
Nature Reviews Endocrinology | Volume 21 | January 2025 | 14–30 14

nature reviews endocrinology

Review article

https://doi.org/10.1038/s41574-024-01029-0

 Check for updates

Harnessing cellular therapeutics for 
type 1 diabetes mellitus: progress, 
challenges, and the road ahead

Abstract

Type 1 diabetes mellitus (T1DM) is a growing global health concern 
that affects approximately 8.5 million individuals worldwide. T1DM 
is characterized by an autoimmune destruction of pancreatic β 
cells, leading to a disruption in glucose homeostasis. Therapeutic 
intervention for T1DM requires a complex regimen of glycaemic 
monitoring and the administration of exogenous insulin to regulate 
blood glucose levels. Advances in continuous glucose monitoring 
and algorithm-driven insulin delivery devices have improved the 
quality of life of patients. Despite this, mimicking islet function and 
complex physiological feedback remains challenging. Pancreatic islet 
transplantation represents a potential functional cure for T1DM but is 
hindered by donor scarcity, variability in harvested cells, aggressive 
immunosuppressive regimens and suboptimal clinical outcomes. 
Current research is directed towards generating alternative cell  
sources, improving transplantation methods, and enhancing  
cell survival without chronic immunosuppression. This Review maps 
the progress in cell replacement therapies for T1DM and outlines the 
remaining challenges and future directions. We explore the state-of-
the-art strategies for generating replenishable β cells, cell delivery 
technologies and local targeted immune modulation. Finally, we 
highlight relevant animal models and the regulatory aspects for 
advancing these technologies towards clinical deployment.
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regimens, which expose patients to heightened risks of opportunistic 
bacterial and viral infections11, and neoplasms12. These challenges 
have prompted the exploration of alternative and replenishable cell 
sources, surgically accessible transplantation sites, and approaches to 
enhance the engraftment, survival and function of transplanted cells, 
while obviating the need for chronic systemic immunosuppression13.

Here, we provide a comprehensive overview of the state of the 
art of cell transplantation for T1DM. Specifically, this Review delves 
into current protocols for generating replenishable β cell sources. 
Next, we discuss cell delivery technologies and present an overview of 
advanced approaches for immune modulation and the generation  
of immune tolerance. Additionally, we examine the most relevant ani-
mal models used in the field. We discuss clinical translation pathways 
for β cells and delivery systems to provide insight into the regulatory 
pathway and standing challenges for the clinical deployment of these 
products. Finally, we present the outlook of the remaining challenges 
and future developments in the field.

Renewable islet cell sources
The limited availability of islets and reliance on sourcing this tissue from 
deceased donors has long hindered the progress of cell therapy for 
T1DM. In vitro differentiation of human pluripotent stem cells (hPSCs) 
into islet-like clusters is a viable method for generating β cells from a 
renewable source that addresses this challenge.

Stem cell-derived islets are generated by using combinations of fac-
tors sequentially to produce developmental intermediates, before induc-
ing pancreatic endocrine and insulin-producing β cells14,15 (Fig. 1). The final 
stem cell-derived islet composition consists of an endocrine-enriched 
population of cell types resembling β, α and δ cells. Following transplanta-
tion and a period of in vivo maturation, these cells can respond to various 
secretagogues and are capable of glucose-stimulated insulin secretion 
and control of blood glucose in multiple mouse models of diabetes. These 
attributes make stem cell-derived islets attractive for use in the clinic. 
Vertex Pharmaceuticals is currently conducting a clinical trial with a stem 
cell-derived islet product called VX-880 (ref. 16). Although the findings 
have not been peer-reviewed, they report that six patients with T1DM 
and severe hypoglycaemic unawareness have received these cells, and all 
have demonstrated insulin production and improved glycaemic control, 
including reduced levels of HbA1c and increased time during which blood 
glucose is within the normal range, while reducing or eliminating the need 
for exogenous insulin17,18. In addition, two patients fulfilled the criteria for 
the primary goal, which involved the eradication of severe hypoglycaemic 
events and maintaining an HbA1c level of <7%.

Despite rapid scientific progress in stem cell-derived islet tech-
nology, challenges remain for the use of these cells as a drug product 
for T1DM therapy19. Stem cell-derived islets are not equal to primary 
pancreatic islets functionally, transcriptionally or epigenetically, show-
ing lower insulin secretion, immature transcriptional identity and 
inappropriate chromatin accessibility for both on-target and off-target 
genomic regions14,15,20–22. Fortunately, mouse models have shown that 
long-term transplantation improves stem cell-derived islets in all these 
areas20,23,24. However, methods to enhance the function and identity of 
stem cell-derived islets during the in vitro production process to levels 
seen after transplantation remain to be determined. Another challenge 
is that it is not possible to control the ratio of β, α and δ cells with cur-
rent methods. During in vitro differentiation, a substantial number of 
cells tend to acquire an identity that produces serotonin so that they 
resemble enterochromaffin cells22, and are therefore unlikely to be 
helpful for T1DM cell therapy. Surface markers have been identified 

Key points

	• Stem cell-derived islets have advanced as a viable renewable source 
of cells for transplantation in type 1 diabetes mellitus (T1DM). Although 
these cells are being tested in the clinical setting, challenges remain to 
be addressed regarding cell safety, composition and function.

	• Genetic engineering of renewable β cells can reduce 
immunogenicity, lower metabolic needs and bolster hypoxia 
resistance. However, the effect on β cell performance requires further 
elucidation.

	• Local immunomodulation via in situ delivery of immunomodulatory 
molecules and adjuvant cells is emerging as a promising approach 
for abrogating the need for systemic immunosuppression in β cell 
transplantation.

	• Current preclinical results suggest that immunoprotected islet cell 
grafts in a retrievable subcutaneous site could restore normoglycaemia 
for at least 1 year or longer without systemic immunosuppression.

	• Despite the potential of new technologies, the development of cell 
therapy treatments must pragmatically focus on generating therapies 
that are not only effective and safe but also align with the real-world 
dynamics of patients’ lives and the capabilities of health-care systems.

Introduction
Type 1 diabetes mellitus (T1DM) is an autoimmune disease affecting 
8.75 million people worldwide, of whom ~1.52 million are <20 years 
old1. According to the US Centers for Disease Control and Prevention, 
1.7 million adults (>20 years old) and 304,000 children and adolescents 
(<20 years old) had diagnosed T1DM in the USA in 2021 (ref. 2). The 
prevalence of this disease is predicted to grow in the next few decades3. 
In T1DM, the progressive immune-mediated destruction of pancreatic 
β cells leads to insulin insufficiency and chronic hyperglycaemia4. Strin-
gent glucose control via continuous or episodic blood glucose monitor-
ing and commensurate insulin dosing mitigates T1DM complications to 
some extent, but individuals affected by T1DM remain at elevated risk 
of hyperglycaemia and hypoglycaemia events. Technological innova-
tions such as continuous glucose sensing and smart infusion pumps 
alleviate this burden for patients5. However, mimicking the β cells’ 
intricate biological feedback loop and physiological insulin kinetics 
remains challenging, and patients struggle to achieve glycaemic control 
targets3,6. Pancreatic islet or β cell replacement represents a potential 
functional cure for T1DM7–9. Usually, pancreatic islets are transplanted 
into the liver via infusion through the portal vein. Upon transplan-
tation, these cells have the potential to reverse T1DM in patients by 
restoring glycaemic control. The procedure is FDA-approved for the 
transplantation of allogeneic islets.

Although a small subset of the patient population has ben-
efited from islet transplantation, the method of cell delivery could 
be improved and made accessible to more individuals with T1DM by 
addressing challenges such as cell dispersion, poor engraftment and 
reduced cell survival10. The limited availability of donor pancreata 
and variations in the quality and quantity of harvested islet cells also 
affect the widespread applicability of this procedure. Furthermore, 
immune rejection requires lifelong systemic immunosuppressive 
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enabling on-target cell types to be purified22,25,26, which might improve 
the functional potency and safety of the stem cell-derived islet drug 
product, but this approach might be difficult to scale up for manufac-
turing. Regardless, the optimal composition of cell types to maximize 
utility in T1DM cellular therapy is currently unknown.

The path towards developing large-scale and cost-efficient bio-
manufacturing of stem cell-derived islets to treat a substantial number 
of patients is challenging. Although a few million stem cell-derived islet 
cells can restore glycaemic control in a mouse model of diabetes27, 
~109 cells per dose will probably be necessary to treat adult human 
patients28,29. This estimate is based on clinical work with cadaveric 
human islets, and dosing must be confirmed in clinical trials for each 
stem cell-derived islet cell product. It is possible to produce stem cell-
derived islets by propagating and differentiating hPSCs entirely in 
suspension14, which typically achieves a density of 106 cells/ml by scaling 
in three dimensions. In the biotechnology industry, large-volume bio-
reactors are frequently used to scale up the production of monoclonal 
antibodies. However, it is unclear whether stem cell-derived islet manu-
facturing could be achieved in bioreactors with a volume of >1,000 l, 
as mechanical forces, such as those caused by convection necessary to 
prevent adhesion and sedimentation, negatively affect growth, survival 
and differentiation of hPSCs30,31. Alternatively, shear stress could be 
avoided by culturing and differentiating hPSCs on adherent cultures 
followed by aggregation into islet-like structures32. However, this two-
dimensional approach intrinsically limits the scale of production. 
Automation is set to enhance scalable manufacturing for suspension 
and adherent systems, while simultaneously decreasing variability33.

Regardless of the method used for cell manufacturing, compre-
hensive characterization of the final cell population is required to 
guarantee the safety of the product. Residual uncommitted cell types, 
such as hPSCs, within the final cell population could form undesired 
overgrowths or tumours upon transplantation34,35. In addition, lack of 
genomic stability and accumulation of genetic variants in oncogenes 
can be acquired in time and pose a safety risk36. For example, thera-
peutic cell mutations led to the suspension of a macular degeneration 
clinical trial in Japan37. Karyotypic abnormalities38, variants in TP53 
(ref. 39) and variants in BCOR40, which are all associated with various 
cancers, have been observed in hPSCs41–43.

In summary, along with the development and optimization of cell 
manufacturing techniques, standard characterization protocols of 
cell products capable of determining composition, potency, and genomic 
status will be critical for the clinical adoption of these technologies 

and for ensuring patient safety44–46. In addition, clinical deployment 
will hinge on effective cryopreservation for storage, distribution and 
cost-effectiveness to make the therapy accessible and sustainable.

Cell delivery strategies
Conventional pancreatic islet transplantation via the Edmonton proto-
col has shown promise in restoring exogenous insulin independence in 
patients with T1DM. The success of the procedure hinges on key factors, 
including preservation of islets from hypoxic injury during isolation and 
subsequent handling (discussed elsewhere47,48), and systemic immu-
nosuppression upon transplantation to avoid rejection. Additional 
factors, such as immediate blood-mediated inflammatory response, 
cell hypoxia in vivo, dispersion and exhaustion49, are also relevant. Cell 
microencapsulation and macroencapsulation devices using semiper-
meable materials as a physical barrier have been explored as a strategy 
to deliver cells and abrogate immune rejection while eliminating the 
need for systemic immunosuppression. Other delivery systems that 
have been explored, such as open devices, scaffolds and hydrogels, 
permit the infiltration of blood vessels to directly vascularize and fully 
integrate the cell graft with the host.

Microencapsulation for immune isolation
In microencapsulation, cells are enclosed in gel-like microspheres that 
average <1,000 μm in diameter, many of which are implanted to deliver 
a therapeutic dose. Microcapsules contain a nanoporous barrier that 
protects transplanted cells from immune attack, while their small size 
and optimal surface-to-volume ratio allows fast exchange of glucose, 
insulin, nutrients and waste materials (Fig. 2). Among numerous materi-
als developed for pancreatic islet microcapsules, alginate stands out 
for its excellent biocompatibility and adaptable chemical character-
istics, which permit the encapsulation of delicate cell clusters, such as 
islets, through mild processing conditions50. The design of microcap-
sules, including their material, shape, porosity and surface properties, 
is critical to achieve long-term cell viability. Adjusting these factors 
along with applying functional coatings helps to control molecular 
transport and mitigate inflammation. However, challenges, such as 
the influx of inflammatory cytokines and release of damage-associated 
molecular pattern molecules (DAMPs) and antigens, can still trigger 
immune responses51. Additionally, pericapsular fibrotic overgrowth 
can impair the long-term viability of these systems by limiting molecu-
lar exchange, thus reducing oxygen and nutrient availability52,53. The 
success of microencapsulation also hinges on the site of implantation, 
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Fig. 1 | Pluripotent stem cell differentiation into stem cell-derived islets 
through modulation of different genes. Stem cell-derived islets (SC-islets) are 
functionally, transcriptionally and epigenetically different to native pancreatic 

islets. Enhancing cellular identity to generate optimal functional potency and 
safety profile is an active area of investigation along with methods for scalable 
manufacturing.
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with considerations for accessibility, injection volume, blood supply 
and oxygen availability representing key factors.

Due to these challenges, although clinical trials have demonstrated 
the safety of alginate-encapsulated porcine islets54, their long-term effi-
cacy remains to be shown. To counter these issues, strategies include 
modifying the encapsulation material chemistry by including anti-
fibrotic coatings and co-encapsulating islets with extracellular matrix 
(ECM). When transplanted into vascular and oxygen-rich sites such 
as the intraperitoneal cavity or omentum, islets microencapsulated 
in these materials55,56 (Fig. 2) have shown prolonged survival for up to  
1 year in mice57, with no substantial foreign body response (FBR) and 
no loss of viability. In other studies, alginate combined with hyaluronic 
acid, a component of the ECM, increased islet viability and insulin 
secretion compared with alginate alone58. The addition of collagen, 
another ECM component, to hyaluronic acid led to further incremental 
improvements in islet viability in rat models59. Different islet sources 
might require specific alginate–ECM combinations to maximize 
longevity and function60.

Incorporation of CXCL12, an islet-protective chemokine, in alginate 
microencapsulation supports the long-term function and immune pro-
tection of islet allografts, xenografts and human stem cell-derived islets 
in murine models of T1DM. Furthermore, preliminary transplantation 
studies in the omental sac of non-human primates (NHPs) have shown 
improvements in short-term xeno-islet survival and function and 

abrogation of FBR61–63. In other approaches, different materials have been 
used, including hyaluronic acid, chitosan, collagen, poly-l-lysine, and 
acrylic acid and their derivatives64. For example, poly(lactic-coglycolic 
acid) microspheres within islet microcapsules sustain the release of 
exenatide supporting transplanted cell viability65. Furthermore, 
co-encapsulation with adjuvant or accessory cells, such as mesenchy-
mal stem cells (MSCs), known for their ability to promote tissue repair 
and angiogenesis and modulate immune response, has shown increased 
viability and less fibrotic growth66,67 compared to alginate alone.

Two challenges remain for the use of microcapsules: one, ensuring 
adequate mass transfer (that is, oxygen, glucose and insulin) between 
the intracapsular space and surrounding environment; and two, man-
aging the graft’s overall size. Microcapsules larger than approximately 
400 µm in diameter require substances within the islet to diffuse over a 
greater distance and a larger graft volume. Moreover, capsule agglom-
eration due to settling in bipedal animals can exacerbate challenges 
with poor diffusion and nutrient delivery. To this end, conformal islet 
coatings with thin layers of immune-isolating hydrogels have been 
developed to reduce both diffusion distance and graft volume, and 
have shown promise in β cell replacement therapies in mouse and NHP 
models of T1DM68–70.

New methods facilitate the production of smaller capsules, which 
are suitable for transplantation into scaffolds (see the section ‘Open 
devices and scaffolds’). Embedding into a scaffold enhances the 
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Fig. 2 | Microencapsulation approaches for islet transplantation. 
Microencapsulation strategies (most notably alginate with modifications 
including hyaluronic acid or collagen) for islet transplantation. Surface 
modifications and immunomodulatory molecules can promote islet survival. 
Co-encapsulation of immune modulatory cells (including mesenchymal stem 

cells (MSCs), amniotic epithelial cells (AECs) and other accessory cells and 
factors) as well as extracellular matrix (ECM) proteins can aid immune isolation 
and islet survival. DAMP, damage-associated molecular pattern; NK cell, natural 
killer cell; Treg cell, regulatory T cell.
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potential for graft retrieval or replacement and has the potential to 
broaden the reach of transplantation to more individuals with T1DM.

Macroencapsulation for immune isolation
Macrocapsules are designed to deliver large doses of cells in a retriev-
able unit. Device size, geometry and placement are crucial design 
considerations. An ideal site for transplantation must include a dense 
vascular network to provide adequate oxygen and nutrient supply and 
support insulin and glucose exchange, as well as a suitable microenvi-
ronment to minimize cell loss after transplantation. Moreover, it should 
facilitate a minimally invasive surgical procedure for implantation, 
monitoring and retrieval71. All of these considerations are fundamental 
to achieving sufficient cell viability, device function and the clinical 
relevance of the approach.

To address these design challenges, a broad range of macrocapsule 
devices have been developed, including hollow-fibre (intravascular 
or extravascular)72,73, planar15,74,75 and cylindrical structures76, with 
advances in 3D printing and microfabrication leading to more complex 
designs77,78. However, due to FBR79 to the implant, all these devices 
encounter fibrosis, which impairs the essential exchange of oxygen, 
nutrients, glucose and insulin that is crucial for cell viability and func-
tion. To mitigate fibrosis, different approaches, including chemical 
modifications, surface topology design and local drug release, have 
been reported80.

The large surface-to-volume ratio of macrocapsules can also 
restrict the diffusion of oxygen and nutrients to the encapsulated 
cells. It is now accepted that the partial pressure of oxygen within 
typical implantation sites (subcutaneous or intraperitoneal) is not able 
to support the viability and function of islets at the high cell density 
required for a practical implant footprint81–83. This understanding has 
led to the development of various systems to supplement oxygen within 
macroencapsulation devices in vivo, the advantages and limitations of 
which are reviewed elsewhere83,84. Overall, in vivo preclinical studies 
evaluating these oxygen supplementation approaches have shown 
benefits to the encapsulated cells. However, clinical proof-of-concept 
studies with the βAir device75,85 provided mixed results, suggesting 
that while oxygen supplementation may be necessary, optimized 
delivery regimens remain to be developed to consistently improve 
clinical outcomes.

ECM86, accessory cells and other biofactors co-encapsulated with 
islets have also been explored to support cell viability and function in 
macrocapsules. In a clinical study using co-transplantation of porcine 
islets and Sertoli cells in prevascularized hollow tubes, five of 12 non-
immunosuppressed adolescents showed reduced insulin requirement, 
and one achieved insulin independence87,88. In a preclinical study, 
porcine islets co-encapsulated with a collagen matrix within a subcu-
taneous planar alginate device successfully improved diabetes control 
(HbA1c <7%) in NHPs for 6 months without immunosuppression89. 
In another study in NHPs, porcine islets co-encapsulated in a struc-
ture with adipose-derived MSCs maintained glycaemic control for  
>32 weeks90. Finally, subcutaneous transplantation of a macroen-
capsulation device equipped with zero-order release of alanine and 
glutamine led to a 30% increase in cell survival in mice91. However, 
demonstration of efficacy of a scaled-up device in clinical studies 
remains elusive, probably because of the increased diffusion distances 
and stronger fibrotic responses.

The complex nature of macroencapsulation devices, which 
includes cells, materials and other components, has cost implications 
for translation. Further, the complexity complicates the regulatory 

pathway, which involves simultaneous oversight by multiple regula-
tory bodies, each evaluating different aspects of these technologies92. 
However, progress has been made by companies such as ViaCyte and 
Vertex93,94; in this context, the VX-264 phase I–II clinical trial95 examin-
ing the safety, tolerability and efficacy of an immunoisolating device 
containing stem cell-derived islets may provide insights for further 
developments of immunoisolating macroencapsulation.

Open devices and scaffolds
In their native microenvironment, islets are densely vascularized via an 
intricate network of fenestrated capillaries that enables communica-
tion with the body via paracrine and endocrine signalling, facilitating  
a fine-tuned mechanism of sensing and responding to glucose, nutri-
ents, hormones and other molecules96. Islet vasculature actively con-
tributes to islet function by enhancing blood flow at increasing levels of 
circulating glucose and by regulating β cell activity97 and proliferation98.

Insufficient vascularization is widely acknowledged as a primary 
factor causing delayed and suboptimal glycaemic control after islet 
transplantation. Recognition of the interdependent relationship 
among islets, ECM, vasculature and innervation has driven the devel-
opment of biomaterials and devices that facilitate direct host–graft vas-
cularization and innervation99. These vascularization approaches can 
be categorized into two primary strategies: one, simultaneous implant–
transplant in which islets are pre-embedded within the implant at the 
time of implantation; and two, prevascularization systems in which cell 
transplantation is performed days or weeks after initial implantation 
of the device and a prevascularization phase.

The choice of transplantation site is critical for the effective 
deployment of direct vascularization modalities. Considerations 
include factors such as vascular remodelling potential, oxygen supply, 
invasiveness of surgical procedures, device accessibility for manipula-
tion, retrieval and imaging, and mimicking physiological insulin release 
and action (that is, portal uptake). For both vascularization strategies, 
the omental, intraperitoneal and subcutaneous spaces are viable sites 
for implantation. The omental space provides a well vascularized site, 
and the intraperitoneal space affords ample room, and both mimic the 
portal–peripheral insulin gradient present in physiological insulin 
release. However, both locations are less accessible and require more 
invasive surgical procedures than subcutaneous sites. Subcutaneous 
sites have limited vascular supply, but the use of pro-angiogenic factors 
and cells can mitigate this limitation100.

Notably, direct vascularization exposes grafts to immune rejec-
tion, which is traditionally countered via chronic systemic immunosup-
pression. The severe adverse effects of these lifelong chronic systemic 
regimens have prompted the development of local immunomodula-
tory strategies, either immunosuppressive or to generate and main-
tain a tolerogenic microenvironment101 (see the section ‘Alternative 
immunoprotection methods’). Additionally, strategies involving vas-
cular anastomosis can subject transplanted cells to sudden high blood 
pressure, risking mechanical stress and microarchitectural disruption; 
however, in many direct vascularization systems, cells are vascularized 
progressively, thereby mitigating this risk.

Simultaneous implant–transplant approaches. In simultaneous 
implant–transplant strategies, islets are delivered within blood vessel-
permeable and biodegradable matrices or open scaffolds (Fig. 3). These 
approaches are centred on forging vascular connections with the host 
via intrinsic material properties, the local delivery of pro-angiogenic 
growth factors and nutrients, and/or the co-delivery of pro-angiogenic 
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accessory cells (such as endothelial cells and MSCs)102. Examples of 
matrices demonstrating successful vascularization, engraftment and 
diabetes reversal in preclinical studies include vascularizing degrada-
ble methacrylic acid–polyethylene glycol and pH-optimized polyeth-
ylene glycol hydrogels103,104, hydroxypropylmethyl cellulose hydrogel 
integrated with plasma components56, and collagen, glutamine and 
serum mixture matrix100.

A limitation of simultaneous implant–transplant approaches is 
the potential for developing hypoxia during the peri-transplant period 
prior to formation of new vascular networks. In fact, several of these 
methods are slow to achieve meaningful perfusion, with a consider-
able loss of islets within the first 24–48 h, and the vessels they produce 
are often transient or highly permeable105. To address this challenge, 
an innovative approach used microvascular fragments to speed up 

vascular integration of the graft106,107 and glucose normalization, but the 
efficacy of human microvascular fragments, especially from patients 
with diabetes, remains to be evaluated.

Co-transplantation of accessory cells that support vascularization 
requires considerations about cell sourcing and regulatory barriers. 
Immunologically compatible, autologous primary vascular cells or 
microvessel fragments can pose translational difficulties related to 
sourcing, processing and implementation. By contrast, allogeneic 
cells are more amenable to translation, but their use faces challenges 
related to immune rejection.

Decellularized tissue scaffolds. Decellularized tissues serve as prom-
ising scaffolds for pancreatic islet transplantation due to their ability 
to retain endogenous ECM108, which is pivotal in driving islet survival 
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Fig. 3 | Direct vascularization scaffolds and open devices. a, Simultaneous 
implant–transplant methods involve placing islets in permeable matrices 
or open scaffolds, relying on the host’s vascular connections. Approaches 
include embedding islets in matrices that deliver pro-angiogenic factors and 
accessory cells such as endothelial cells and mesenchymal stem cells in 
hydrogels or collagen matrices. Some methods utilize microvascular 

fragments for faster integration, while 3D printing creates structures that 
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fibrosis, while minimizing immune response.
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and function57,109, and their ability to support tissue remodelling and 
graft integration. Decellularized matrix is a crucial component in open 
scaffold engineering, particularly in the development of functional 
vascularized endocrine constructs. The combination of native organ 
architecture and ex vivo prevascularization has the potential to mimic 
the native endocrine environment prior to in vivo deployment110. For 
this, bioreactors allow tailored cell seeding and hierarchical perfu-
sion, functionalities that facilitate the spontaneous self-assembly of 
the organ and foster the development of specialized functions111. For 
instance, decellularized lung scaffolds have been successfully repopu-
lated with primary pancreatic islets or immature neonatal porcine 
islets, along with human endothelial cells110,112.

As a result of this, the engineering process has enabled controlled 
islet engraftment within a vascularized ECM environment, leading to 
the attainment of ex vivo function under dynamic perfusion culture 
conditions. This innovative approach combines prevascularization 
strategies with islet engraftment ex vivo, offering the potential for suc-
cessful peri-transplant scaffold engraftment coupled with rapid endo-
crine function restoration in vivo24. Additionally, this approach results 
in a testbed for various in vitro assessments of interest, such as monitor-
ing the immunogenicity of cells, or the function of immunomodulatory 
agents in mixed lymphocyte assays.

3D-printed cell-laden architectures. Porous scaffolds fabricated 
using traditional particulate leaching techniques or additive man-
ufacturing have long been used to both house and distribute islets 
within a 3D space113. These systems drive host tissue infiltration and  
vascularization while offering specific mechanical properties  
and geometrical features to house and protect transplanted cells and 
aid their engraftment. Successful long-term host integration and FBR 
to these 3D-printed porous systems are highly dependent on various 
parameters, including the physicochemical and mechanical proper-
ties of the material, device scale, porosity and material topography80. 
Various studies have demonstrated the capacity to print cells within 
ECM-based hydrogels to generate custom 3D engineered tissues with 
the potential to mimic the native pancreas anatomy114. 3D-printed 
biomaterials can also recapitulate ECM cues by encapsulating islets 
within decellularized pancreas derivatives or through customized 
ECM-inspired hydrogels104,109. These materials preserve islet function 
and improve stem cell-derived islet cell differentiation77. Like other 
direct vascularization platforms, 3D-printed islet devices show a lag 
between implantation and the formation of a competent intra-device 
vascular bed and/or host–graft vascular connections. Leveraging 
rational geometrical placement of cells, biomaterials and accessory 
components, various 3D printing approaches have been studied to tem-
porarily provide oxygenation115 and essential nutrients, or to accelerate 
vascular formation.

3D-printed implants have already demonstrated durable thera-
peutic efficacy in various preclinical models including rodents, pigs 
and NHPs116. In addition, the rapid evolution of additive manufacturing 
technologies offers new opportunities for the generation of hybrid 
biomaterial structures with tissue-mimetic properties and geometrical 
features that are ripe for new developments in β cell transplantation19. 
These biofabrication approaches can generate products in a more 
reproducible manner to deliver more consistent outcomes.

Prevascularization systems and devices. Prevascularization systems 
are designed to generate a patent vascular network before cell trans-
plantation to promote rapid islet vascularization and engraftment, and 

minimize hypoxia and cell death during the peri-transplant period117,118. 
Achieving early engraftment is fundamental not only for rapidly achiev-
ing glucose homeostasis but also for abating the production of DAMPs, 
which can subsequently prime adaptive immune responses119–121. 
Prevascularization also decouples the trauma associated with bio-
material implantation and β cell delivery. Prevascularization can be 
accomplished via device-less or permanent device strategies122–124 
(Fig. 3). In device-less approaches, a temporarily placed biomate-
rial harnesses the natural inflammatory response, FBR, and vascular 
network deposition. Efficacy has been demonstrated for mouse and 
human122 islets and for stem cell-derived islets125,126. One notable exam-
ple of permanent devices is the Sernova Cell Pouch System, which 
has produced promising results in humans127. In strategies such as 
these, neovascularization can be augmented to enhance outcomes 
through coatings and hydrogels with pro-angiogenic materials, such 
as methacrylic acid113, which may overcome hypoxia and the diffusion 
barrier presented by a fibrotic layer. However, the chemical and physi-
cal properties of the prevascularization strategy must be taken into 
consideration to minimize peri-implant FBR. The use of platelet-rich 
plasma128 or co-transplantation of pro-angiogenic accessory cells, 
such as MSCs128,129, or MSC-derived cell products (such as extracellular 
vesicles), endothelial cells, perivascular cells102, microvessels106 and 
vascularized islet organoids containing human amniotic epithelial 
cells and human umbilical vein endothelial cells130, can circumvent 
the lack of rapid revascularization at the site of transplantation, and 
might support β cell replacement in extrahepatic, prevascularized 
sites. As stated above, co-transplantation of accessory cells that sup-
port vascularization requires considerations about cell sourcing and 
regulatory barriers.

Alternative immunoprotection methods
β cell replacement in patients with T1DM presents unique challenges in 
relation to other cell therapies for non-autoimmune diseases. Even with 
autologous stem cell-derived islet transplants derived from induced 
pluripotent stem cells (iPSCs), patients with T1DM would require strate-
gies to prevent recurrence of autoimmunity. Current immunosuppres-
sive therapies in islet allotransplantation involve induction (intense 
initial suppression), maintenance (long-term suppression to avoid 
chronic rejection) and treatment for acute rejection, all of which are 
systemic and non-specific, leading to complications such as lymphope-
nia, immunodeficiency, organ toxicity and damage131, and heightened 
risks of infections and neoplasms. Moreover, some of these drugs can 
also impair islet function.

Strategies are emerging for more targeted and less toxic immuno
modulation, including the use of biomaterials for localized, site-
specific drug delivery, incorporation of immunomodulatory cells, 
and reducing the immunogenicity of transplanted β cells. Immuno
modulatory induction of tolerance to the islet autoantigens and 
alloantigens requiring transient rather than chronic administration 
and yielding long-term effects would represent a true cure for T1DM 
following islet transplantation. Current clinical evidence suggests that 
tolerance may only result from bone marrow transplants that establish 
haematopoietic chimerism132. To date, even the most advanced tar-
geted immunomodulation methods have achieved only operational 
tolerance.

Targeted immunomodulation
Various biological drugs are under investigation for the suppression 
of T cell activation, while aiming to minimize the severe side effects 
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and lack of specificity associated with conventional immunosuppres-
sants (Box 1). These strategies include blocking co-stimulatory sig-
nals necessary for activation of autoreactive and alloreactive T cells 
either on antigen-presenting cells (CTLA4Ig) or on T cells (anti-CD40L), 
with promising results in clinical trials of kidney transplantation133. 
These strategies also aim to increase the number of regulatory T  
(Treg) cells132–143. Furthermore, drugs that block innate immune cells 
(TNF, IL-1β and CXCR1/2) and promote induction of myeloid-derived 
suppressor cells are being evaluated as a combination strategy144–147.

The small volume of functional islet grafts and their transplanta-
tion into confined sites uniquely enables the local co-delivery with 
immunomodulatory drugs. However, achieving adequate longevity 
of treatment remains a hurdle.

Site-specific immunomodulation via biomaterial-mediated drug 
delivery. Biomaterial approaches for localized immunomodulation 
include nanomaterials and nanoporous membranes, microgels and 
microcapsules, and scaffolds. Biomaterial–drug formulations for 
intradermal delivery can be tailored by modulating the size of the bio-
material carrier to achieve passive targeting of the graft-draining lymph 
nodes via lymphatic drainage and of inflamed sites via enhanced vascu-
lar permeability and retention effect. Nanomaterials can increase the 
solubility of hydrophobic drugs148 and allow depot effects at target sites 
and in cells, and nanoformulations have been used to deliver traditional 
immunosuppressive drugs (for example, cyclosporine148), DAMPs and 
islet antigens122,149. However, their size causes rapid uptake by immune 
cells and impedes their use for delivering extracellular signals (such as 
PDL1 and CTLA4Ig). Conversely, larger microgels and microparticles 
are unable to target draining lymph nodes and can be retained at the 
graft site. These materials have been used to deliver either traditional 
immunosuppressive chemicals (steroids150, tacrolimus151–153 and rapa-
mycin154), biological drugs (CTLA4Ig155) and chemokines (CXCL12 
(ref. 156), IL-2 (ref. 157) and TGFβ1 (ref. 158)) or immunomodulatory fac-
tors (such as FasL159 and PDL1 (ref. 160)) and antioxidants161. However, 

they are subjected to host innate immune responses that could lead 
to their phagocytosis and/or fibrotic encapsulation, decreasing their 
therapeutic efficacy. Intra-lymph node injection of microparticles 
delivering immunomodulatory drugs (for example, rapamycin) along 
with antigens is an alternative to co-delivery with islets to provide 
targeted immunomodulation in the graft-draining lymph nodes162.

Site-specific immunomodulation via islet co-delivery with immuno
modulatory cells. Localized immunomodulation can also be achieved 
by islet co-delivery with immunomodulatory cells, such as MSCs, 
which decrease inflammation, promote tissue regeneration163–166 
and improve islet survival167. To enhance their immunomodulatory 
properties, MSCs have been genetically modified to secrete immuno
modulatory factors that can target T cell activation (for example, 
CTLA4Ig and PDL1 (ref. 168)) or co-delivered with drug-eluting bio-
materials169. One limitation of MSCs is the limited permanence and 
duration of their immunomodulatory effects owing to their migratory 
behaviour170. MSC encapsulation might address this challenge and 
achieve local retention of MSC-secreted factors (such as exosomes  
and extracellular vesicles)171,172. As alternatives to MSCs, tolerogenic nat-
ural and artificial173 antigen-presenting cells, human amniotic epithelial 
cells174 and type 2 innate lymphoid cells175, have also shown promising 
results. Other limitations include cell-sourcing challenges and regu-
latory considerations. The co-delivery of MSC-derived extracellular 
vesicles could circumvent these challenges.

Reducing immunogenicity of islet grafts
With advances in gene editing technologies, such as CRISPR–Cas9, it is 
now possible to genetically engineer islet allografts or stem cells before 
their differentiation into stem cell-derived islets to decrease their 
immunogenicity176,177. Relevant to this, in a clinical trial, recipients of 
donors positive for HLA-DQ8 had substantially better graft survival178. 
In another study, CRISPR–Cas9-engineered hypoimmune islet allo-
grafts remained functional and provided insulin independence in an 

Box 1 | Clinically relevant immunosuppressive and immunomodulatory agents
 

Achieving islet transplantation without systemic immunosuppression is 
a key goal in T1DM. The antigenicity and immunogenicity of transplanted 
islet cells determine the need and type of immunosuppression. Gene 
editing aims to create hypoimmune cell products requiring milder 
immunosuppressive regimens. The transplantation site also influences 
immune responses, which will become clearer as new sites beyond the 
traditional intra-portal route are explored.

Currently, T cell-depleting induction agents are commonly used, 
but the required T cell depletion level may change with different 
cell products and transplant sites. Modulating maintenance 
immunosuppression may allow lower levels of immunosuppressive 
agents, favouring tolerance-promoting drugs such as rapamycin over 
calcineurin inhibitors.

Selected centres in Europe prefer basiliximab, a monoclonal 
antibody targeting the IL-2 receptor on T cells, for induction therapy. 
Although well tolerated, these agents may lack potency. North American 
centres often favour thymoglobulin (rabbit antithymocyte globulin), 
which spares Treg cells and supports low-dose protocols. Alemtuzumab 
(anti-CD52) has also been successfully used in clinical trials.

Anti-inflammatory strategies are also important during the 
peri-transplant period to minimize early graft loss. Agents such 
as etanercept (anti-TNF), anakinra (IL-1 receptor antagonist), and 
GLP1 receptor agonists have been explored and remain highly 
relevant. Tacrolimus is an effective maintenance immunotherapy 
but has adverse effects including increased infection risk and 
organ toxicity, leading to interest in calcineurin-free regimens. 
In this context, a novel protocol with anti-CD40L (costimulatory 
blockade) is being clinically tested. Beyond systemic approaches, 
local sustained delivery of immunomodulatory agents is the focus 
of numerous efforts. Local immunosuppression with agents such 
as CTLA4Ig, thymoglobulin, anti-CD40L, anti-IL-6 and anti-CD2 is 
under preclinical investigation. Further, future trials will explore 
local administration of FasL at the transplant site with transient 
systemic rapamycin.

Ultimately, eliminating chronic systemic immunosuppression will 
probably require a combination of strategies, including reducing 
cell immunogenicity, using local immunomodulation and tolerance 
induction.
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immunocompetent NHP model of diabetes, in the absence of immuno-
suppression179. Multiple approaches have been explored in preclinical 
rodent studies. These include knocking down expression of HLA class I 
and II while expressing HLA-E180 in combination with overexpression 
of immunomodulatory signals, such as PDL1 and FasL (to induce T cell 
deletion and anergy)181–183, CD47 (‘don’t eat me’ signal)184–186, HLA-G 
(tolerogenic placenta-mimicking signal for T cells)187 and indoleamine 
dioxygenase188. As an alternative to genetic engineering, treatment 
of stem cell-derived islets with inflammatory cytokines to promote 
expression of immunomodulatory signals (PDL1)189 and transplanta-
tion of islets from genetically engineered pigs190,191 have also been 
tested in preclinical models. However, the effect of these genetic 
manipulations on core β cell function and glucose regulation remains 
to be elucidated. Moreover, given the ability of genetically modified 
cells to evade immune surveillance, on-demand safety switches are 
important177.

Animal models
Animal models have a key role in T1DM research by facilitating the devel-
opment and clinical translation of strategies for cell transplantation, 
cell delivery technologies and immunomodulatory interventions192. 
Immunocompromised models, often using mice, enable investiga-
tion of human islet and stem cell-derived islet engraftment without 
rejection193. Immunocompetent models, using rats, pigs and NHPs, 
can mimic different aspects of the immune response seen in humans, 
which are fundamental for evaluating inflammatory responses, FBR 

and immune protection strategies194. Humanized models incorporate 
human immune components to mimic the human immune system 
and, in some cases, T1DM pathophysiology195. Each model, discussed 
hereafter, serves a distinct purpose, such as elucidating engraftment 
mechanisms (mice), studying subdermal devices (pigs) and predict-
ing outcomes in humans (NHPs). Their combined use is required to 
obtain a comprehensive and complementary assessment of therapeutic 
interventions for T1DM (Box 2).

Immunocompromised and immunocompetent rodent models
Inbred and transgenic mice are excellent and readily available model 
systems that faithfully recapitulate the in vivo homeostasis of islet 
grafts observed in larger mammals, including humans196. Combin-
ing immunodeficient scid, Rag1null or Rag2null mouse strains that bear 
mutations within the Il2rg chain eliminates mouse T cells, B cells and 
natural killer (NK) cells197. These severely immunodeficient mice sup-
port the transplant of human cadaveric islets, stem cell-derived islets 
and porcine islets, and are used to test the survival and functionality of 
the implanted populations14,196. Fully immunocompetent mouse models 
(such as C57BL/6 and BALB/C mice) have been used to evaluate the abil-
ity of genome engineering, drug and/or biomaterial or encapsulation 
approaches to confer protection from immune destruction186,189,198,199. 
NOD mice are fully immunocompetent and develop spontaneous dia-
betes, providing a platform to test autoimmune interactions and thera-
peutic interventions200. However, investigators must consider various 
inherent species differences between NOD mice and humans with T1DM 
(including incidence rates, peri-insulitis, immune cell infiltration and 
autoantigens); extrapolating preclinical findings to the clinical setting 
without proper validation should be avoided200. To study the T cell 
epitope repertoire in humans, researchers developed HLA-restricted 
mouse T cells201,202. HLA-matched islet grafts are attacked by autoim-
mune T cells, providing a powerful model to study autoimmunity203. 
Indeed, although some studies have found that overexpression of the 
immune checkpoint inhibitor PDL1 can provide effective protection 
from xenogeneic immune destruction190, this strategy is not successful 
using this humanized mouse model182.

Rat models of T1DM provide versatility through spontaneous, 
chemically induced and genetically manipulated variants. Chemically 
induced models (streptozotocin and alloxan) are cost-effective and reli-
able, yield diverse outcomes based on dosage204, and can capture some 
T1DM complications, including neuropathy205. Sprague–Dawley rats 
with cyclophosphamide-induced diabetes are employed for studying 
diabetes pathogenesis206. The BioBreeding (BB) rat model, LEW.1AR1/-
iddm, and Buffalo rats closely emulate T1DM autoimmune models, 
although BB rats exhibit lymphopenia not found in humans207. BB rats 
feature pancreatic insulitis and express the RT1 B/Du class II allele. 
Induction methods involve Treg cell depletion, Toll-like receptor ligation 
and viral infections208. The LEW.1WE1 rat model also develops sponta-
neous diabetes, while the modified LEW.1AR1/Ztm0Dock7m+ rat and 
Worcester Founder rats have been used to study T1DM susceptibility 
genes209. For studies on subcutaneous devices, rat models are often 
preferred over mouse models because of the thick subcutaneous fat 
layer that more closely resembles the characteristics of human skin. 
Moreover, these models are useful in early valuation of encapsulation 
devices given their larger size and longer diffusion distances.

Humanized mouse models
Humanized mouse models are being used to study β cell replacement 
therapies and the immunogenicity of β cells210,211, including β cell 

Box 2 | Animal models for the development 
of β cell replacement products
 

Immunocompetent mouse or rat models
	• Study islet metabolism and function
	• Monitor rejection of islet allografts
	• Model autoimmune diabetes
	• Test immunotherapies
	• Evaluate encapsulation strategies

Porcine models
	• Evaluate islet transplant sites
	• Study pancreatic development
	• Test islet function in vivo
	• Monitor rejection of islet allografts
	• Source of islets for transplantation

Non-human primate models
	• Biological complexity and physiological similarity to humans
	• Test cross-reaction of biological agents and immunotherapies
	• Enable clinical-trial-like study designs
	• Monitor rejection of islet allografts

Humanized mouse models
	• Model transplantation of human, porcine or stem cell-islet grafts
	• Monitor rejection of islet allografts
	• Potential to model human autoimmune diabetes
	• Evaluate encapsulation strategies
	• Test immunotherapies
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function and safety, immune interactions, therapeutic interventions to 
prevent rejection, encapsulation strategies and genetic modifications 
of β cells to enhance cell function and survival193. Humanized mouse 
models are based on immunodeficient mouse strains discussed 
above. An advantage of humanized models is their ability to support 
engraftment of functional human immune systems by injection of 
human peripheral blood mononuclear cells (PBMCs), haematopoietic 
stem cells or thymus and/or liver tissues212. The immunogenicity of 
the transplanted islets can be directly assessed in humanized mice 
engrafted with human immune systems that are either mismatched 
with the islets to study alloreactivity213 or from an autologous donor 
to study autoreactivity214. In the context of alloreactivity, humanized 
mice have been used to test immunotherapeutics, chimeric antigen 
receptor Treg cells and effector cells, encapsulation strategies and 
genetic modification to prevent rejection189,197,215–217. The study of auto-
immune responses is a challenge in humanized mice, but implantation 
of human iPSC-derived islets and engraftment of PBMCs from the 
autologous donor might enable the study of autoimmune T1DM186. 
In addition, the expression of autoreactive T cell receptors in human 
T cells is being used as a surrogate to study autoimmunity against 
implanted human islets218. Limitations of humanized mouse models 
include strain selection, development and maintenance of specific 
immune cells in vivo, graft-versus-host disease (GVHD), limited experi-
mental timeframes, technical aspects for cell and tissue implantation, 
and overall cost.

Porcine models
Regulatory agencies are likely to require large, non-rodent animal 
model studies before evaluating islet transplantation in humans. 
Humans and pigs are omnivorous mammals with similar physiology 
and metabolic diseases, including type 2 diabetes mellitus, obesity, 
insulinopathy and β cell stress219. The immune system of pigs also has 
many similarities to that of humans, including immune cell subsets, 
trafficking and organization of lymphoid tissues220. Porcine metabolism 
is also more closely related to human metabolism than is NHP metabo-
lism, making pigs a highly human-relevant model for islet transplanta-
tion studies221. Moreover, pig skin resembles human skin more closely 
than that of rodents or NHPs, making porcine models more appropriate 
for testing subcutaneous cell transplantation. Feasibility studies sup-
port the use of a porcine islet transplant model in preclinical studies.  
A porcine model of diabetes222 has been successfully used to assess the 
feasibility of neonatal porcine islet grafts to reverse hyperglycaemia in 
allogeneic recipients223. Non-diabetic pigs have been used to assess the 
survival of allogeneic porcine islets transplanted into the subcutane-
ous space created using polymer scaffolds224,225. Pigs have also been 
used as a model for islet cell development that is relevant to human 
pancreatic development226.

Non-human primate models
Given the genetic, physiological and behavioural parallels between 
NHPs and humans, NHPs are often the preferred translational model 
for exploring intricate biological systems and disease processes227. 
This is especially true in comprehending the immune response that 
mirrors the complexities of human immunity and mimics the physiol-
ogy of transplantation228. NHP models have had a crucial role in T1DM 
research229, particularly in islet transplantation, making substantial 
contributions to successful strategies aimed at preventing organ rejec-
tion by evading immune surveillance or establishing immune tolerance. 
The immune system of NHPs is typically required to bridge promising 

studies in rodents to applications in humans230,231. This is evidenced 
by the successful translation of new immunosuppressive drugs, such 
as alemtuzumab and belatacept, and regimens that foster immune 
tolerance from NHP studies to clinical applications227.

NHPs are particularly pertinent in addressing the ongoing short-
age of organ donors and exploring innovative cell sources, such as 
grafts from pigs or the utilization of stem cells. The pig-to-NHP xeno-
graft model has provided researchers with a deeper understanding 
of the fundamental biological differences between pigs and primates 
that influence graft rejection, emphasizing the insufficiency of conven-
tional immunosuppression in the xenograft context232,233 and revealing 
targets necessary for success (such as blockade of the CD40–CD154 
co-stimulatory pathway)234. Similarly, NHP modelling has also facili-
tated the identification of targets for gene editing as an intervention 
strategy179,234. NHP models can be leveraged to enable longitudinal 
studies of transplant function and risk, addressing persistent chal-
lenges in optimizing dosage, control over the immune response and 
delivery9. The striking similarity between NHPs and humans in terms 
of environmental exposures, size, drug effects and long lifespan places 
them among the most rigorous, informative and predictive non-clinical 
models for integrative studies in transplantation235.

Guide to clinical translation
Consensus on preclinical testing
Harmonizing assessment protocols is essential for clear and direct com-
parison of results to accelerate the development of β cell replacement 
therapies. Stem cell-derived β cell preparations should be carefully 
characterized by assessing cell composition and functional properties 
and benchmarking against the latest state-of-the-art protocols. Cur-
rently, these protocols, which entail differentiation over 24 days and 
maturation over 6 weeks in culture, generate cell populations consisting 
of ~40% monohormonal insulin-positive cells, 40–50% monohormo-
nal glucagon-positive cells, 5% somatostatin-positive cells and 5–15% 
enterochromaffin cells14,15,23,32,117,236–238. Functional assessments should 
include insulin content as well as glucose-stimulated insulin secretion 
assays to determine responses to changes in environmental glucose 
levels and exposure to other secretagogues (such as exendin-4, tolbuta-
mide and KCl). Dynamic perfusion assays are preferred, as these provide 
insights into the kinetics of insulin secretion. The research commu-
nity should be consistent in secretagogue concentrations used during 
testing to enable clear and direct comparisons, with 3 mM and 16 mM 
glucose for low-glucose and high-glucose buffers, respectively, as is 
frequently observed in the literature. Additionally, stem cell-derived 
β cell preparations should be evaluated for measurements of ion chan-
nel conductance, cytoplasmic calcium ions, cAMP concentrations and 
exocytosis to determine whether cells have acquired the machinery 
required for glucose-responsive insulin secretion.

Rodent studies are the first step in testing and validating various 
approaches in vivo. For cell delivery devices and other biomaterial-
based strategies for cell survival, vascularization and engraftment, 
biocompatibility should be tested alone (without cells), followed by 
histological evaluation of tissue responses. Next, syngeneic immuno-
competent rodent models should be used to analyse innate immune 
responses and engraftment in cell transplantation without the con-
founding aspects of adaptive immune rejection. Here, key analyses 
include assessment of fibrosis via Masson’s trichrome staining, 
diabetes reversal timing and rate, and necessary cell dosages to 
achieve normoglycaemia. Intraperitoneal glucose tolerance tests 
(IPGTT) and glucose area under the curve (AUC) analysis should be 
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performed. Detailed imaging to quantify functional vascularization, 
vessel density and branching, and integration with host tissues are 
also crucial.

To evaluate immune protection or immune tolerance, short-term 
(30–45 days) syngeneic rodent models should confirm no negative 
effects on engraftment and function (no-harm studies), followed by 
efficacy assessment in discordant allogeneic models over a minimum 
of 100 days. Key outcomes remain diabetes reversal and cell dose 
efficacy, confirmed using IPGTT and glucose AUC analysis. Further, 
mechanistic studies characterizing immune response dynamics, donor 
tissue sensitization, third-party immune challenge response, and 
evaluation of local and systemic effects are vital. To increase robust-
ness and evaluate immune protection approaches in the context of 
autoimmunity, syngeneic transplants in the NOD model can be used. 
For both autoimmunity and alloimmunity, allogeneic transplants in 
spontaneously diabetic NOD mice can be used. Humanized mouse 
models can also be used when testing immune protection strategies 
incorporating human cells but, given their limitations due to lack of 
certain immune cell compartments (that is, NK cells) and GVHD, these 
studies should be complemented by other in vitro testing.

As various cell delivery and immune protection strategies prove 
successful in rodents, the assessments described above should also be 
performed in larger animals, such as pigs or NHPs. to enable translation 
towards the clinic. Immune protection strategies should be assessed 
in these models for at least 6 months. Testing human cells in immuno
competent animal models might not be necessary as it introduces 
confounding factors related to xenogeneic immune responses. In 
fact, studies in immunocompromised animals demonstrating safety 
and efficacy of the complete combination product using human 
cells, along with complementary data in immunocompetent models 
using allogeneic cells, may suffice. Finally, developers should engage 
with regulators early to discuss their development plans and obtain 
feedback.

Roadmap for β cell replacement products
To create a complete β cell replacement product, three main elements, 
discussed extensively above, must converge: one, a renewable source 

of insulin-producing cells; two, a cell delivery strategy that ensures sur-
vival, engraftment and function of these cells; and three, an approach 
to prevent long-term immune rejection of the transplant. Achieving all 
of these concurrently in a first-generation product poses considerable 
technical and regulatory challenges. Despite these hurdles, realis-
tic near-term and long-term projections of likely β cell replacement 
products can be made to guide their development as the field pushes 
towards an aspirational product. To this end, Breakthrough T1D (for-
merly JDRF), the world’s largest non-profit funder of T1DM research 
and a key advocacy group for the T1DM community, has worked closely 
with key opinion leaders to outline a developmental roadmap (Table 1). 
This plan envisions the evolution of a series of products over a multi-
stage development pathway and patient segments. Each product is 
expected to offer the optimal balance of benefits to risks for a targeted 
population and to present viable market opportunities for cell therapy 
among the individuals of that population239. In this phased approach, 
each product is anticipated to add complexity and surpass the previ-
ous version by improving glycaemic control and immune protection, 
thus reducing the need for systemic immunosuppression, extending 
graft longevity and expanding the population that is eligible to receive 
these therapies.

Cadaveric islet transplantation, approved in the USA, Europe and 
Australia, relies on donor islets and chronic systemic immunosuppres-
sion to protect islets from immune rejection, limiting the patient popu-
lations that could benefit from and have access to this therapy. Vertex’s 
VX-880 clinical trial has shown encouraging results17 and represents a 
first-generation β cell replacement product in which cadaveric islets are 
substituted by human stem cell-derived islets, with immune protection 
still achieved via chronic systemic immunosuppression. Approaches 
to provide immune protection, including encapsulation or immuno
modulation, will be introduced to eliminate the need for systemic 
immunosuppression to advance towards second-generation products. 
These second-generation products entailing cell encapsulation must 
overcome challenges with FBR and limited mass transfer. Advances 
are focusing on integration with genetically modified immune-evasive 
cells. As the field progresses in the development of immune protection 
strategies and immune evasive cell sources, alternative transplantation 

Table 1 | Proposed iterative developments of β cell replacement products

Current islet 
transplantation

First-generation naked β 
cell therapy

Second-generation β cell 
therapy: encapsulation

Second-generation β cell 
therapy: other protections

Future β cell therapy

Product schematics

Pancreas

Donor islet Stem cell 
islet

PSCs

Microencapsulation

Sca�old

Cell source Donor islet transplant Renewable source Renewable source Renewable source Renewable source

Immune suppression Broad suppression Broad suppression No broad suppression Reduced/no broad 
suppression

No broad suppression

Glycaemic control Improved (HbA1c, 
hypos, TIR)

Improved (HbA1c, 
hypos, TIR)

Improved (HbA1c, 
hypos, TIR)

Improved (HbA1c, 
hypos, TIR)

Physiological glucose 
regulation restored

Daily insulin 
requirement

50–100% reduction 50–100% reduction 70–100% reduction 70–100% reduction 100% reduction 
(insulin independence)

Duration of efficacy Variable 6–24 months 6–24 months 6–24 months >24 months

hypos, hypoglycaemic events; PSC, pluripotent stem cell; TIR, time in range.
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sites for insulin-producing cells, such as subcutaneous or omental 
implantation, must be explored to improve cell survival and function 
and mitigate risk by enabling facile monitoring and graft retrieval in 
case of adverse events in second-generation and third-generation 
(aspirational) products.

Ultimately, the goal is to make a reproducible and safe product 
capable of restoring physiological blood glucose control and insulin 
independence for a prolonged period (10+ years) without the use of sys-
temic immunosuppression. As product developers work towards these 
challenging goals, it will be critical to carefully define the therapeutic 
concepts and target product profiles240. Target product profiles are 
meant to delineate the intended use and product indication, the target 
patient population, desired product attributes, anticipated outcomes 
and efficacy measures, and potential risks and side effects. These will 
be crucial for assessing market potential, guiding development and 
framing submissions for regulatory approval.

Future perspectives and challenges
The past decade has witnessed substantial progress in cell transplan-
tation for T1DM management5, with stem cell-derived islets offering 
hope for a clinically viable breakthrough. Several consortia includ-
ing the DRIVE Consortium241, the Beta Cell Therapy Consortium242, 
and the Breakthrough T1D Beta Cell Replacement Consortium243 have 
been established across Europe and North America to gather experts 
from various relevant fields from both industry and academia and 
to foster a comprehensive understanding of the complex challenges 
involved. These consortia enable the exchange of information, rea-
gents and methods as well as the establishment of critical collabora-
tions between teams with the complementary expertise needed to 
accelerate progress. Moreover, these consortia enable the pairing and 
integration of complementary technologies early in development to 
explore potential synergies that might lead to products that can deliver 
superior outcomes. Through this collaborative approach, researchers 
can overcome barriers more efficiently.

Transplantation of alginate microencapsulated cadaveric islets is 
probably at the forefront for clinical testing, not because of superiority, 
but due to their extensive research foundation and regulatory align-
ment, which could benefit from the precedent set by the approval of 
donislecel244. Although this method could be clinically accepted, it does 
not resolve the challenge of donor islet shortage or limited efficacy 
after prolonged periods. Renewable β cell sources are transitioning into 
advanced clinical evaluation. Novel technologies, such as CRISPR–Cas9 
could further tailor these renewable cell sources to thrive in challenging 
anatomical sites, increasing their robustness.

In parallel, emerging approaches are refining cell delivery strate-
gies, aiming at modulating anti-β cell immune responses while enhanc-
ing resistance to hypoxic conditions at implantation sites. These 
innovations are directed towards incorporating hypoimmunogenic 
cells within biomaterials, devices or scaffolds, coupled with the delivery 
of localized immunosuppressive agents. Additionally, the demon-
strated ability to generate and sustain a patent vascular network in 
tissues, achieving enhanced partial oxygen pressure with respect to the 
native tissue microenvironment, has highlighted the relevance of subcu-
taneous cell deployment. As such, subcutaneous islet transplantation, 
which promises minimally invasive and reversible treatment options, 
is likely to remain a focal point in the development of novel encapsula-
tion devices. In case of malfunction, infections or failure of the graft, 
subcutaneous systems can be safely removed and replaced. Achieving 
normoglycaemia through subcutaneous cell transplantation without 

systemic immunosuppression, multiple daily exogenous insulin injec-
tions, and risk of hyperglycaemic or hypoglycaemic events would rep-
resent an enormous improvement in the quality of life for individuals 
with T1DM. Patients would be relieved of continuous self-monitoring 
of glucose levels and the stress of insulin administration.

Complex biomimetic approaches are being actively investigated as 
the next generation of cell therapeutics for T1DM. Cell therapy strate-
gies aim to closely replicate and restore the natural functions of dys-
functional tissue or cells, which ideally involves engrafting therapeutic 
cells within a microenvironment that not only mimics the healthy native 
organ but is also situated in the organ’s natural anatomical location. 
For T1DM, the optimal scenario would be to transplant islets within 
their niche in the pancreas, but owing to access and retrievability 
concerns, alternative sites have been targeted. Although the pursuit of 
such biomimetic approaches is scientifically and theoretically appeal-
ing, the search for a widely applicable clinical solution must find a 
compromise between the ideal and the practical. Achieving a balance 
that accounts for technological feasibility, surgical viability, efficacy 
and off-target effects, patient comfort and acceptance, the regulatory 
pathway, health-care economics and economic sustainability, requires 
a carefully engineered approach. To this end, reaching a consensus, 
harmonizing methods, identifying success criteria and leveraging 
animal models to evaluate different technologies under development 
will significantly accelerate progress.

Conclusions
Substantial advances have been made in cell transplantation for the 
treatment of T1DM since the Edmonton protocol, including the identi
fication of potential renewable cell sources and safer, more effective 
immune-protective delivery methods and sites. Ideally, insights gained 
from each of the developments and technologies discussed in this 
Review can be appropriately and optimally integrated to yield a final cell 
product that is universally applicable to a large population of individu-
als with T1DM. Furthermore, innovations in this front can be truly trans-
formative if they can also address the challenge of universal accessibility 
in the context of socioeconomic and geographic disparities.

Published online: 3 September 2024
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