell-derived f cells: Differentiation
protocols, functional characterization, preclinical

validation, and early clinical trials

Clinical
technologies,

translation: Immunoprotection
regulatory pathways,
manufacturing challenges, and future directions

The review aims to provide researchers,

clinicians, and policymakers with a critical
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synthesis of the current state of the field,
identification of key challenges, and perspectives
on the timeline and requirements for widespread
clinical adoption of cell replacement therapies for
diabetes.

Islet Transplantation: Clinical Outcomes and
Current Practice:

2.1 Clinical Efficacy and Metabolic Outcomes

>

Multi-center clinical trials conducted between
2015-2025 have provided robust evidence of islet
transplantation efficacy in carefully selected
patients:

Glycemic Control:

In a prospective multicenter study, 42 of 48
patients (87.5%) achieved HbAlc <7.0% at day
365 after islet transplantation, with 34 patients
maintaining this glycemic target at 2 years 7,

Significant reductions in glycemic variability and
time spent in hypoglycemia have been
consistently documented.

Even partial graft function (C-peptide positivity

without  insulin  independence)  confers
meaningful clinical benefit through reduced

severe hypoglycemia and improved awareness
(581

Insulin Independence:

Insulin independence rates vary by center and
protocol, with initial rates of 50-70% at one year
in contemporary series.

Long-term data reveal progressive decline:
approximately 25% of recipients remain
completely insulin-independent at five years post-
transplantation B3,

The majority of patients who lose insulin
independence maintain detectable C-peptide and
reduced insulin  doses

require exogenous

compared to pre-transplant

Hypoglycemia Prevention:
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Elimination or dramatic reduction of severe
hypoglycemic events is achieved in >90% of
recipients, representing a primary therapeutic

goal for patients with hypoglycemia unawareness
(11

Pendyala Meghana, Int. J. Med. Pharm. Sci., 2026 2(7), 29-46 |Review

Restoration of hypoglycemia awareness and
counter-regulatory  responses  has  been
documented even in patients with partial graft
function.
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Figure 1. Pathophysiology of Type 1 Diabetes Mellitus.

2.2 Graft Survival and Function Over Time

Understanding the kinetics of graft loss is critical for
patient counseling and protocol optimization:

a.
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Early Phase (0-6 months):

Immediate post-transplant period characterized
by islet engraftment, and
adaptation to the hepatic microenvironment B,

revascularization,

Early losses attributed to ischemia-reperfusion
injury, instant blood-mediated inflammatory

reaction (IBMIR), and inadequate vascularization
(57]

Approximately 50-60% of transplanted islet mass
may be lost in the first weeks.

b.

Digested islets
o N

Intermediate Phase (6 months - 2 years):

Period of relative stability with peak graft
function typically observed.

Continued B-cell replication and adaptation may
partially compensate for early losses.

Late Phase (>2 years):

Progressive decline in graft function driven by
chronic  alloimmune  rejection, recurrent

autoimmunity, and possibly metabolic exhaustion
[24]

Histological studies

biopsies) suggest chronic antibody-mediated

(in pancreas transplant

rejection as a key mechanism

O

I — -
Pancreas harvest and r‘
preservation ﬁ O = ’ &
— Temp.
regulation
(ooner] = E> 'i _—
Donor = ‘
= = Heating circuit
Re-circulating
chamber Collo(lngchamb« l‘ |
Perfusvon solution PU"‘ed islets

Fig-2: Donor islet isolation and transplantation process
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2.3 Immunosuppression: and

Challenges

Strategies

Maintenance of allogeneic graft function requires
lifelong immunosuppression, creating a fundamental
risk-benefit tension:

a. Current Regimens:

e Most centers employ calcineurin inhibitors
(tacrolimus) combined with mTOR inhibitors

(sirolimus or everolimus) and/or mycophenolate
(30]

e Induction therapy with T-cell depleting
antibodies (thymoglobulin) or IL-2 receptor
blockade (daclizumab, basiliximab) is common

e Glucocorticoid avoidance remains a principle to

minimize B-cell toxicity 17,

b. Challenges and Complications :

e P-cell toxicity: Calcineurin inhibitors and mTOR
inhibitors can directly impair B-cell function and
survival.

e Infectious risks: Opportunistic infections,
particularly viral reactivation (CMV, EBV),

require surveillance and prophylaxis.

e Malignancy: Long-term immunosuppression
increases risk of skin cancers and post-transplant
lymphoproliferative disorders.

inhibitors

e Nephrotoxicity: Calcineurin

contribute to chronic kidney disease progression.

e Metabolic effects: mTOR inhibitors can worsen
dyslipidemia and insulin resistance.

c¢. Immune Tolerance Approaches:

e Experimental protocols combining islet
transplantation with hematopoietic stem cell
transplantation or regulatory T-cell infusions aim

to induce donor-specific tolerance 8!,

e Early results show promise but require validation
in larger cohorts
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2.4 Donor Shortage and Allocation Challenges

The scarcity of deceased donor pancreas represents

the primary barrier to  widespread islet

transplantation:
a. Supply-Demand Mismatch:

e In the United States, approximately 1.6 million
individuals have TI1D, but fewer than 1,500
pancreas are allocated for islet isolation

annually M,

e Many recipients require islets from 2-3 donors to

achieve insulin independence, further

constraining access
b. Allocation Priorities:

e Competing demands for pancreas (whole organ

vs. islet isolation) and kidneys (pancreas-kidney
candidates) complicate allocation
decisions '),

transplant

e Current allocation systems prioritize patients with
severe hypoglycemia and those undergoing
kidney transplantations.

c. Alternative Donor Sources:

e Living donor islet transplantation has been
performed in limited cases but raises ethical and
safety concerns !,

e Xenotransplantation using porcine islets is being
revisited with modern immunomodulation and
genetic engineering approaches.

2.5 Critical Appraisal and Clinical Implications

The clinical evidence base for islet transplantation has
matured substantially between 2015-2025:

a. Strengths:

e Reproducible metabolic benefit across multiple
centers and patient cohorts.

e Dramatic reduction in severe hypoglycemia, a
life-threatening complication.
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2.

Less invasive than whole pancreas transplantation
with lower surgical morbidity .

Limitations:

Progressive loss of insulin independence in the
majority of recipients.

Requirement for lifelong immunosuppression
with associated risks.

Limited access due to donor shortage 1.

Heterogeneity in center practices and outcome
reporting complicates comparative analysis.

Current Clinical Positioning:

Islet transplantation is most appropriate for
patients with TI1D and recurrent severe
hypoglycemia despite optimal insulin therapy, or
those already receiving immunosuppression for
kidney transplantation.

Cost-effectiveness analyses suggest benefit when
severe hypoglycemia frequency is high, but

broader application is

[55]

limited by donor
availability

Despite the clinical success of allogeneic islet
transplantation, its dependence on scarce donor
tissue and lifelong immunosuppression has
limited widespread application. These constraints
catalyzed the exploration of pluripotent stem cells
as a renewable and programmable source of

insulin-producing 3-cells.

Stem Cell-Derived p Cells:

3.1 Rationale and Potential Advantages

Pluripotent stem cells both embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs)
offer theoretical advantages over deceased donor

islets:

Unlimited supply: Stem cells can be expanded
indefinitely in culture, eliminating donor shortage
constraints 41,
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Standardization: Manufactured cell products
enable quality control, potency testing, and batch-
to-batch consistency 181,

Genetic modification: Stem cells are amenable
to gene editing for immune evasion, enhanced
function, or disease resistance.

Autologous potential: Patient-derived iPSCs
could theoretically eliminate alloimmunity,
though autoimmunity remains a challenge 2!,

3.2 Differentiation Protocols and Optimization

The differentiation of pluripotent stem cells into
functional B-like
development

cells mimics embryonic
through  staged
modulation of key signaling pathways, including
Activin/Nodal, BMP, FGF, Wnt, retinoic acid,

and Notch 1.

pancreatic

Early protocols (2014-2015) first demonstrated
glucose-responsive insulin secretion, establishing
proof-of-concept for stem-cell derived islets (SC-
islets).

Subsequent refinements (2016-2020) improved
purity, yield, and functional maturity, producing
clusters that secreted insulin in response to
glucose both in vitro and in vivo.

By 2021, optimized multi-stage processes
typically six to eight transitions over three to four
weeks achieved >50% insulin-positive cells and

reproducible glucose-stimulated insulin secretion
[45]

Recent single-cell transcriptomic analyses show
that SC-islets  contain  B-cell
subpopulations closely resembling native human

mature

islets, and transplantation studies confirm further
in vivo maturation, with restoration of biphasic
insulin release and circulating C-peptide in early
clinical recipients '],

3.3 Functional Characterization, Maturation, and

Preclinical Validation

Achieving full functional maturity of stem cell-
derived B-cells (SC-B cells) is a key challenge in
translating cell-based therapies for diabetes.
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In vitro, SC-B cells exhibit glucose-stimulated
insulin secretion (GSIS), though stimulation

indices remain lower than those of primary islets
[52]

Mature cells typically reach insulin content levels
of 5-10 pg per 1,000 cells and express essential
B-cell transcription factors (PDX1, NKXG6.1,
MAFA) and metabolic proteins (insulin,
GLUT1/2, glucokinase, and KATP channels) "',

Extended culture and co-culture systems have
enhanced glucose responsiveness
organization of islet-like clusters.

and

Following transplantation into immunodeficient
mice, SC-f cells undergo continued in vivo
maturation, developing biphasic

secretion and improved glycemic responsiveness
391

insulin
over several weeks

Vascularization and neural integration within
grafts contribute to sustained function.
Comparative analyses show that SC-islets reverse
diabetes in murine models with kinetics
comparable to primary human islets, and single-

cell RNA sequencing confirms that mature SC-f3

cells closely resemble native  [-cell
subpopulations, though some heterogeneity
persists.

Preclinical validation in multiple animal models
has further supported translational readiness.
Immunodeficient mouse models provide robust
evidence of diabetes reversal but lack adaptive
immune context.

Humanized mice bearing functional human

immune components allow evaluation of
alloimmune and autoimmune responses, critical
for testing immunoprotection and tolerance

strategies 14,

Studies in large animal models, including non-
human primates and pigs, demonstrate feasibility
in clinically relevant graft volumes and surgical
settings, offering valuable insight into safety,

vascularization, and long-term graft performance
[52]

3.4 Advancements in
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However, cost, ethical considerations, and limited
availability restrict widespread large-animal use.
Collectively, these findings confirm that SC-islets
can restore glycemic control and approach the
function of native B-cells, establishing a strong
foundation for human clinical translation.

Differentiation and

Function:

The most recent years have witnessed accelerated
progress toward clinical application:

a.

Enhanced Differentiation Efficiency:

Optimization of media formulations, growth
factor concentrations, and culture conditions have
increased reproducibility and reduced costs 1®!.

Suspension culture methods enable scalable
production in bioreactors.

Improved Maturation Strategies:

Extended in vitro culture with maturation factors
(thyroid hormone T3, vy-secretase inhibitors)
enhances functional maturity 2.

Co-culture with endothelial and mesenchymal
cells improves organization and function.

Gene Editing for Immune Evasion:

CRISPR/Cas9-mediated knockout of HLA class I
and II genes reduces alloreactivity %3,

Overexpression of immunomodulatory molecules
(PD-L1, CD47, HLA-G) provides additional
protection ¥,

As stem-cell derived B-cells advanced toward
human trials, the challenge of immune rejection
re-emerged necessitating innovative strategies to

protect grafts without lifelong
immunosuppression.

Overcoming the Immune Barrier:

Restoring insulin production through cell

transplantation faces a major challenge immune
rejection. To achieve long-term graft survival
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without systemic immunosuppression, two
complementary  strategies have emerged:
encapsulation (a physical barrier) and gene
editing (a biological shield). Together, these
approaches aim to create immune-evasive or
immune-isolated insulin-producing cells capable
of durable engraftment.

4.1 Encapsulation Strategies

e Encapsulation isolates transplanted islets or stem-
cell-derived B-cells within semipermeable
biomaterials that allow nutrient and insulin
diffusion but prevent immune-cell infiltration.

e Macroencapsulation devices (flat, tubular, or
retrievable designs) enable large-scale cell
loading and retrieval, while microencapsulation
coats individual islets in alginate-based polymers
300-800 um in diameter %!,

e Preclinical models demonstrate prolonged graft
survival in immunocompetent rodents and
primates, though fibrosis and hypoxia remain
critical barriers.

e Recent innovations oxygen-generating
biomaterials, surface  modifications, and
prevascularized scaffolds have improved
oxygenation and reduced fibrotic overgrowth 1%,

e Alternative anatomical sites such as the omentum
and intramuscular space provide enhanced
vascularization and retrieval access 71,

e Despite progress, maintaining sufficient oxygen
supply and minimizing foreign body responses
remain key engineering challenges.

4.2 Gene Editing and Hypoimmune Cells

e Complementing physical encapsulation,
CRISPR/Cas9-based gene editing enables the
creation of “hypoimmune” stem-cell-derived -
cells that can evade immune detection.

e Targeted knockout of HLA class I (B2M) and
class II (CITA) genes minimizes T-cell
recognition, while overexpression of immune
checkpoint molecules such as PD-L.1, CD47, and

HLA-G provides “don’t attack me” signals to the
host immune system !,

Preclinical models demonstrate markedly reduced
alloreactivity and prolonged graft function
without immunosuppression. Early human trials,
such as the VCTX210 program by CRISPR
Therapeutics and Vertex, have entered Phase I/11
evaluation, showing early safety and engraftment
data 181,

Ongoing work focuses on minimizing off-target
edits, preventing immune escape, and aligning
these novel products with evolving FDA and
EMA regulatory frameworks.

4.3 Hybrid and Future Approaches

Future immune-evasion strategies likely involve
hybrid systems combining gene-edited cells with
protective biomaterials or localized
immunomodulation.

Integration of oxygen-releasing scaffolds,
angiogenic factor delivery, and controlled release
of anti-inflammatory agents may overcome
current diffusion and rejection limitations 2!,

Together, encapsulation and gene editing
represent the most promising path toward
immune-tolerant, off-the-shelf B-cell therapies
that can restore endogenous insulin secretion
without lifelong immunosuppression.

With these immunoprotective and engineering
advances in place, clinical translation became
feasible. The past five years have therefore
marked the first demonstrations of durable insulin
restoration in human recipients.

Recent Clinical Breakthroughs (2020-2025):

The past five years have marked a turning point
in the clinical realization of stem-cell-derived [-
cell therapy for diabetes. Refinements in
differentiation and manufacturing including
optimized culture media, growth factor ratios, and
suspension bioreactor systems have enhanced
reproducibility and enabled scalable production
of insulin-producing cells. Extended in vitro
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maturation with thyroid hormone (T3) and y-
secretase inhibitors 7!, together with co-culture
of endothelial and mesenchymal cells, has
improved glucose responsiveness and cellular
organization, creating grafts that more closely
mimic native islets.

4.1.Landmark Case Studies and Clinical Evidence

The first definitive human demonstrations of restored
insulin production came from two landmark clinical
reports:

» Wu et al. (2023) — A 59-year-old man with Type
2 Diabetes received autologous E-islets
(endoderm stem cell-derived) transplanted into
the liver (portal vein). Within 12 weeks, fasting
C-peptide levels rose from undetectable to >0.8
ng/mL, daily insulin requirements declined >90
%, and HbAlc improved from 7.9 % to 6.5 %.
The graft function persisted for over a year
without major adverse events, confirming durable
engraftment and endogenous insulin recovery. He
achieved insulin independence at week 11. This
proves stem cell islets can function in the T2D
environment despite insulin resistance 22!,

VX-264 Trial

Encapaulation trigl
beging, imar halted
due to
vascularization
lsauen

|

» Wang et al. (2024) — The patient was a 25-year-

old woman with Type 1 Diabetes. She received
chemically induced pluripotent stem cell-
derived islets (CiPSC-islets) under transient
immunosuppression.  Detectable ~ C-peptide
appeared by week 12, insulin independence was
achieved by month 6, and continuous glucose
monitoring showed near-physiologic control
(time-in-range > 90 %). This represented the first
functional cure in an immune-competent T1D
recipient. She achieved insulin independence at
day 75 and maintained it for over one year with
time-in-range >98% '3,

Carlsson et al. (2025) - Hypoimmune
Allogeneic Trial: This study utilized gene-edited
"hypoimmune" islets transplanted
intramuscularly into the forearm without any
immunosuppression. The patient showed survival
of the graft and C-peptide production for 6
months, proving that gene-edited cells can evade
the immune system in humans 1%,

These case studies provided direct proof that
stem-cell-derived islets can restore endogenous
insulin secretion in humans, shifting the field
from experimental promise to clinical reality.

Wang et al.
Success
Autologous lslets In
rectus sheath

restore insublin
Independance in 11D

|

N
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VX-880 Dosing Wu et al.
Vertex Success

|
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Pharmaceuticals Autologous stem Gene-edited
initiates sterm cell coll-darived islots hypoimmune f-cell
derived islet achieve Insulin graft survives

tranaplantation independence in T2D without

Immunosuppression

Figure 3. Timeline of major clinical milestones in cell transplantation for diabetes (2021-2025).

4.2. Expanded Clinical Programs

Multiple academic and commercial programs
have since advanced to Phase I/II trials.
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e Vertex Pharmaceuticals (VX-880, VX-264) and
ViaCyte (PEC-Direct, PEC-Encap) have reported
partial or complete insulin independence in
subsets of treated patients !,

e CRISPR  Therapeutics/Vertex  (VCTX210)
introduced hypoimmune, gene-edited islets
designed to evade rejection without chronic
immunosuppression.

o Encapsulation platforms such as Sernova’s Cell
Pouch provide a pre-vascularized, retrievable site

supporting long-term graft survival !4,

4.3. Regulatory and Safety Landscape

e Both the FDA and European Medicines Agency
classify these as advanced-therapy medicinal
products requiring rigorous Investigational New
Drug and Biologics License Applications !,

e Key review parameters include product potency,
functional stability, tumorigenicity risk, and
device biocompatibility.

e To date, no teratoma formation or uncontrolled
proliferation has been observed in human
recipients, though follow-up remains under three
years.

4.4. Economic and Access Considerations

e Islet transplantation currently costs =~ USD
1,00,000-2,00,000 per recipient, with ongoing
immunosuppression adding 10,000-20,000 per
year U9,

e Stem-cell manufacturing costs remain high but
are expected to decline with scale-up and
automation.

e  Off-the-shelf cell products could overcome donor
scarcity and regional disparities, while
reimbursement policies and manufacturing
efficiency will determine future accessibility.

5. Emerging Technologies and Future
Directions:

» While current clinical trials rely on simplified cell
clusters, the next generation of grafts aims to

mimic the native pancreas more closely.
Emerging technologies such as organoids and
bioprinting are now being developed to improve
vascularization and graft longevity.

5.1.Organoid and Islet-Like Cluster Technologies

>

Three-dimensional culture systems enable
generation of more complex, organized tissue
structures:

Islet Organoids:

Self-organizing clusters of stem cell-derived
endocrine cells that more closely mimic native
islet architecture.

Inclusion of multiple endocrine cell types (a, 3, &

cells) may improve function through paracrine

signaling 1%,

Vascularized Organoids:

Co-culture with endothelial cells to create
prevascularized constructs 2%,

Accelerates engraftment and reduces ischemic
injury post-transplantation.

3D Bioprinting:

Precise spatial organization of § cells, endothelial
cells, and supporting cells.

Enables creation of larger, more complex tissue
constructs.

5.2. Alternative Cell Sources

Xenotransplantation:

Porcine  islets are  anatomically  and
physiologically similar to human islets 581,

Genetic engineering of pigs to reduce
immunogenicity and prevent zoonotic infection.

Recent FDA approval of genetically modified pig
kidney transplantation may pave the way for islet
xenotransplantation 1%,

Transdifferentiation:
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Direct conversion of non-§ cells (e.g., pancreatic
o or & cells, liver cells, intestinal cells) into
insulin-producing cells.

Avoids
reducing tumorigenicity risk.

pluripotent intermediate, potentially

Preclinical data promising but clinical translation
early-stage.

Adult Stem/Progenitor Cells:

Identification and expansion of pancreatic
progenitor cells from adult tissue 2!,

Limited success to date; pluripotent stem cells
remain the leading approach.

5.3.Personalized Medicine Approaches

a. Patient-Specific iPSC-Derived p Cells:

Autologous cell replacement would eliminate

Pendyala Meghana, Int. J. Med. Pharm. Sci., 2026 2(7), 29-46 |Review

Characterization of recipient immune status to
guide immunosuppression intensity.

Identification of patients at high risk for rejection
or autoimmune recurrence .

Pharmacogenomics:

Genetic variants affecting immunosuppressant
metabolism and response.

Personalized immunosuppression dosing to
optimize efficacy and minimize toxicity.

While these emerging technologies offer
theoretical solutions to immune rejection and
vascularization, they must be evaluated against
the current clinical standard. The following
section contrasts the established efficacy of
allogeneic islet

developing potential of stem

transplantation  with  the
cell-derived
therapies.

alloimmunity B,

e Autoimmunity and cost remain

barriers.

b. Immune Profiling:

6. Comparative Analysis:

significant

6.1. Allogeneic Islet Transplantation vs. Stem Cell-

Derived Approaches

Feature Allogeneic Islet Transplantation Stem Cell-Derived § Cells
Cell source Deceased donor pancreata Pluripotent stem cells (ESC/iPSC)
Availability Limited by donor shortage Theoretically unlimited

Standardization Variable donor quality Potential for standardized

manufacturing

Clinical evidence

Extensive (Phase 3 trials, real-
world data)

Early-stage (Phase I/1I trials)

Metabolic efficacy

Proven: 87.5% achieve HbAlc
<7% at 1 year ¥

Promising early signals

Insulin independence

~50-70% at 1 year, ~25% at 5

Too early to assess long-term

years 1
Immunosuppression Required (lifelong) Currently required; gene editing
may reduce
Tumorigenicity risk Negligible Theoretical concern; no cases

reported to date

Manufacturing complexity

High (islet isolation)

Very high (differentiation, GMP)

Cost

$100,000-$200,000 + ongoing
immunosuppression !

Unknown; likely high initially

Regulatory status Approved in some jurisdictions 4 Investigational
Timeline to broad access Limited by donor supply 5-10 years if clinical trials
successful
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6.2. Risk-Benefit Profiles

Allogeneic Islet Transplantation:

Benefits: Proven efficacy in reducing severe
hypoglycemia and improving glycemic control;

less invasive than  whole  pancreas
transplantation 5,
Risks: Lifelong immunosuppression with

infection, malignancy, and metabolic risks;

progressive graft loss; limited availability.

Best suited for: Patients with recurrent severe
hypoglycemia  or  those already on
immunosuppression B!,

Stem Cell-Derived p Cells (Current State):
Benefits: Unlimited supply;

standardization and genetic modification; less
52]

potential  for

invasive delivery possible |

Risks: Limited long-term safety and efficacy

data; tumorigenicity concern (theoretical);
currently require immunosuppression; high
cost 101,

Best suited for: Clinical trial participants; future
potential  for  broader  populations  if
immunoprotection succeeds.

Encapsulated Cell Products:

Benefits: Potential to avoid immunosuppression;

retrievability; could enable

xenotransplantation °%,

Risks: Limited efficacy to date due to oxygen
diffusion and fibrosis; device complications.

Best
immunosuppression;
investigational 3.

suited for: Patients unable to tolerate
currently

This comparison highlights that while stem cell-
derived B-cells solve the fundamental issue of
donor scarcity, they introduce new complexities
regarding manufacturing and safety.

Consequently, the field must now focus on

7.
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specific strategic priorities to bridge the gap
between these two modalities.

Future Perspectives and strategies outlook:

7.1. Current State of the Field

The restoration of endogenous insulin production
through cell transplantation has progressed from
experimental concept to clinical reality for allogeneic
islet transplantation and early-phase human trials for
stem cell-derived products. Key achievements of the
2015-2025 period include:

1.

Clinical validation of islet transplantation:
Phase 3 demonstrating reproducible
metabolic benefit, dramatic reduction in severe

trials

hypoglycemia, and acceptable safety profiles in
selected patients '),

Maturation of stem cell differentiation
protocols: Generation of functional, glucose-
responsive SC-islets that reverse diabetes in
preclinical models and show early clinical
promise.

Advancement of immunoprotection strategies:
Development of encapsulation devices, immune-
evasive gene editing, and alternative transplant
sites to reduce or eliminate immunosuppression
requirements !,

Initiation of clinical trials: Multiple stem cell-
derived products and encapsulation technologies
have entered human testing.

7.2. Persistent Challenges

Despite substantial progress, critical barriers remain:

1.

Immune rejection: Both alloimmunity and
autoimmunity continue to limit graft survival, and
current immunosuppression carries significant
risks 101,

Donor shortage: Deceased donor pancreata are

insufficient to meet patient demand,
fundamentally  limiting access to islet
transplantation.
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3.

Graft durability: Progressive loss of insulin
independence in the majority of islet transplant
recipients indicates inadequate long-term graft
survival.

Manufacturing scalability: Production of
clinical-grade stem cell-derived products at scale

technically and  economically
[12]

remains
challenging

Immunoprotection efficacy: Encapsulation and
immune evasion strategies have not yet achieved
durable function without immunosuppression in
humans.

7.3.Key Breakthroughs Needed

Widespread clinical adoption of cell replacement

therapy for diabetes requires:

Durable immunoprotection: Either through
effective encapsulation, gene editing for immune
evasion, or tolerance induction protocols that
enable long-term graft survival without systemic
immunosuppression !,

Scalable cell manufacturing: Standardized,
cost-effective production of stem cell-derived P
cells with validated potency and safety.

Enhanced graft survival: Strategies to overcome
early ischemic loss, promote vascularization, and
prevent chronic rejection 291,

Long-term safety data: Demonstration of safety
over decades, particularly regarding
tumorigenicity risk for stem cell products.

Cost reduction: Manufacturing and procedural
cost reductions to enable broad access and payer
acceptance !9,

7.4.Five to Ten Year Outlook

Optimistic Scenario:

Regulatory approval of first stem cell-derived f3-
cell products for specific indications (e.g.,

patients with severe hypoglycemia) by 2028-2030
(11

Pendyala Meghana, Int. J. Med. Pharm. Sci., 2026 2(7), 29-46 |Review

Successful demonstration of immunoprotection
(encapsulation or gene editing) enabling reduced
or eliminated immunosuppression by 2030.

Expansion of islet transplantation through
improved donor utilization and allocation.

Integration of cell therapy with continuous
glucose monitoring and closed-loop insulin
delivery systems B!,

Establishment of manufacturing infrastructure for
scalable production of stem cell products.

Realistic Scenario:

Continued refinement of allogeneic islet
transplantation with incremental improvements in

outcomes.

Completion of Phase IV/III trials for stem cell-
derived products with conditional approvals for
limited indications by 2030-2032.

Ongoing challenges with immunoprotection
requiring continued immunosuppression in most
recipients !,

Gradual cost reduction and expanded access as
manufacturing scales.

Personalized medicine approaches (immune
profiling, pharmacogenomics) improving patient
selection and outcomes.

Conservative Scenario:

Stem cell-derived products remain investigational
through 2035 due to efficacy, safety, or
manufacturing challenges.

Islet transplantation continues at specialized
centers with limited expansion due to donor
constraints.

Encapsulation and immune evasion strategies
show promise in trials but require further
development for clinical deployment !,

Cost and accessibility remain significant barriers
to broad adoption.
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7.5.Research Priorities

To accelerate progress toward widespread clinical
adoption, the field should prioritize:

1. Mechanistic understanding: Elucidation of graft
loss mechanisms (immune, metabolic, vascular)
to guide targeted interventions P!,

2. Standardization: Development and validation of
standardized protocols, potency assays, and

outcome measures across centers and products
[12]

Scalable
Manufacturing

Large-scale B-cefl production
using beoreactors

Immune Engineering

Development of hyposmmune
f-calis 1o preavant rejection

Bloengineered Niches

Creation of 3D scaffolds and
vasculanzed niches care

Pendyala Meghana, Int. J. Med. Pharm. Sci., 2026 2(7), 29-46 |Review

3. Long-term studies: Extended follow-up of
transplant recipients to assess durability, safety,
and late complications.

4. Combination approaches: Testing of synergistic
strategies (e.g., gene-edited cells + encapsulation,
tolerance induction + islet transplantation) (!,

5. Health economics: Rigorous cost-effectiveness
analyses to inform coverage decisions and value-
based pricing.

6. Patient-centered outcomes: Incorporation of
quality of life, treatment burden, and patient
preferences into clinical trial design and

regulatory endpoints %,

Transformation of B-cell
therapy into standard diabetes

Use of drugs to protect Boell
mass and Nmit immmune

activation

Figure 4. Roadmap toward scalable p-cell therapy.

CONCLUSION:

The pursuit of restoring endogenous insulin secretion
through cell replacement therapy has evolved from a
conceptual innovation into a clinically validated
reality. This progress is exemplified by the FDA’s
approval of allogeneic islet transplantation for Type 1
diabetes (T1D) and the growing success of stem cell-
derived islet therapies in human trials. Although
cadaveric islet transplantation continues to offer
durable protection against severe hypoglycemia and
microvascular complications, its scalability is limited
by donor shortages and dependence on lifelong
The human

immunosuppression. advent of

pluripotent stem cell (hPSC)-derived islets has begun
to address this limitation; notably, Vertex
Pharmaceuticals’ VX-880 trial has demonstrated that
intraportal infusion of stem cell-derived islets can
restore insulin independence in most recipients.
Additionally, a landmark 2024 report documented
long-term insulin independence in a T1D patient who
received autologous, chemically induced pluripotent
stem cell-derived islets implanted within the anterior
sheath highlighting the feasibility of
personalized and minimally invasive transplantation

rectus

strategies. Despite these milestones, the field now
faces the critical “last-mile” challenge: achieving

immune tolerance without systemic
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immunosuppression. Emerging gene-editing
approaches such as generating HLA-deficient, CD47-
overexpressing hypoimmune cells have shown
encouraging early survival in first-in-human studies.
However, physical encapsulation systems still
encounter barriers to oxygenation and vascular
integration, as illustrated by the recent discontinuation
of the VX-264 trial. Looking forward, translational
research is increasingly focused on scaling cell
production  through  suspension  bioreactors,
developing bioengineered niches to promote graft
maturation, and incorporating pharmacological
adjuncts such as verapamil or JAK inhibitors to
preserve PB-cell mass and function. Together, these
multidisciplinary innovations bring the field closer to
achieving a practical, immune-tolerant, and
universally accessible cell therapy for diabetes.
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