ISLET TRANSPLANTATION

Lorenzo Piemonti, MD Professor, Diabetes Research Institute, IRCCS Ospedale San Raffaele and Vita-Salute San Raffaele University, Milan, Italy. E-mail: piemonti.lorenzo@hsr.it

Updated September 15, 2025

ABSTRACT

Transplanting islets of Langerhans consists of the infusion of purified endocrine pancreatic tissue, typically into the hepatic portal system of the recipient. The field of islet transplantation has evolved significantly since the pioneering experiments of Minkowski and von Mering in 1882, with remarkable acceleration over the past four decades thanks to continuous improvements in islet isolation, transplantation techniques, patient management, and immunosuppressive strategies. Restoration of beta-cell function can be achieved by transplantation of allogeneic islets in both non-uremic patients (Islet Transplant Alone, ITA) and those with end-stage renal disease (Simultaneous Islet-Kidney, SIK; Islet-After-Kidney, IAK). Clinical trials and registries have demonstrated long-term sustained function and improved metabolic control, even in recipients requiring exogenous insulin due to suboptimal islet mass or progressive graft dysfunction. Preservation of endogenous insulin secretion is consistently achieved in recipients of islet autografts, a therapeutic option particularly valuable for individuals undergoing total pancreatectomy for non-malignant diseases and, more recently, for selected neoplastic conditions. The clinical and scientific recognition of islet transplantation has been reinforced by regulatory milestones, including the 2023 FDA licensure of allogeneic islets (donislecel-jujn, Lantidra) in the United States and the publication of harmonized good practice guidelines by the European Directorate for the Quality of Medicines (EDQM, 2024). In parallel, long-term outcome data from national cohorts confirm durable graft survival beyond 20 years in a subset of recipients, with protection from severe hypoglycemia in nearly all cases. In addition, islet transplantation represents a powerful platform for the development of next-generation β-cell replacement strategies, including stem cell–derived islets, encapsulation technologies, and genetically engineered cell products. These innovations are expected to broaden access and reduce the need for chronic immunosuppression. In this chapter, we review the current state of clinical islet transplantation and discuss future perspectives in the field.

[bookmark: _Hlk208343191]INTRODUCTION

Diabetes affects 589 million adults (20-79 years) throughout the world (2024) and this number will rise to 853 million by 2050. Diabetes was responsible for 3.4 million deaths in 2024 – 1 every 9 seconds. Diabetes caused at least USD 1 trillion dollars in health expenditure – a 338% increase over the last 17 years.(IDF Diabetes Atlas 11th edition, https://diabetesatlas.org/). Many cases are managed with lifelong insulin therapy and blood glucose monitoring. Over recent decades, advances in insulin formulations (ultrafast and long-acting analogues) and the adoption of intensive diabetes management (continuous subcutaneous insulin infusion and continuous glucose monitoring) have improved glycemic control and reduced the incidence of chronic complications (1-4). Despite these advances, exogenous insulin therapy rarely achieves physiological glucose homeostasis. A majority of individuals with diabetes fail to attain recommended HbA1c targets (5-10), remain at risk for microvascular and macrovascular complications, and continue to experience reduced life expectancy compared with the general population (11-14). A large international study of 324,501 people with type 1 diabetes (T1D) from 19 countries showed that the proportion of patients achieving HbA1c <7.5% varied from only 15.7% to 46.4% in children <15 years, from 8.9% to 49.5% in adolescents and young adults aged 15–24 years, and from 20.5% to 53.6% in adults ≥25 year (15). Diabetes remains one of the leading causes of end-stage renal disease, blindness, and non-traumatic lower-limb amputation (2, 16). The most physiological treatment for insulin-deficient diabetes—T1D, type 3c diabetes, and selected cases of type 2 diabetes—is restoration of lost β-cell mass, capable of both sensing blood glucose and releasing insulin into the portal circulation. Currently, the only clinically available approaches to restore β-cell mass are allogeneic or autologous β-cell transplantation, via either vascularized pancreas or isolated islet transplantation (17, 18). Over the past three decades, clinical trials have shown that both procedures can restore physiological endocrine secretion and achieve superior metabolic outcomes compared with exogenous insulin therapy (17). Islet transplantation consists of the infusion of isolated pancreatic islets, with variable purification, into the hepatic portal system. Compared with whole pancreas transplantation, islet transplantation is less invasive, avoids major surgery, and is associated with lower perioperative morbidity. The field has progressed remarkably since the first experimental attempts of Minkowski and von Mering in 1882 (19), with dramatic acceleration in the past four decades through continuous refinement of islet isolation, transplantation techniques, patient selection and management, and immunosuppressive strategies. Recent milestones include the 2023 FDA approval of allogeneic human islets (donislecel, Lantidra) as a treatment for patients with T1D and recurrent severe hypoglycemia (20), and the writing of revised European Good Practice Guidelines (European Directorate for the Quality of Medicines & HealthCare (EDQM). Guide to the Quality and Safety of Tissues and Cells for Human Application, 5th edition. Strasbourg: Council of Europe, 2025) harmonizing standards for donor selection, islet processing, and transplantation. Long-term outcome studies from national registries and single centers confirm durable graft survival and protection from severe hypoglycemia for up to two decades (21-28).

Finally, islet transplantation serves as a crucial platform for the next generation of β-cell replacement therapies, including stem cell–derived islets, genetically engineered immune-evasive products, encapsulation technologies, and precision immunotherapy. These advances are expected to broaden indications and accessibility in the coming years. In this chapter, we will review the state-of-the-art of clinical islet transplantation and its future perspectives.

WHEN TO CONSIDER ISLET TRANSPLANTATION?

Transplantation of pancreatic islets may be considered as a therapeutic option in several conditions associated with loss of β-cell mass and function (Table 1 and 2).

Allogeneic Islet Transplantation

Allogeneic islet transplantation is primarily indicated for individuals with type 1 diabetes complicated by recurrent severe hypoglycemia, hypoglycemia unawareness, or glycemic lability despite intensive insulin therapy. Clinical trials and international guidelines support consideration of islet transplantation for adults aged 18–65 years (with possible extension after risk–benefit assessment) who meet at least one of the following:

· Recurrent metabolic instability (hypoglycemia, hyperglycemia, ketoacidosis) despite optimized therapy (29, 30).
· Hypoglycemia unawareness (<54 mg/dL) (31-33).
· Severe metabolic lability (mean amplitude of glycemic excursion >200 mg/dL or 11.1 mmol/L) (34).
· Progressive microvascular complications (26-28).
· Psychological or cognitive barriers compromising insulin management (30, 32)
· Severe insulin resistance requiring intraperitoneal or intravenous insulin (32).
· Concomitant immunosuppression for other indications (e.g., prior kidney transplant) (30).

Allogeneic islet transplantation may be performed as Islet Transplant Alone (ITA) in non-uremic subjects, or in patients with end-stage renal disease as Simultaneous Islet–Kidney (SIK) or Islet-After-Kidney (IAK) transplantation. In selected cases, islet transplantation can be performed as part of multi-organ procedures (e.g., multivisceral transplantation, cystic fibrosis with lung–liver–pancreas involvement).

Recent phase 3 trials (CIT-07, CIT-06, TRIMECO, REP0211) demonstrated that human islets transplanted into patients with unstable T1D can achieve HbA1c <7% without severe hypoglycemia in 60–90% of cases, with insulin independence in 40–60% at 1 year (29, 33, 34). Long-term follow-up from national cohorts confirms durable graft function: 32% insulin independence at 5 years and 8% at 20 years in Canada (26); ~50% graft survival at 20 years in Italy (27); and reduced diabetes-related outcomes without increased cancer risk in France (28).

	Table 1. Indication for Islet Transplantation

	Type
	Clinical Setting
	Indication(s)
	Notes

	Allogeneic Islet Transplantation
	Islet Transplant Alone (ITA)
	Adults (18–65 y, extendable after risk–benefit assessment) with type 1 diabetes and: 
• Recurrent severe hypoglycemia (SHE) 
• Hypoglycemia unawareness 
• Severe glycemic lability despite optimal therapy 
• Progressive microvascular complications 
• Psychological or cognitive barriers to insulin therapy 
• Severe insulin resistance requiring intraperitoneal/IV insulin
	Requires lifelong immunosuppression. Main goal: eliminate SHE and improve quality of life. Approved/reimbursed in several European countries. FDA licensed product donislecel-jujn (Lantidra, 2023).

	
	Islet After Kidney (IAK)
	Patients with T1D and prior kidney transplant already under immunosuppression
	Improves glycemic stability and reduces diabetes burden without additional immunosuppressive risk.

	
	Simultaneous Islet–Kidney (SIK)
	Patients with T1D and ESRD requiring kidney transplantation
	Islet graft protects from SHE and improves metabolic control alongside renal graft.

	
	Multi-organ or special situations
	• As part of multi-visceral transplantation (e.g., liver–lung–pancreas, cystic fibrosis). 
• Patients under chronic immunosuppression for other conditions (e.g., autoimmune disease).
	Decision facilitated since immunosuppression is already indicated.

	Autologous Islet Transplantation (IAT)
	Chronic Pancreatitis
	Total pancreatectomy for intractable pain unresponsive to medical/endoscopic therapy
	>1,200 cases performed; ~70% insulin independence if >250,000–300,000 IEQ recovered; 
>80–90% maintain C-peptide positivity.

	
	Recurrent Acute Pancreatitis
	Total pancreatectomy in patients without reversible cause
	Prevents post-surgical brittle diabetes.

	
	High-risk Pancreatic Surgery
	• Completion pancreatectomy for pancreatic fistula 
• Extended distal pancreatectomy for neoplasms • Pancreaticoduodenectomy at high risk for fistula
	Randomized trial (NCT01346098) confirmed TP-IAT is valid alternative to PD; ongoing TPIAT-01 trial in pancreatic adenocarcinoma.

	
	Selected Neoplastic Indications
	Highly selected patients with periampullary cancer or borderline resectable lesions (Milan protocol)
	Multifocal or diffuse neoplastic disease remains a contraindication outside research settings.

	
	Traumatic Pancreatic Injury
	Severe ductal disruption requiring subtotal/total pancreatectomy
	IAT mitigates post-surgical diabetes.



Several national health agencies (Switzerland, UK, Sweden, France, Italy, Belgium, Poland) have now approved allogeneic islet transplantation as a reimbursed therapy for selected patients (20, 35). In the United States, the FDA licensed the first human islet product (donislecel, Lantidra) in 2023 for patients with recurrent severe hypoglycemia (20).

	Table 2. Comparison of Allogeneic vs Autologous Islet Transplantation

	Domain
	Allogeneic Islet Transplantation
	Autologous Islet Transplantation

	Cell source
	Islets from deceased donors (DBD or DCD), retrieved via multi-organ donation; ABO-compatible; negative cross-match; DSAs acceptable if low titer
	Islets isolated from the patient’s own pancreas at subtotal/total pancreatectomy

	Donor / procurement
	Donor evaluation per pancreas Tx criteria; exclusion of T1D, stringent ischemia limits (warm <30–60 min; cold <24 h)
	Pancreas resection during indicated surgery (chronic pancreatitis, recurrent acute pancreatitis, trauma, selected neoplasia); ischemia <1 min ideal

	Islet dose requirement
	≥10,000 IEQ/kg body weight (cumulative, often multiple infusions; pooling from ≥2 donors common)
	≥2,500–5,000 IEQ/kg desirable; metabolic benefit even with lower yields if C-peptide preserved

	Immunosuppression
	Required lifelong (induction + maintenance: calcineurin inhibitors, costimulation blockers, mTOR inhibitors, ±belatacept)
	Not required; cells are autologous

	Regulatory / reimbursement
	• FDA approved (donislecel-jujn, 2023) for recurrent SHE • Reimbursed as standard-of-care in CH, UK, SE, FR, IT, BE, PL 
• Harmonized criteria EDQM 2024
	• Reimbursed in USA and several EU countries (e.g. Italy, UK, FR) as adjunct to TP 
• Performed in both adults and children 
• EDQM 2024 includes explicit GPG

	Indications
	T1D with: 
• Recurrent SHE 
• Hypoglycemia unawareness 
• Severe metabolic lability 
• Progressive complications 
• Pre-existing immunosuppression (IAK/SIK)
	• Chronic pancreatitis with intractable pain 
• Recurrent acute pancreatitis 
• High-risk surgery (completion TP, PD with high fistula risk, extended distal resection) 
• Selected neoplasia (periampullary, Milan protocol) 
• Trauma with ductal disruption

	Contraindications
	• Severe CVD (NYHA III/IV) 
• Advanced CKD without Tx option 
• Portal hypertension/liver disease 
• Active infection/malignancy 
• Poor adherence/psychiatric disease
	• Multifocal or diffuse neoplasia (MEN1, IPMN, widespread carcinoma) 
• Severe frailty/systemic illness precluding surgery

	Outcomes – metabolic
	• HbA1c <7% in 60–90% 
• SHE elimination in >90% • 40–60% insulin independence at 1 yr 
• ~50% graft survival at 20 yrs (Canada, Italy, France cohorts)
	• 70% insulin independence if >300,000 IEQ transplanted 
• >80–90% maintain detectable C-peptide long term 
• Pediatric patients have superior rates of insulin independence

	Outcomes – complications
	• Procedural severe complications <2% • Immunosuppression → renal decline, infection risk • Cancer risk not increased in long-term French cohort (Perrier 2025)
	• Main risk is surgical morbidity of TP 
• Diabetes burden mitigated by IAT 
• Improves QoL, allows adjuvant oncologic therapies in selected cancer cases

	Durability
	Long-term insulin independence rare beyond 10 yrs; partial graft function often persists 15–20 yrs
	Long-term C-peptide secretion common; partial insulin independence can last >10 yrs if yield adequate

	Follow-up requirements
	Lifelong immunosuppression monitoring; metabolic, renal, immune surveillance; antibody testing (DSAs, autoimmunity)
	Standard post-pancreatectomy follow-up; metabolic monitoring; no immune surveillance required

	Registries
	CITR (NA, EU, AUS); EPITR (Europe); ANZIPTR (Australia/NZ); NHS-BT (UK)
	CITR (autograft arm, ~1,200 cases); national cohorts (Minnesota, Cincinnati, Leicester)

	Research frontiers
	Stem cell–derived islets (Vertex VX-880, Sana VX-264, ViaCyte); encapsulation; gene-edited hypoimmunogenic islets; Treg therapy
	Expanded oncologic/surgical indications; pediatric outcomes; optimization of isolation and preservation



Autologous Islet Transplantation

Autologous islet transplantation (IAT) is indicated for patients undergoing subtotal or total pancreatectomy, particularly for:

· Chronic pancreatitis with intractable pain unresponsive to medical or endoscopic therapy (36-38).
· Recurrent acute pancreatitis without reversible cause (36).
· High-risk pancreatic surgery, including pancreaticoduodenectomy at risk for severe fistula, extended distal pancreatectomy for neoplasms, or completion pancreatectomy for pancreatic fistula (39).
· Selected neoplasms: in highly selected cases, IAT has been performed for periampullary cancer or borderline resectable neoplasms (40, 41). Multifocal or diffuse neoplastic disease (e.g., MEN, IPMN) remains a contraindication outside research settings (42).
· Traumatic pancreatic injury requiring subtotal or total pancreatectomy (43-45).

Since its introduction in the 1970s, >1,200 autologous islet transplants have been performed worldwide. Large series from Minnesota, Cincinnati, and Leicester confirm that when adequate islet mass is recovered (>250,000–300,000 IEQ), ~70% of patients can achieve insulin independence, while >80–90% maintain detectable C-peptide secretion and metabolic stability (46). Even with lower islet yields, IAT mitigates surgical diabetes and improves quality of life (47, 48). Recent randomized evidence (NCT01346098) demonstrated that total pancreatectomy with IAT (TP-IAT) is a valid alternative to pancreaticoduodenectomy in high-risk patients, reducing complication rates, hospital stay, and mortality, while preserving β-cell function and reducing post-surgical diabetes burden (39). A prospective trial (TPIAT-01, NCT05116072) is ongoing to evaluate whether TP-IAT facilitates access to adjuvant chemotherapy in pancreatic adenocarcinoma.

Autologous IAT is reimbursed in the United States and several European countries, and is increasingly performed in both adults and children, with particularly favorable outcomes in the pediatric setting (49, 50).

THE CONSORTIUM CONCEPT

A major development in the field of islet transplantation has been the organization of individual centers into larger cooperative networks (Figure 1 and Table 3). Examples include the GRAGIL network in France and Switzerland, the Nordic Network for Clinical Islet Transplantation (NNCIT, https://nordicislets.medscinet.com/en.aspx) in Scandinavia, and the Clinical Islet Transplant Consortium (CITC: https://www.citisletstudy.org/), primarily based in North America. These collaborations address the fundamental challenge that maintaining a clinical islet program requires not only transplantation expertise but also highly specialized infrastructure for islet isolation, cell processing, quality control, and compliance with current regulatory standards.
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Figure 1. Islet Transplant Consortium Models. A. In the “centralized” model, a regional Cell Processing Facility receives pancreata from distant donor hospitals and returns the isolated islets to the same transplant center for infusion. B. In the “shared pool” model, the centralized facility distributes isolated islets to any transplant center in the consortium, prioritizing allocation based on patient urgency and graft quality, independent of the site where the donor pancreas was procured.

Initial reports from Europe (GRAGIL, NNCIT) and North America (CITC) have demonstrated the feasibility and effectiveness of this consortium-based approach, with improved clinical outcomes and reduced per-transplant costs (51-53). More recently, the establishment of the European Pancreas and Islet Transplant Registry (EPITR) has reinforced the importance of collaborative structures for outcome reporting, regulatory oversight, and optimization of clinical practice across multiple nations (54).

	Table 3. Major Islet Transplant Consortia and Registries

	Consortium / Registry
	Geographic Area
	Organization Model
	Key Features / Outcomes
	Regulatory / Structural Notes

	GRAGIL Network
	France, Switzerland
	Centralized isolation facilities (Geneva) serving multiple clinical sites
	Pioneering European network (since 2000s). Standardized protocols. Improved donor pancreas utilization. >400 islet infusions performed.
	Supported by national health systems; template for other EU networks.

	NNCIT (Nordic Network for Clinical Islet Transplantation)
	Sweden, Norway, Denmark, Finland
	Shared GMP facilities (Uppsala, Oslo, Stockholm) distributing islets to regional transplant centers
	Long tradition of pancreas/islet collaboration. Registry-based outcome monitoring. High reproducibility of isolation results.
	Integrated within Nordic organ-sharing framework (Scandiatransplant).

	CITC (Clinical Islet Transplant Consortium)
	USA, Canada (mainly North America)
	Multicenter academic consortium with centralized protocols and distributed isolation
	Conducted pivotal phase 3 trials (CIT-06, CIT-07). Defined international efficacy/safety endpoints. FDA data package for Lantidra.
	NIH/NIDDK funded. Strong regulatory framework. Led to FDA approval (2023).

	EPITR (European Pancreas and Islet Transplant Registry)
	Pan-European
	Registry, coordinated by ESOT/EPITA, with integration of multiple national centers
	Established 2023. Provides comprehensive EU-wide data collection. Key for benchmarking and regulatory alignment.
	Designed to comply with new EU legislation (SOHO). Complements CITR.

	NHS-BT (UK National Health Service Blood & Transplant)
	United Kingdom
	National centralized program with 3 isolation facilities and multiple infusion centers
	National funding since 2008. Clear inclusion criteria, robust audit data. Several hundred patients transplanted.
	NHS approval as reimbursed therapy since 2008; NICE guidelines supportive.

	ANZIPTR (Australia and New Zealand Islet and Pancreas Transplant Registry)
	Australia, New Zealand
	National registry with reporting from Melbourne, Sydney, Brisbane, Auckland
	Provides national data on pancreas and islet transplantation. Smaller volume but high-quality reporting.
	Supports health service planning; open access data reporting.

	CITR (Collaborative Islet Transplant Registry)
	International (NA, EU, AUS centers)
	Registry established by NIDDK (2001); consolidates data from multiple centers worldwide
	>1,400 allogeneic and >1,200 autologous recipients reported. Key source for outcomes, adverse events, long-term follow-up.
	Open access; annual reports.



Establishing and sustaining such facilities demands significant financial resources, highly trained personnel, and continuous refinement of protocols. The learning curve in islet isolation and immunosuppression management is steep, and the cumulative experience of the processing team is directly correlated with clinical success (31). To overcome these barriers, regional cell processing centers integrated with multiple clinical transplant units have emerged as a cost-effective and sustainable strategy.

Within these consortia, one or more centralized facilities receive pancreata from donor hospitals, perform the islet isolation, and distribute the final islet products to participating transplant centers. This model improves cost-efficiency and standardization by:

· Concentrating expertise in a limited number of laboratories.
· Increasing donor pancreas utilization rates.
· Enhancing reproducibility of adequate islet yields.
· Reducing variability in product quality across centers.
· Facilitating multicenter trials and regulatory compliance.

ISLET TRANSPLANT ACTIVITY

The Collaborative Islet Transplant Registry (CITR)

Since its establishment in 2001 by the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK), the Collaborative Islet Transplant Registry (CITR) has provided the most comprehensive longitudinal dataset on human islet transplantation worldwide. Initially centered on North American centers and later expanded to Europe and Australia with support from the Juvenile Diabetes Research Foundation (JDRF), CITR systematically collects harmonized data on patient demographics, donor characteristics, product quality, and long-term outcomes. Its open-access annual reports (www.citregistry.org) have become a benchmark resource for clinicians, regulators, and investigators.

ALLOGENEIC ISLET TRANSPLANTATION

The 12th CITR Allograft Report (2025) documents 1,477 recipients of allogeneic islet transplantation between 1999 and 2023, across 40 centers. Most procedures were islet transplant alone (ITA, 76.8%), followed by islet-after-kidney (IAK, 17.6%), simultaneous islet–kidney (SIK, 5.2%), and rare kidney-after-islet (KAI, 0.4%). A total of 2,947 infusions were performed from 3,442 donors, with nearly three-quarters of patients requiring more than one infusion to achieve adequate islet mass.

Patients transplanted in recent eras were generally older (mean age 51 years) and had longer diabetes duration compared with earlier cohorts. Indications remained dominated by hypoglycemia unawareness and recurrent severe hypoglycemia, confirming the pivotal role of islet transplantation in eliminating this life-threatening complication.

Outcomes confirm that insulin independence is achieved in 40–60% of recipients at 1 year and ~25% at 5 years, while C-peptide positivity and protection from severe hypoglycemia are preserved in >90% of patients long term. The trade-off remains the burden of lifelong immunosuppression, associated with progressive renal decline, infection risk, and increased incidence of non-melanoma skin cancer.

AUTOLOGOUS ISLET TRANSPLANTATION

The 3rd CITR Autograft Report (2025) describes 1,320 recipients of autologous islet transplantation after total pancreatectomy. Chronic pancreatitis is the predominant indication, though increasing numbers are performed for recurrent acute pancreatitis, high-risk pancreatic surgery, trauma, and selected neoplastic conditions (Milan protocol). Notably, 187 pediatric cases were reported, with outcomes superior to adults.

Autografts are typically derived from a single pancreas, with median yields of 3,000–4,000 IEQ/kg. While overall insulin independence rates are ~30–40%, they rise to ~70% in patients receiving >250,000–300,000 IEQ. Importantly, >80–90% of patients preserve detectable C-peptide secretion long term, mitigating the burden of brittle post-surgical diabetes even when exogenous insulin is required.  Unlike allogeneic transplantation, no immunosuppression is necessary, and thus long-term safety is determined primarily by the morbidity of pancreatectomy itself rather than immunologic risks.

COMPARATIVE PERSPECTIVE

CITR highlights the contrasting logistical and biological requirements of allogeneic versus autologous transplantation. Allogeneic transplantation often requires multiple infusions and pooling of islets from several donors to reach the target threshold of ≥10,000 IEQ/kg, whereas autologous transplantation usually involves a single infusion from the patient’s own pancreas, with lower yields sufficient to preserve β-cell function.

Table 4 illustrates this difference in infusion burden and dosing requirements: while the majority of autologous recipients achieve meaningful metabolic benefit after a single infusion, allogeneic recipients typically undergo two or more infusions, reflecting both donor limitations and the need to overcome immune-mediated loss.

	Table 4. Comparative Global Islet Transplant Activity Reported to CITR (1999–2023)

	Parameter
	Allogeneic Islet Transplantation
	Autologous Islet Transplantation

	Total recipients
	1,477 (40 centers: 28 North America, 12 Europe/Australia)
	1,320 (21 centers: 15 North America, 6 Europe/Australia/Asia)

	Main indications
	Type 1 diabetes with recurrent SHEs, hypoglycemia unawareness, severe lability
	Chronic pancreatitis (majority), recurrent acute pancreatitis, high-risk surgery, selected neoplasia, trauma

	Infusions (per recipient)
	2,947 infusions total 
• 29% received 1 infusion 
• 47% 2 infusions 
• 20% 3 infusions 
• 4% 4–6 infusions
	Mostly single infusion per recipient Repeat infusions extremely rare (n=9, staged resections)

	Islet equivalents (IEQ) infused
	Median: 10,000–12,000 IEQ/kg (often cumulative over >1 donor) Multiple donor pooling common
	Median: 3,000–4,000 IEQ/kg Insulin independence when total yield >250,000–300,000 IEQ

	Donor profile
	Deceased donors (DBD/DCD) BMI 28–30 kg/m² Cause of death: CVA (61%), trauma (23%)
	Patient’s own pancreas removed at surgery (Ischemia <1 min ideal to optimize yield)

	Viability & product
	Viability 87–91% Purity >20% Sterility and endotoxin improved over time
	Viability typically >70% Purity variable (often lower acceptable due to single available organ)

	Insulin independence
	40–60% at 1 yr, ~25% at 5 yrs, rare >10 yrs, but partial function persists
	~70% if >250–300k IEQ infused, ~30–40%, overall Pediatric recipients: higher success

	C-peptide outcomes
	>70% maintain ≥0.3 ng/mL long term
	>80–90% maintain detectable C-peptide long term

	Hypoglycemia protection
	>90%, durable even with partial graft function
	Not applicable (patients are insulinopenic only after TP); IAT prevents brittle post-surgical diabetes

	Renal impact
	eGFR decline (−20 ITA; −12 IAK over 5 yrs) due to immunosuppression
	No immunosuppression required; renal function unaffected

	Malignancy / safety
	188 malignancies in 100 recipients (mainly skin cancers; ~60% immunosuppression-related) Mortality: 70 deaths (5%)
	Surgical morbidity from TP main risk IAT reduces brittle diabetes burden. No malignancy signal from therapy



Outside The Collaborative Islet Transplant Registry (CITR)

Although CITR represents the cornerstone for outcome reporting in islet transplantation, it does not fully capture the breadth of global activity. A recent international survey underscored this limitation: across 69 responding programs, 103 active centers were identified, and 94 of these in 25 countries reported allogeneic islet transplant activity between 2000 and 2020 (55). In total, 4,321 islet allotransplants were performed in 2,149 patients. The distribution of this activity was uneven, with Europe emerging as the leading region, accounting for nearly two-thirds of all reported procedures (2,608 transplants, 59.7%), followed by North America (1,475, 33.8%). Far fewer procedures were reported from Asia (135), Oceania (119), and South America (28). These figures emphasize that, while CITR has provided invaluable longitudinal data, much of the global experience—particularly from Europe—has historically remained underrepresented.

Parallel to CITR, a number of regional and national registries have developed to address this gap. In the United Kingdom, the NHS-Blood and Transplant (NHS-BT) registry has systematically tracked pancreas and islet activity since 2008, when islet transplantation was recognized by NICE as a reimbursed national therapy. NHS-BT data have been instrumental in defining inclusion criteria, monitoring longitudinal outcomes, and justifying sustained public funding of the program. In Oceania, the Australia and New Zealand Islet and Pancreas Transplant Registry (ANZIPTR) provides a publicly available platform that integrates activity and outcomes across the relatively small number of centers in Melbourne, Sydney, Brisbane, and Auckland, offering a transparent account of national practice.

Most recently, Europe has taken a decisive step with the creation of the European Pancreas and Islet Transplant Registry (EPITR), launched by The European Society for Organ Transplantation (ESOT)/European Pancreas & Islet Transplant Association (EPITA) in 2023. EPITR is designed to consolidate data from all European centers, filling a long-standing gap in reliable activity reporting for the region. Beyond simple enumeration of procedures, EPITR aims to harmonize outcome definitions with those used in CITR, to allow for meaningful comparisons, and to provide the necessary infrastructure for compliance with the new European “Substances of Human Origin” (SoHO) legislation.

Taken together, these registries complement each other: CITR provides an unparalleled longitudinal reference framework, while NHS-BT, ANZIPTR, and EPITR ensure that regional specificities are captured in greater detail. Their coexistence reflects the maturation of the field, in which accurate benchmarking and regulatory compliance are recognized as fundamental not only for scientific progress but also for sustained health system integration and reimbursement.

CLINICAL MANAGEMENT OF ISLET TRANSPLANT RECIPIENTS

The clinical management of islet transplant recipients requires the coordinated efforts of endocrinologists, transplant surgeons, and immunologists. Long-term success depends not only on the technical quality of the infusion but also on the prevention of immune-mediated graft loss, infectious complications, thromboembolic events, and metabolic stress during engraftment.

Immunosuppression

Immunosuppression remains a central component of islet transplantation, as both alloimmune and autoimmune responses contribute to graft failure, compounded by innate inflammatory activation triggered by infusion into the hepatic microcirculation. Unlike solid organ rejection, islet graft rejection occurs without clear clinical symptoms, and careful immunological and metabolic monitoring is required.

Over the past two decades, practice has evolved significantly. In the early years of the CITR registry, induction was most commonly achieved with interleukin-2 receptor antagonists, particularly daclizumab, used alone in more than half of cases. By contrast, in the most recent era reported by CITR, the majority of centers have adopted T-cell–depleting induction, often using alemtuzumab or antithymocyte globulin, sometimes in combination with tumor necrosis factor (TNF) blockade. These regimens are associated with more durable graft function and lower rates of sensitization. Maintenance therapy has also shifted. Whereas calcineurin inhibitors combined with mechanistic target of rapamycin (mTOR) inhibitors once dominated, today the most common approach is the pairing of a calcineurin inhibitor (CNI) with an inosine monophosphate dehydrogenase (IMPDH) inhibitor such as mycophenolate, representing over 60% of new cases, while the CNI+mTOR combination has fallen to around 15%. Increasing attention has been given to calcineurin-free regimens, including belatacept or other costimulation blockade strategies, with the aim of reducing nephrotoxicity. In addition, new biologics targeting pathways such as programmed cell death (PD)-1/PD-L1, CD40/CD154, or chemokine receptors are under clinical evaluation. These shifts reflect a collective effort to balance immunosuppressive efficacy with long-term safety, minimizing toxicity to both islets and host organs.

Antibiotic and Antiviral Prophylaxis

Patients undergoing islet transplantation are subject to the same infectious risks as other solid organ recipients, with added concerns about immunosuppression intensity in the early engraftment phase. Pneumocystis carinii pneumonia remains a well-recognized hazard, and trimethoprim–sulfamethoxazole prophylaxis three times weekly has become standard practice for at least the first six months post-transplant. Cytomegalovirus remains a significant risk factor for graft loss, as shown in solid organ transplantation, and prophylaxis with valganciclovir is typically prescribed during the first three months. Epstein-Barr virus monitoring has also become routine, given the potential for post-transplant lymphoproliferative disease, although this remains rare in islet recipients. Increasingly, centers rely on PCR-based monitoring of viral loads to detect early reactivation and allow preemptive treatment, reducing the risk of both systemic disease and negative graft impact.

Thromboembolism Prophylaxis

The intraportal infusion of islets exposes them to the instant blood-mediated inflammatory reaction (IBMIR), initiated by tissue factor expression and other proinflammatory mediators released from islets. This leads to platelet activation, complement cascade engagement, and formation of microthrombi within hepatic sinusoids, causing the early loss of a substantial proportion of transplanted cells. To counter this, unfractionated heparin is routinely added to the infusion solution, and low-molecular-weight heparin is administered for several days post-procedure. These measures have markedly reduced the incidence of portal vein thrombosis, now rare, but IBMIR remains a significant biological obstacle, underscoring the need for adjunctive therapies. Experimental approaches such as complement inhibition and anti-TNF therapy are under investigation for their potential to further reduce peri-transplant islet loss.

Peri-transplant Insulin Management

Islets require a period of engraftment and neovascularization following infusion, during which they are highly susceptible to metabolic stress. Intensive glycemic control in the immediate post-transplant phase is therefore essential, not only to protect against hypoglycemia but also to prevent glucotoxicity and β-cell exhaustion. Most protocols provide basal exogenous insulin during the early weeks, even in the presence of recovering endogenous secretion, with doses progressively reduced and eventually withdrawn as graft function stabilizes. Continuous glucose monitoring is increasingly employed to guide adjustments, and emerging evidence suggests that hybrid closed-loop insulin delivery systems may optimize glucose stability during this vulnerable period. Such strategies may reduce both hypoglycemic risk and metabolic stress, supporting long-term graft survival.

POST-TRANSPLANT CLINICAL MONITORING

Hematologic Monitoring

Complete blood counts, including erythrocytes, leukocytes with differential, hemoglobin, platelets, and coagulation markers, are systematically monitored after islet transplantation. These parameters are essential to detect early bone marrow suppression related to induction or maintenance immunosuppressive regimens. Anemia of mild degree is common and generally managed with iron supplementation, while clinically relevant anemia requires erythropoietin. Severe neutropenia, more frequently observed after lymphocyte-depleting induction, is promptly managed with granulocyte colony–stimulating factor (G-CSF), which permits hematologic recovery without interruption of immunosuppression.

Renal Function

Renal function is closely followed both to monitor the natural course of diabetic nephropathy and to detect nephrotoxicity induced by calcineurin inhibitors or mTOR inhibitors. Periodic assessments include serum creatinine, blood urea nitrogen, and urinalysis, with 24-hour urine collections when indicated. Estimated Glomerular filtration rate (eGFR) is calculated using standardized formulas such as Modification of Diet in Renal Disease (MDRD) or Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI). Long-term registry data confirm that progressive decline in eGFR is a significant complication of allogeneic islet transplantation, underscoring the need for preventive strategies. The use of ACE inhibitors or angiotensin receptor blockers has a proven nephroprotective effect in diabetes and is strongly recommended in transplant recipients. Hypertension, defined as blood pressure consistently exceeding 130/80 mmHg, requires pharmacologic treatment.

Lipid Monitoring

Dyslipidemia is frequently observed in the post-transplant period, particularly in recipients treated with mTOR inhibitors. Elevated lipid levels not only increase cardiovascular risk but may also create an unfavorable hepatic microenvironment, potentially impairing islet engraftment and survival. For this reason, lipid panels are monitored regularly, and statin therapy is commonly introduced with the objective of maintaining LDL cholesterol below 100 mg/dL. This approach is consistent with preventive strategies used in solid organ transplantation and is particularly relevant in the context of intraportal islet grafts.

Liver Function

Because the liver is the standard implantation site, monitoring hepatic function is an integral part of follow-up. Transient elevation of aminotransferases is frequently observed after islet infusion, reflecting embolization and localized inflammatory reaction within the hepatic sinusoids. In most cases, this phenomenon is self-limited and resolves without intervention. Ultrasonography typically reveals a transient hyperechogenic pattern of the parenchyma. Nevertheless, early imaging is essential to rule out significant complications such as portal vein thrombosis, intra-abdominal bleeding, or structural abnormalities of the parenchyma that might compromise graft function.

Immune Monitoring

Immune surveillance after islet transplantation is conducted according to principles established in solid organ transplantation. Panel reactive antibody testing is performed to evaluate allo-sensitization against HLA class I and II antigens. Adequate maintenance of immunosuppression generally prevents donor-specific antibody formation, but interruptions due to infection, toxicity, or drug conversion may lead to alloantibody development and eventual graft dysfunction. A distinctive feature of islet transplantation in type 1 diabetes is the risk of autoimmune recurrence. Autoantibody titers against glutamic acid decarboxylase-65 (GAD65), islet antigen-1 (IA-2), insulin, and more recently zinc transporter-8 (ZnT8) are monitored longitudinally, as seroconversion or rising titers have been associated with lower rates of insulin independence and shorter graft survival. Parallel development of assays for autoreactive T cells provides an additional tool to detect early autoimmune recurrence and may in the future support timely immunologic interventions aimed at preserving islet function.

MONITORING ISLET GRAFT FUNCTION

The assessment of islet graft function relies on a broad spectrum of metabolic measurements that, when considered together, provide a reliable picture of β-cell activity after transplantation (Table 5). Since candidates for transplantation are individuals with type 1 diabetes and undetectable stimulated C-peptide before the procedure, the appearance of measurable C-peptide secretion is the clearest biomarker of graft activity. Both basal and stimulated C-peptide levels are therefore central to follow-up, as they document endogenous insulin secretion even in patients who continue to require exogenous insulin.

Traditional parameters such as HbA1c, fasting and postprandial glucose, and daily insulin requirement remain essential in routine practice, offering simple and reproducible information on long-term control and graft contribution. However, these measures alone are insufficient to detect early functional decline. Continuous glucose monitoring, with analysis of time in range, glycemic variability, and hypoglycemia burden, has gained increasing importance in recent years, as it allows a more detailed understanding of the clinical benefit of graft function, particularly with regard to hypoglycemia prevention.

Dynamic stimulation tests continue to represent a key tool for quantifying β-cell reserve. Mixed meal tolerance testing is the most widely applied physiological stimulus, while intravenous glucose and arginine stimulation provide complementary information on first-phase insulin release and maximal secretory capacity. These tests, though more labor-intensive, are particularly useful for detecting early deterioration in graft function or evaluating the potency of new cell products in clinical trials.

To facilitate objective interpretation, several composite indices have been proposed. The β-score remains the most widely used, integrating HbA1c, stimulated C-peptide, insulin use, and glycemia into a single measure that correlates with clinical outcomes. Other indices such as the β2-score, basal C-peptide/glucose ratio, Homeostatic Model Assement (HOMA)-derived measures, and the Transplant Estimated Function (TEF) index provide additional granularity by accounting for insulin resistance, variability, or basal secretion in relation to glucose levels. Each of these tools has strengths and limitations, and none is sufficient in isolation; instead, they complement each other and are increasingly applied together in clinical follow-up and registry analyses.

Overall, the monitoring of islet graft function has evolved into a multidimensional process that combines routine laboratory tests, dynamic stimulation studies, continuous glucose monitoring, and composite indices. This integrated approach allows early recognition of functional impairment, guides decisions on immunosuppression and insulin therapy, and provides a standardized framework for evaluating outcomes across clinical centers and international registries.

	Table 5. Monitoring of Islet Graft Function

	Parameter
	Strengths
	Limitations

	HbA1c
	Widely available, standardized, reflects integrated glycemic control over 2–3 months; useful for long-term follow-up and registry reporting.
	Insensitive to short-term changes; affected by anemia, transfusions, erythropoietin; does not distinguish cause of dysglycemia (graft loss vs insulin resistance).

	Fasting glycemia
	Simple, inexpensive, reproducible; detects persistent basal hyperglycemia suggestive of declining graft function.
	Single time-point measurement, influenced by stress, diet, intercurrent illness; limited sensitivity to early dysfunction.

	Postprandial glycemia
	Sensitive to early defects in first-phase insulin secretion; clinically relevant for detecting graft decline before fasting hyperglycemia develops.
	Strongly affected by meal composition, gastric emptying, and patient compliance; variable reproducibility.

	MAGE (Mean Amplitude of Glycemic Excursions)
	Captures glycemic variability, highly sensitive to subtle changes in β-cell function; derived from CGM.
	Requires multiple samples or CGM; influenced by patient adherence and sensor accuracy; not uniformly standardized.

	CGM (Continuous Glucose Monitoring: Time in Range, % hypoglycemia)
	Provides detailed, dynamic assessment of glucose patterns; allows quantification of hypoglycemia burden and time in target range; documents clinical benefit even in insulin-requiring patients.
	Device-dependent accuracy; requires patient adherence and infrastructure; interpretation varies with algorithms.

	Basal C-peptide
	Direct biomarker of endogenous insulin secretion; easy to measure; values ≥0.3 ng/mL indicate clinically meaningful graft activity.
	Single measures vary with stress, renal clearance, or residual native secretion; cannot fully capture secretory reserve.

	Daily insulin requirement
	Practical measure of graft contribution; reduction in dose demonstrates β-cell support even without independence.
	Influenced by changes in insulin sensitivity, weight, concomitant drugs; does not directly measure graft mass.

	Stimulated C-peptide (MMTT)
	Physiological stimulus; reproducible and standardized; gold standard for assessing β-cell secretory reserve; sensitive to early graft decline.
	Time-consuming, requires patient cooperation and repeated sampling; influenced by gastric emptying and nutrient absorption.

	Stimulated C-peptide (IVGTT)
	Quantifies first-phase insulin release; highly sensitive to early graft dysfunction.
	Less physiological; requires IV access, standardized glucose bolus; more invasive.

	Stimulated C-peptide (arginine)
	Potent β-cell secretagogue; used when glucose-based tests are inconclusive; informative on maximal secretory capacity.
	Requires IV administration and multiple blood samples; less standardized across centers.

	Hypoglycemia score
	Objectively quantifies frequency and severity of hypoglycemia; directly relevant to patient safety and quality of life.
	Dependent on accurate patient reporting and/or CGM; scoring systems vary.

	Liability index
	Summarizes glycemic variability into a single measure; sensitive to graft dysfunction not captured by HbA1c.
	Complex calculation; not widely used in routine practice; limited external validation.

	β-score
	Composite index (HbA1c, stimulated C-peptide, insulin use, glycemia); widely used in CITR analyses; correlates with clinical outcomes.
	Requires multiple data points; somewhat arbitrary scoring; less sensitive to small functional changes.

	β2-score
	Revised composite score incorporating glycemic variability; more sensitive to partial graft function.
	Still under validation; not uniformly applied; limited long-term data.

	Basal C-peptide/Glucose ratio
	Simple index adjusting C-peptide for prevailing glycemia; improves interpretability of basal secretion.
	Sensitive to fluctuations in glucose at time of sampling; lacks standardized thresholds.

	HOMA-B (β-cell function)
	Provides estimate of β-cell function relative to insulin sensitivity; easily calculated from fasting glucose and insulin/C-peptide.
	Assumes steady-state conditions; inaccurate in insulin-treated patients; limited sensitivity to partial function.

	HOMA-IR (insulin resistance)
	Allows differentiation between graft failure and peripheral insulin resistance as cause of poor control.
	Dependent on fasting steady state; confounded by exogenous insulin use; less informative in T1D setting.

	TEF (Transplant Estimated Function)
	Integrates insulin requirement, HbA1c, and C-peptide into a single index; offers standardized functional assessment across centers.
	Requires multiple parameters; calculations not yet widely standardized; limited familiarity outside research.



THE IGLS SCORE

One of the persistent challenges in the field of β-cell replacement therapy has been the absence of a standardized definition of graft function and clinical outcome (56, 57). This lack of consensus has complicated the recognition of islet transplantation as a valid therapeutic option within the wider endocrinology community and has limited the comparability of outcomes across studies and centers (57).

To address this gap, the International Pancreas & Islet Transplant Association (IPITA) and EPITA convened a dedicated workshop in Igls, Austria, in January 2017 (58). The primary objective was to reach consensus on definitions of graft function, graft failure, and clinical success applicable to both current and future forms of β-cell replacement therapies. The outcome of this initiative was an IPITA/EPITA Statement, subsequently published and endorsed internationally, which proposed a new classification system based on widely available clinical parameters: HbA1c, occurrence of severe hypoglycemia, exogenous insulin requirements, and stimulated C-peptide levels.

This consensus statement introduced a four-tiered system of functional outcome: optimal function, defined by excellent metabolic control, absence of severe hypoglycemia, insulin independence, and increased C-peptide compared with pre-transplant values; good function, with HbA1c <7%, freedom from severe hypoglycemia, a reduction of more than 50% in insulin requirements, and measurable C-peptide; marginal function, characterized by persistent insulin need and little improvement in HbA1c, but with partial protection from hypoglycemia and detectable C-peptide; and failure, reflecting the absence of measurable benefit on metabolic control, hypoglycemia burden, or insulin use, together with minimal or absent C-peptide. According to this framework, both optimal and good outcomes qualify as clinically successful, emphasizing that continued need for insulin or oral agents does not necessarily equate to graft failure. Conversely, marginal and failed grafts are not considered clinically successful, although even marginal function may retain clinical value if it significantly improves hypoglycemia awareness, reduces severe episodes, or stabilizes glycemic variability.

The introduction of the Igls criteria represented a major advance, providing for the first time a structured and consensus-based approach to defining success in β-cell replacement. Implementation in publications and registries has been critical to allow reliable comparison of outcomes across centers and therapeutic modalities.

Two years after the initial statement, the criteria were revisited at the 17th IPITA World Congress (2019)(59). Validation studies, including correlation with continuous glucose monitoring (CGM) metrics, suggested the need for refinement. This led to the proposal of an Igls 2.0 system, which separates the assessment of clinical treatment outcome, based on glycemic control and hypoglycemia burden, from the assessment of β-cell graft function, primarily evaluated through C-peptide secretion and insulin requirements. By distinguishing between these two dimensions, Igls 2.0 allows more precise evaluation of β-cell replacement strategies and facilitates comparison with advanced diabetes technologies such as hybrid closed-loop systems.

Tables 6 summarizes the proposed Igls 2.0 criteria, detailing the definitions of treatment outcome and graft function according to measurable clinical and biochemical parameters.

	Table 6. Igls 2.0 Criteria for Clinical Outcome and β-Cell Graft Function

	Category
	HbA1c / Glycemic Control
	CGM (% Time in Range / % <54 mg/dL)
	Severe Hypoglycemia
	C-peptide (ng/mL; nmol/L)
	Insulin / Therapy
	Treatment Success

	Optimal
	HbA1c ≤6.5% (≤48 mmol/mol)
	≥80% in range; 0% <54 mg/dL
	None
	Any detectable
	None
	Yes

	Good
	HbA1c <7.0% (<53 mmol/mol)
	≥70% in range; <1% <54 mg/dL
	None
	≥0.5 (0.17) stimulated or ≥0.2 (0.07) fasting
	Any
	Yes

	Marginal
	HbA1c ≤ baseline
	> baseline in range; < baseline hypoglycemia
	Reduced but not absent
	0.3–0.5 (0.10–0.17) stimulated or 0.1–<0.2 (0.04–0.07) fasting
	Any
	Noᶜ

	Failure
	HbA1c ~ baseline
	CGM and hypoglycemia ~ baseline
	Persistent
	<0.3 (0.10) stimulated or <0.1 (0.04) fasting
	Any
	No


Baseline = pretransplant assessment (not applicable to TP-IAT patients).
Abbreviations: CGM = continuous glucose monitoring; HbA1c = glycated hemoglobin.
a: In settings with altered red blood cell lifespan, HbA1c should be replaced by the glucose management indicator derived from mean CGM glucose.
b: If severe hypoglycemia occurs post-transplant, additional assessment of hypoglycemia awareness, exposure to glucose <54 mg/dL, and glycemic variability may be required to judge clinical benefit.
c: In marginal function, the graft may still provide clinical impact if it reduces hypoglycemia burden or variability, and continuation of immunosuppression may be justified.

IMPACT OF ISLET TRANSPLANTATION ON METABOLIC CONTROL AND DIABETES COMPLICATION 

Islet Allotransplantation in T1 Diabetes 

Four pivotal phase 3 clinical trials have been published in the past decade: CIT-07 (multicenter, single-arm) (60), CIT-06 (pivotal trial) (61), TRIMECO (multicenter, open-label, randomized) (33), and REP0211 (multicenter, double-blind, randomized) (62). Collectively, these studies confirmed that transplantation of human islets in patients with type 1 diabetes complicated by impaired hypoglycemia awareness and recurrent severe hypoglycemic events is both safe and efficacious in maintaining optimal glycemic control (35). The most consistent and clinically meaningful effect of islet transplantation remains the elimination of severe hypoglycemia and the restoration of hypoglycemia awareness, benefits that often persist even after partial graft dysfunction or complete graft failure with loss of detectable C-peptide (63, 64).

Beyond the clinical protection from hypoglycemia, islet transplantation restores physiologic β-cell responses. Dynamic studies demonstrate recovery of first-phase insulin release to intravenous glucose and enhanced C-peptide secretion to oral glucose stimulation. Hypoglycemic clamp experiments have shown normalization of glucose thresholds triggering counter-regulatory hormone release, accompanied by improved but not fully normalized autonomic responses. Importantly, glucagon secretion in response to hypoglycemia, typically absent in type 1 diabetes, is at least partially restored (65-69).

When adequate islet mass is engrafted, insulin independence is achievable. In some series, up to 50% of patients maintained insulin independence at 5 years, and approximately one-quarter of recipients remained insulin independent with HbA1c ≤6.5% for at least 10 years after either islet transplant alone or islet-after-kidney transplantation (23, 26, 27, 70). In patients with sustained optimal function, glycemic profiles approach those of non-diabetic individuals, with median glucose values around 103 mg/dL (95–112), low variability (SD ~14 mg/dL), and negligible exposure to hyper- or hypoglycemia; HbA1c averages ~5.6% (5.0–5.8) (71). These metabolic improvements translate into a measurable gain in quality of life, consistently demonstrated by psychometric questionnaires and structured interviews (63, 72-78).

	Table 7. Clinical Trials and Outcomes of Islet Transplantation

	Trial / Study
	Design & Population
	Key Endpoints
	Main Outcomes
	Notes

	CIT-07
	Multicenter, single-arm phase 3; T1D with impaired awareness of hypoglycemia, recurrent SHEs
	Safety, metabolic efficacy
	87.5% of recipients free from severe hypoglycemia at 1 yr; 52% insulin independent at 1 yr
	Landmark NIH-sponsored trial; standardized endpoints; formed basis for FDA licensure (Lantidra, 2023)

	CIT-06
	Pivotal trial, prospective
	Metabolic stabilization, insulin use
	Confirmed reproducibility of Edmonton-like protocols; ~70% graft function at 1 yr
	Provided pivotal data for regulatory submission

	TRIMECO
	Multicenter, open-label, randomized; islet Tx vs. intensive medical therapy
	Severe hypoglycemia, HbA1c
	Significant reduction in SHEs; 58% insulin independent at 1 yr; 28% at 5 yrs
	Demonstrated superiority vs. optimized insulin therapy

	REP0211
	Multicenter, double-blind, randomized
	Insulin independence, C-peptide
	65% insulin independence at 1 yr; ~30% at 5 yrs
	First double-blind trial in the field

	Long-term single-center studies
	Observational cohorts; ITA & IAK
	Insulin independence, HbA1c, survival
	25% remain insulin independent ≥10 yrs; HbA1c ≤6.5%; preserved C-peptide in majority
	Outcomes comparable between ITA and IAK

	Clamp studies / physiological assessments
	Experimental metabolic studies
	Counter-regulation, glucagon response
	Restoration of first-phase insulin, improved C-peptide to oral glucose, partial recovery of glucagon to hypoglycemia
	Demonstrates mechanistic efficacy beyond glycemia

	Quality of life studies
	Psychometric evaluation
	Patient-reported outcomes
	Significant and sustained improvement in QoL and treatment satisfaction
	Reinforces clinical relevance even without insulin independence

	Microvascular outcomes
	Long-term follow-up
	Retinopathy, neuropathy
	Stabilization or slower progression of complications
	Consistent benefit in several cohorts

	Macrovascular / cardiovascular outcomes
	Long-term follow-up
	Cardiovascular events, endothelial function
	Reduced atherothrombotic profile, improved endothelial function; survival advantage in IAK (162,165,169–173)
	Evidence less robust than for microvascular endpoints

	CITR registry analyses
	Multicenter registry
	Durability, insulin independence
	~70% insulin independence at 1 yr; progressive decline over time; >90% maintain detectable C-peptide long term
	Confirms trial outcomes in real-world practice

	Immunosuppression strategy trials
	Comparative studies
	Insulin independence, safety
	~50% insulin independence at 5 yrs with modern biologic/lymphodepletion; outcomes approaching pancreas Tx
	Newer regimens improve durability vs. classic Edmonton protocol



Evidence also supports a beneficial effect on the progression of microvascular complications, while the impact on macrovascular disease is less well established. Long-term follow-up suggests stabilization or slower progression of diabetic retinopathy (79-82) and neuropathy (81, 83-85), together with improvements in micro- and macroangiopathy (80, 86-95). Reductions in atherothrombotic risk profiles and fewer cardiovascular events have also been described, along with improved renal allograft longevity in IAK recipients and increased overall survival in selected cohorts (85, 92, 96-99). 

Advances in donor selection, isolation techniques, and immunosuppressive regimens have progressively improved outcomes. Insulin independence following transplantation from a single donor pancreas, once considered exceptional, has become increasingly reproducible in specialized centers. When required, islets from multiple donors can be pooled or administered sequentially according to individual metabolic needs. According to CITR  11th and multicenter trials, insulin independence at one year now approaches 70% in appropriately immunosuppressed recipients, with nearly all maintaining graft function (detectable C-peptide) (100, 101). The CITR 12th Allograft Report (cut-off 2023, follow-up 2025) confirms these outcomes in a cohort of ~1,477 recipients with >8,500 person-years of follow-up, showing consistent durability of graft function even when insulin independence is lost. Despite these successes, loss of insulin independence remains common: ~90% of patients ultimately return to exogenous insulin, although most continue to exhibit residual C-peptide secretion and protection from hypoglycemia. This pattern is especially evident in recipients treated with “Edmonton protocol” regimens based on interleukin-1 (IL-2) receptor antibody induction and sirolimus–tacrolimus maintenance (31, 102-105). More recent strategies employing lymphodepletion (thymoglobulin, anti-CD3, anti-CD52) or biologics (anti-TNF, anti-leukocyte function-associated antigen-1 (LFA-1), Cytotoxic T-Lymphocyte-Associated protein 4 (CTLA4)-Ig) have yielded more durable outcomes, with approximately 50% of recipients maintaining insulin independence at 5 years, a result comparable to outcomes of whole pancreas transplantation in type 1 diabetes (101, 106-109). 

Islet Autotransplantation (IAT): Outcomes and Benchmarks 

Across the leading programs (Minnesota, Cincinnati, Leicester), IAT after total pancreatectomy reliably preserves endogenous insulin secretion and prevents brittle postsurgical diabetes (36, 110-120). Roughly one-third of adults achieve insulin independence long-term, with higher success in those receiving larger islet doses (IEQ/kg) and in pediatric recipients. The association between islet dose and insulin independence is robust: independence increases markedly beyond 2,000–3,000 IEQ/kg, with the highest rates at >5,000 IEQ/kg.  These dose–response thresholds are now widely used for perioperative counseling and expectation-setting (36) (110-117, 121-124). Even when insulin is required, >80–90% of IAT recipients retain measurable C-peptide for years, with HbA1c typically <7.0%, reduced hypoglycemia, and improved quality of life—key goals of IAT given its role in mitigating pancreatogenic diabetes after total pancreatectomy. Pediatric outcomes are consistently superior at comparable IEQ/kg, reflecting greater insulin sensitivity and often higher relative islet yields (110-117, 121-124). To contextualize these IAT results within the broader β-cell replacement landscape, two contemporary allogeneic cohorts provide relevant external benchmarks. In a 20-year, single-center Italian experience of islet transplant alone (ITA), long-term outcomes showed sustained C-peptide, durable protection from severe hypoglycemia, and dose-dependent metabolic benefits, underscoring the centrality of islet mass and modern immunosuppression in achieving durable function (27). A nationwide French multicenter analysis reported that islet transplantation reduced microvascular complications and mortality without an excess cancer signal, strengthening the evidence that β-cell replacement yields clinically meaningful, durable benefits at the population level (28). While these studies involve allogeneic recipients (and thus immunosuppression), their long-term metabolic and clinical trajectories align with the IAT objective: sustained endogenous insulin secretion translating into fewer severe hypoglycemic events, superior glycemic stability, and complication mitigation.

	Table 8. Clinical Outcomes of Islet Autotransplantation (IAT) after Pancreatectomy

	Center / Cohort
	N; Population / Indication
	Islet Yield (IEQ/kg)
	Insulin Independence
	C-peptide Positivity
	Key Dose/Outcome Notes

	University of Minnesota
	>300; adults & pediatrics; chronic pancreatitis predominant
	Typically 3,000–5,000 (wide range)
	~33% overall; up to ~60–70% with high yields
	80–90% long-term, even if on insulin
	Independence increases past 2,000–3,000 IEQ/kg; >5,000 IEQ/kg → ~63% insulin-free at 1 year

	University of Cincinnati
	~150; adults; CP / recurrent AP; high-risk surgery
	~3,000–4,000 (median)
	22–40% at 1–3 years, yield-dependent
	>85–90% long-term
	Timing, fibrosis, and yield are major determinants; metabolic benefit even without independence

	Leicester (UK)
	~120; adults & selected pediatrics; CP ± complex surgery
	~2,500–4,000
	22–40% across series
	~90–100% early; high persistence
	IEQ/kg strongly predicts independence; ~82% maintain HbA1c <7.0%

	Multicentre (summary)
	Mixed; adult/pediatric; CP, recurrent AP, high-risk surgery
	2,000–5,000 typical
	25–45% overall; higher in pediatrics
	>80–90% long-term
	Primary clinical goal is brittle-diabetes prevention; QoL gains irrespective of insulin status

	Dose thresholds (summary)
	—
	>2,000 IEQ/kg (Bellin) → ↑ independence; >3,000 IEQ/kg (White) → further ↑; >5,000 IEQ/kg (Sutherland) → 63% at 1 year
	—
	—
	Thresholds are indicative; modified by age, BMI, fibrosis, isolation/preservation quality



COMMON ADVERSE EVENTS AND THEIR MANAGEMENT 

Islet transplantation is associated with a favorable safety profile, particularly when compared with whole pancreas transplantation (125-127). The most common procedure-related complication is bleeding, either intraperitoneal or subcapsular hepatic, with reported incidence up to 13% (128). Preventive strategies such as fibrin sealants and embolization coils applied to the catheter tract have reduced this risk significantly (128, 129). Portal vein thrombosis is uncommon: partial thrombosis occurs in <5% of infusions, while complete occlusion is exceedingly rare. Advances in islet purification, refinement of catheterization techniques, and the availability of anticoagulation-coated devices have further reduced risk, although complete elimination remains unlikely. Other recognized peri-procedural complications include transient liver enzyme elevation in ~50% of patients (130), abdominal pain in up to 50%, focal hepatic steatosis in ~20% (131, 132), and, less frequently, acute portal hypertension during islet infusion, particularly beyond the first procedure (133). Severe hypoglycemia due to iatrogenic insulin over-replacement in the immediate post-transplant period occurs in <3% of patients and underscores the importance of intensive glucose monitoring in the early days after infusion.

Infectious complications reflect immunosuppressive exposure. Opportunistic infections of urinary tract, respiratory tract, and skin are relatively frequent but usually mild and manageable (134). Reactivation of latent viral infections such as CMV or EBV remains a concern; timely detection through PCR monitoring and rapid initiation of antiviral therapy, combined with temporary immunosuppression reduction, allows resolution without jeopardizing graft survival (135). The risk of CMV transmission from donors to islet allograft recipients has been surprisingly low in recent eras, likely reflecting standardized use of purified islet preparations (136).

	Table 9. Common Adverse Events After Islet Transplantation and Their Management

	Event
	Incidence / Trend
	Management
	Clinical Impact

	Bleeding (intraperitoneal / hepatic subcapsular)
	Historically up to 13%; reduced in recent eras
	Fibrin sealant, embolization coils, interventional radiology
	Usually self-limiting; rarely requires surgery

	Portal vein thrombosis
	Partial <5%; complete rare
	Anticoagulation; meticulous catheterization
	May impair engraftment; reversible if partial

	Transient transaminitis
	~50%; peak in 1st year, then <30 IU/L
	Observation, IS adjustment
	No long-term hepatic dysfunction

	Focal hepatic steatosis
	~20%
	Imaging follow-up
	Benign; minimal clinical impact

	Abdominal pain
	~50%
	Symptomatic management
	Self-limited

	Acute portal hypertension (during infusion)
	Uncommon; higher risk in reinfusions
	Slow infusion, portal pressure monitoring
	May limit islet dose infused

	Iatrogenic hypoglycemia (early post-Tx)
	<3%
	Intensive glucose monitoring, insulin dose reduction
	Rare if promptly detected

	Opportunistic infections (UTI, URTI, skin)
	Frequent but mild
	Antimicrobials, prophylaxis
	Low morbidity

	Viral infections (CMV, EBV)
	Low donor–recipient transmission; occasional reactivation
	PCR monitoring, antivirals, IS taper
	Can compromise graft if untreated

	Neuro-/nephrotoxicity (CNI, mTOR inhibitors)
	Variable
	Dose reduction, regimen switch
	Usually reversible; risk in CKD

	Renal function decline (CITR 12th)
	Baseline eGFR: ITA 91±1, IAK 62±2 vs DCCT 126; 5-year decline: ITA −20, IAK −12 vs DCCT −9 mL/min/1.73m²
	Nephroprotective therapy (ACEi/ARB), optimize IS, risk factor control
	Clinically significant, especially ITA (faster decline from higher baseline); IAK slower decline but from lower baseline

	Serious adverse events (0–30 d)
	ITA 10.9%, IAK 12.7%; declined across eras (18.5% → 9.4% → 4.2%)
	Event-specific; adjust IS
	Marked reduction over time

	Serious adverse events (1 yr)
	ITA 22.7%, IAK 30.4%; decline post-2010
	Event-specific
	More frequent with reinfusions

	Life-threatening events
	ITA 13.4%, IAK 16.9%; 80% recovery, 8% sequelae, 3% no recovery, 6% fatal
	ICU, targeted therapy
	Frequency & severity decreased in recent eras

	Malignancies
	188 cancers / 100 recipients (10,472 PY); 60% possibly, 12% definitely IS-related
	Oncology care; IS modulation
	11 cancer deaths; mostly non-melanoma skin

	Mortality
	~5.0% overall; higher in IAK and SIK
	—
	Causes: cardiovascular, neoplasia, infection, hemorrhage

	IAT – Surgical complications (Minnesota, n=413)
	Reoperation 15.9%; bleeding 9.5%; leaks 4.2%; infection 1.9%; wound 2.2%; GI 4.7%; splenic <1%
	Surgical reintervention if needed
	Moderate perioperative risk; long-term safe



As with any allogeneic transplant, HLA sensitization may occur. The development of panel reactive alloantibodies (PRA) and donor-specific antibodies (DSA) after graft failure has been reported (137-139), with potential consequences for patients who may require subsequent kidney transplantation, as high PRA levels prolong waiting times for suitable donors. Recent long-term single-center data confirm that DSA and autoantibody development are associated with accelerated graft failure (27). Drug-related toxicity, especially nephro- and neurotoxicity from calcineurin inhibitors and mTOR inhibitors, remains a concern (140, 141). When symptomatic, these toxicities can usually be managed by dose reduction or conversion to alternative regimens, generally without loss of graft function. Sirolimus- and tacrolimus-related nephrotoxicity has been particularly described in patients with impaired baseline renal function due to diabetic nephropathy (142). Decline in renal function remains one of the most clinically important adverse events following allogeneic islet transplantation, largely reflecting the nephrotoxicity of calcineurin inhibitors and, to a lesser extent, mTOR inhibitors. According to the CITR 12th Allograft Report (cut-off 2023, follow-up 2025), mean estimated glomerular filtration rate (eGFR, CKD-EPI) at the time of the first islet transplant was ~91 mL/min/1.73 m² in ITA recipients and ~62 mL/min/1.73 m² in IAK recipients. By comparison, participants in the DCCT/EDIC cohort of type 1 diabetes had a baseline mean eGFR of ~126 mL/min/1.73 m². Thus, patients undergoing islet transplantation already start from substantially lower renal function, particularly in the IAK setting where prior kidney graft and diabetic nephropathy coexist.

During follow-up, CITR reported that over 5 years from the last infusion, mean decline in renal function was: −20 mL/min/1.73 m² in ITA, −12 mL/min/1.73 m² in IAK, compared with ~−9 mL/min/1.73 m² in DCCT/EDIC participants over a similar time horizon. This means that ITA patients, although starting from higher baseline eGFR, lose renal function faster than both IAK and non-transplanted T1D controls. In contrast, IAK recipients decline more slowly, but from a much lower baseline, and often approach critical thresholds for chronic kidney disease. The decline is influenced by age (older recipients start with lower eGFR but decline more slowly), immunosuppression (CNI+IMPDH regimens were associated with lower overall eGFR compared with other maintenance regimens), and time since transplantation (with steeper declines in the first years). Importantly, despite these declines, registry data show that the majority of recipients maintain functioning kidney grafts over the medium term, and the metabolic stabilization provided by islet grafts may contribute to reduced progression of diabetic nephropathy compared with insulin-only therapy.

These registry observations are corroborated by Catarinella et al. (27), who in a 20-year Italian experience of islet transplantation reported a modest but consistent decline in renal function, judged acceptable in light of the strong metabolic and hypoglycemia benefits. Similarly, the Perrier et al. (28) French nationwide analysis confirmed that islet transplantation was associated with improved survival and no excess in renal or oncologic toxicity compared to matched T1D controls. Finally, the KAIAK trial emulation (143) demonstrated that in kidney transplant recipients with type 1 diabetes, the addition of islet-after-kidney transplantation conferred a metabolic advantage without penalizing patient or graft survival, suggesting that the renal risks of immunosuppression are counterbalanced by systemic metabolic stabilization.

Since 2021, by decision of the CITR Executive Committee, only serious adverse events (SAEs) are formally reportable. According to the CITR 12th Allograft Report (cut-off 2023, follow-up 2025), the overall incidence of SAEs in the early peri-transplant period has progressively declined compared with earlier eras. In the first 30 days post-transplant, ≈11% of ITA recipients and ≈13–14% of IAK recipients experienced an SAE, compared with >15% in the 1999–2006 era. These figures dropped to ~9% between 2007–2014 and to ~4–5% after 2015, confirming a consistent trend of risk reduction with improvements in technique, islet preparation, and perioperative care.

Within the first year, which often includes additional reinfusion procedures, approximately 23% of ITA and 30–31% of IAK recipients reported at least one SAE. This incidence was higher in early eras (>25%) but has declined to <15% in cohorts transplanted after 2010, reflecting a significant era effect.

Life-threatening events have been reported in 13–14% of ITA, 16–17% of IAK, and ≈20% of SIK recipients. The spectrum of events is consistent across eras: the most frequent are abnormal granulocyte counts (cytopenias, 24 cases), followed by severe hepatic dysfunction (23 cases) and severe hypoglycemia (14 cases). Outcomes have also improved: in the most recent analyses, ≈75% of patients recovered fully, ≈12% recovered with sequelae, ≈5% did not recover, and ≈6–9% died as a direct consequence of the event.

These trends confirm that the absolute burden of SAEs and life-threatening complications has decreased substantially over the past two decades, now affecting a minority of patients and usually resolving without permanent damage. Importantly, contemporary European studies corroborate these findings, reporting a low incidence of severe events and showing that overall survival in islet recipients is not compromised by immunosuppression, but rather improved when compared to matched type 1 diabetes cohorts (27,28). Similarly, in kidney transplant recipients, the KAIAK trial emulation suggests that the additional risk of SAEs from islet-after-kidney transplantation does not outweigh its metabolic and survival benefits (143).

Long-term follow-up data confirm that neoplasia remains an expected complication of chronic immunosuppression in islet allograft recipients. In the CITR 11th Report, 189 neoplastic events were diagnosed in 101 out of 1,399 recipients, representing 7,963 person-years of follow-up, corresponding to an incidence of approximately 0.02 neoplasms per person-year. Of these events, 61% were considered possibly and 12% definitely related to immunosuppression. Outcomes were generally favorable: 69% recovered fully, 10% did not recover, 5% recovered with sequelae, and 3% were fatal. The majority were non-melanoma skin cancers (41 basal cell carcinomas in 23 patients and 86 squamous cell carcinomas in 38 patients), while 56 events occurred as non-skin malignancies. Eleven deaths were directly attributed to cancer. The CITR 12th Report (cut-off 2023, follow-up 2025) has since updated these figures with longer observation time and a slightly expanded cohort. Across ~1,477 allograft recipients, nearly 200 neoplasms were reported over >8,500 person-years, maintaining an incidence of ≈0.02 per person-year, with distribution and outcomes consistent with earlier reports. Importantly, the cumulative burden of cancer has not increased disproportionately over time, and the majority of events continue to be low-grade skin cancers.

Mortality across the islet allotransplant population remains relatively low. In the 11th CITR, 77 deaths (5.5%) were reported, with cumulative mortality differing significantly by transplant type (p<0.0001) but not by era. SIK recipients, though representing only 3.5% of the total cohort, accounted for 15.6% of deaths, reflecting their high baseline risk profile. Among reported causes of death, the most frequent were cardiovascular disease (15 cases), neoplasms (11), infection (9, including pneumonia), hemorrhage (4), and complications of diabetes (3); in 24 cases, cause was unspecified. About ten deaths were judged possibly or definitely related to islet transplantation or its immunosuppressive regimen.

The CITR 12th Report confirms these trends, with a cumulative mortality of ≈5–6%, stable across eras, and again with SIK recipients disproportionately represented. Cardiovascular and oncologic events remain the most frequent causes of death, but no new unexpected causes have emerged in contemporary practice.

Crucially, population-based European data provide reassuring context. In the French nationwide analysis (Perrier et al., 2025), islet transplantation was not associated with an excess risk of malignancy compared to matched type 1 diabetes controls, despite long-term immunosuppressive exposure. Survival was actually improved in islet recipients, particularly in those with kidney transplants, underscoring the net clinical benefit of β-cell replacement even in the presence of chronic immunosuppression.

For islet autotransplantation, perioperative morbidity is primarily surgical rather than immunological, since patients do not require long-term immunosuppression. In the large Minnesota series (n=413), overall 15.9% of patients required reoperation during the index admission. The most common indication was bleeding (9.5%), followed by anastomotic leaks (4.2%), biliary complications (1.4%), and enteric complications (2.8%). Other events included intra-abdominal infection (1.9%) and wound infection requiring debridement (2.2%). Gastrointestinal complications requiring reoperation occurred in 4.7% of cases, while splenic complications after spleen-sparing pancreatectomy were rare (<1%). The CITR 3rd Autograft Report (2025), consolidating outcomes from multiple North American and European centers, confirmed these findings, reporting perioperative complication rates in the same range, with bleeding and leaks as leading causes of early morbidity. Importantly, there was no signal of excess long-term mortality attributable to the autotransplant procedure itself.

Despite these risks, IAT remains considerably safer than total pancreatectomy without islet reinfusion, as it mitigates the severe metabolic burden of brittle post-surgical diabetes. Most recipients maintain measurable C-peptide and achieve stable glycemic control, and even those who require insulin rarely experience the extreme lability characteristic of pancreatogenic diabetes without graft protection.

CURRENT CHALLENGES

Despite remarkable progress over the past two decades, several challenges still limit the widespread clinical application of islet transplantation (Table 10) (140, 144-146). The vast majority of procedures have been performed by intra-hepatic infusion through the portal vein (31), a route that is simple and effective but not free of drawbacks. It is estimated that 50–75% of transplanted islets are lost during the engraftment phase (147, 148), a phenomenon that explains why a large islet mass is usually required to achieve stable insulin independence.

Two major factors underlie this early and late graft loss. The first is the suboptimal efficacy and toxicity of current immunosuppressive regimens (149). While these regimens can maintain graft function for years, they expose patients to risks of infection and malignancy, and many of the most widely used drugs—such as calcineurin inhibitors and rapamycin—directly impair β-cell function or insulin action. In addition, their nephrotoxic potential remains a long-term concern, as confirmed by registry analyses.

The second factor is the insufficient oxygenation of islets in the hepatic microenvironment (150, 151). Native islets are perfused by a dense capillary network that is destroyed during isolation, leaving diffusion from the portal circulation as the only source of oxygen and nutrients until revascularization occurs. In the liver parenchyma, oxygen tension falls from ~40 mmHg in the pancreas to ~5 mmHg, an eight-fold decrease, leading to severe local hypoxia and β-cell apoptosis. In rodent models, revascularization requires 10–14 days; in non-human primates and humans, this process is even more protracted. Moreover, even after revascularization, the capillary density in transplanted islets remains lower than in native pancreatic tissue, predisposing to chronic hypoxia and progressive graft attrition.

	Table 10. Current Challenges in Clinical Islet Transplantation and Emerging Solutions

	Challenge
	Mechanism / Impact
	Current Evidence
	Potential Solutions / Status

	Early engraftment loss (50–75%)
	Immediate loss of islet mass at infusion due to instant blood-mediated inflammatory reaction (IBMIR), mechanical stress/embolization, complement/coagulation activation → larger islet dose needed to achieve normoglycemia
	Intrahepatic portal infusion remains standard. Estimates of 50–75% loss during engraftment phase
	Peri-infusion strategies: intensified anticoagulation/anti-inflammatory approaches; product purification/enrichment; optimized infusion kinetics. Process improvements: gentle isolation, minimized warm/cold ischemia, standardized GMP.

	Suboptimal immunosuppression (efficacy vs toxicity)
	Allo- and auto-immunity not completely controlled → chronic attrition; CNI/mTOR impair β-cell function/insulin action; systemic toxicities (neuro/nephro, infections, neoplasia)
	Regimens prevent failure for months–years but remain imperfect. Long-term toxicity profile recognized.
	Drug refinement: CNI-sparing or CNI-free combinations; targeted biologics; risk-adapted tapering. 
Monitoring: better immunomonitoring to pre-empt rejection/autoimmunity. Goal: maintain efficacy while reducing β-cell and renal toxicity.

	Hypoxia and inadequate revascularization in the liver
	Islet isolation destroys native capillary network; oxygen tension in hepatic parenchyma ~5 mmHg vs intrapancreatic ~40 mmHg → severe early hypoxia, delayed/insufficient revascularization, lower capillary density chronically
	Pathophysiology and timelines documented: revascularization 10–14 days in rodents; longer in NHP/humans; persistent capillary rarefaction.
	Site/biomaterial innovation: alternative sites (omental, intramuscular, subcutaneous with vascular niches); pro-angiogenic cues; oxygen-releasing/oxygenating scaffolds; macro/micro-encapsulation to improve mass transfer while modulating immunity.

	Portal site limitations
	Procedural constraints (portal pressure, thrombosis/steatosis risk), limited capacity for repeat high-dose infusions; heterogeneity of microenvironment
	Long-standing clinical experience highlights these boundaries.
	Engineering the niche: staged/segmented dosing; dual-site approaches; site preparation (pro-angiogenic/anti-inflammatory conditioning) before re-infusion.

	Variability of islet product (yield, purity, potency)
	Donor/organ and process variability → unpredictable IEQ, purity, viability, potency; impacts dosing and outcomes
	Recognized as major operational bottleneck; steep learning curve and cGMP demands.
	Standardization & QC: harmonized isolation SOPs, real-time potency assays, release criteria; regional consortia to concentrate expertise/volume; process analytics to reduce batch-to-batch variability.

	Cost and infrastructure
	High fixed costs for GMP facilities, specialized staff, 24/7 logistics → limited center availability; economic sustainability challenging
	Documented as key barrier to access.
	Network models: regional processing hubs + transplant spokes; payer adoption pathways; cost-minimization via shared resources and standardized supply chains.

	Regulatory hurdles and access
	Divergent regulatory frameworks; in the U.S. allogeneic islets regulated as a licensed biologic → complex/expensive BLA pathway; reimbursement heterogeneity
	FDA advisory vote and licensure decision for allogeneic islets; several European agencies already reimburse as standard of care.
	Harmonization & policy: alignment of regulatory categories, clear CMC and potency requirements, outcomes-based reimbursement; leverage robust registry data to support broad access.



Beyond these biological constraints, cost and regulatory hurdles represent additional obstacles. The complexity of the isolation procedure, the need for GMP facilities, and the specialized expertise required contribute to high upfront costs, which limit availability to a few specialized centers. Regulatory issues have further complicated access: in April 2023, the FDA Cellular, Tissue, and Gene Therapies Advisory Committee voted in favor of the first Biologics License Application (BLA) for allogeneic islets (Lantidra®) in adults with brittle type 1 diabetes refractory to intensive insulin therapy (152). While this represents a landmark recognition of islet transplantation in the U.S., the FDA decision to regulate islets as a licensed biologic—rather than a tissue under the Human Cells, Tissues, and Cellular and Tissue-Based Products (HCT/P) pathway—has created significant barriers for universal implementation, given the costs and complexity of licensure.

By contrast, several national health authorities in Europe—including Switzerland, the United Kingdom (NHS), Sweden, Poland, Belgium, and more recently France (HAS)—have approved islet transplantation as a reimbursed standard-of-care therapy. This divergence underscores how regulatory and reimbursement frameworks critically influence access. Until such issues are harmonized, and until novel strategies overcome the dual barriers of immunosuppression toxicity and engraftment inefficiency, islet transplantation will remain a highly effective but niche therapy, available to selected patients in specialized centers.

FUTURE DEVELOPMENTS IN BETA-CELL REPLACEMENT THERAPIES

The therapeutic landscape of β-cell replacement is undergoing a profound transformation (70). While clinical islet transplantation has established itself as an effective therapy for individuals with type 1 diabetes and problematic hypoglycemia, its scalability remains constrained by donor organ availability, procedural inefficiencies, and immunosuppression-related toxicity. Emerging innovations are progressively reshaping this paradigm, combining refinements in islet transplantation with novel cellular sources and bioengineering strategies, and moving the field closer to a broadly applicable cure.

A first wave of innovation is centered on optimization of donor islet use. Strategies for donor–recipient matching and organ allocation (153-155), coupled with standardized manufacturing and regulatory codification (153-155), are improving the reproducibility of clinical outcomes. In parallel, advanced monitoring tools—including noninvasive imaging (MRI, PET-CT) (156, 157) and biomarker-based immune profiling (149, 158-161)—are being integrated to assess graft fate and detect early immune activation, providing opportunities for preemptive intervention.

The pursuit of alternative implantation sites (147, 162) and engineered bioartificial niches (163-166) is another active front. Extrahepatic locations such as the omentum, muscle, and subcutaneous space are under investigation, with bioengineered scaffolds and immune-modulating biomaterials designed to promote vascularization and reduce hypoxic stress. Hydrogel-based and polymeric encapsulation platforms seek to shield islets or stem cell–derived β-cells from immune attack, potentially allowing long-term function without systemic immunosuppression (167, 168). 

The most disruptive advances, however, arise from unlimited cellular sources (Table 11). Two trajectories are especially noteworthy: xenogeneic islets and human pluripotent stem cell–derived islets. Genetically modified porcine donors offer the potential for abundant, customizable islet grafts with reduced immunogenicity (169, 170). In parallel, pluripotent stem cells (embryonic and induced pluripotent stem cells) can be directed to differentiate into pancreatic endoderm and fully functional β-like cells. Over the past decade, differentiation protocols have improved markedly, yielding products with increasingly consistent potency and safety profiles. Clinical translation has already begun.

	Table 11. Emerging β-Cell Replacement Strategies: Sources, Approaches, Clinical Status and Outcomes

	Strategy / Product
	Cell source & differentiation
	Delivery site
	Immunology approach
	Clinical status (as of 2025)
	Efficacy signals
	Limitations / Safety concerns
	Key trials / reports

	Allogeneic islets
	Human donor pancreata → isolated islets
	Intraportal (liver)
	Conventional IS (CNI ± mTOR/IMPDH, biologics)
	Established; >1,400 recipients (CITR 12th, 2025)
	1-yr insulin independence up to 70%; durable C-peptide in >90%; HbA1c ≤6.5% in ~50%; SHE protection near universal
	Donor scarcity; need ≥2–3 donors for insulin independence; IS toxicity (renal, infection, cancer); limited scalability
	CITR 12th Allograft Report; CIT-06, CIT-07, TRIMECO, REP0211

	Xenogeneic islets (porcine)
	Genetically engineered pigs (e.g., GalT-KO, CMAH-KO, human complement regulators)
	Intraportal or alternative vascular sites (NHP)
	Conventional IS ± novel biologics; tolerance induction strategies in testing
	Preclinical only; long-term primate studies ongoing
	Sustained C-peptide and glycemic benefit in NHP up to 1 year; reduced innate rejection with gene edits
	Risk of zoonosis (PERV); long-term durability unproven; regulatory/ethical hurdles
	Ongoing NHP studies

	PEC-01 (ViaCyte pancreatic progenitors in devices)
	hESC (CyT49) → pancreatic endoderm; immature endocrine progenitors
	Subcutaneous macrodevices (Encap/Direct)
	Device-based isolation; usually with systemic IS
	Multiple early-phase clinical trials; some completed, others active/recruiting
	C-peptide detectable in many; ~20% insulin reduction; HbA1c <7.0% in subsets; modest hypoglycemia awareness improvement
	Pericapsular fibrotic overgrowth (PFO); limited vascularization; heterogeneous potency; no consistent insulin independence
	NCT03163511, NCT04678557, NCT04786262, NCT03162926, NCT02939118; interim reports

	VX-264 (Vertex encapsulated mature SC-islets)
	hPSC → fully differentiated islets ex vivo
	Subperitoneum encapsulation
	Device-only protection; no systemic IS
	Phase 1/2 (terminated 2025)
	Minimal C-peptide; no robust glycemic benefit
	Device mass transfer issues; poor vascularization; inadequate potency
	Vertex clinical program updates 2025

	VX-880 (Vertex mature SC-islets intraportal)
	hPSC → mature insulin-secreting islet-like cells
	Intraportal (liver)
	Conventional IS (similar to alloislets)
	Phase 1/2 ongoing; multicenter; now phase 3
	Rapid engraftment; multiple patients insulin-independent at 6–12 mo; HbA1c <7.0%; >70–80% TIR on CGM; robust stimulated C-peptide
	IS-related risks; portal infusion risks; long-term durability still under follow-up
	NCT04786262; ADA/EASD 2023–25 updates

	Hypo-immune SC-islets (Sana Biotechnology)
	hSC → islet-like cells with gene edits (HLA deletion, checkpoint ligands, immunomodulators)
	Intramuscular
	Designed for immune evasion → no maintenance IS
	First-in-human (2025), n small, dose-escalation
	Early data: graft survival; measurable insulin production without IS at ~6 mo
	Long-term durability unknown; tumorigenicity/autoimmunity risks; regulatory scrutiny high
	Sana HIP trial, 2025

	Autologous iPSC-derived islets (China)
	Patient-specific iPSC → islet-like clusters
	Extrahepatic vascularized sites or intraliver (varies by center)
	Autologous → IS used
	Case reports / early feasibility (2024–25)
	Restored C-peptide; improved CGM metrics; at least three cases of sustained insulin independence
	GMP manufacturing individualized; time- and cost-intensive; scalability uncertain; QC/standardization challenges
	Cell 2024 case report; Chinese clinical programs 2024–25



Encapsulated pancreatic endoderm (ViaCyte / PEC-01 lineage) with and without systemic immunosuppression.  The PEC-01 product, derived from CyT49 hESCs, has been tested in multiple early-phase clinical trials (NCT03163511, NCT04678557, NCT04786262, NCT03162926, NCT02939118, NCT02239354). Implanted in subcutaneous encapsulation devices, PEC-01 cells are pancreatic progenitors committed to further differentiation in vivo (171-174). Clinical results (175-177) demonstrated detectable C-peptide, ~20% insulin reduction, improved HbA1c and hypoglycemia awareness, but without consistent insulin independence. Histology confirmed endocrine differentiation but also revealed pericapsular fibrotic overgrowth and limited vascularization, which restricted function. These findings underscore both the feasibility and the limitations of encapsulation devices.
VX-264 (Vertex) – Encapsulation without systemic immunosuppression.  VX-264, a second-generation encapsulation program embedding fully differentiated SC-islets, was terminated in 2025 after phase 1/2 evaluation failed to demonstrate meaningful C-peptide secretion or clinical benefit, despite acceptable safety. This highlights the persistent challenge of ensuring vascularization and adequate mass transfer within closed devices.

VX-880 (Vertex) – Fully differentiated SC-islets, intraportal infusion with immunosuppression. VX-880 is the first stem cell–derived product consisting of fully differentiated insulin-producing β-cells, delivered intraportally under standard immunosuppression. Phase 1/2 interim results (2022–2025) show rapid engraftment, robust insulin secretion, normalization of HbA1c, and insulin independence in a substantial proportion of participants. CGM profiles reveal near-physiological glucose control with >70–80% time-in-range, confirming clinical potency comparable to donor islet transplants (178).

Sana Biotechnology – Hypoimmune engineered SC-islets.  Sana has initiated the first-in-human trial of hypoimmune gene-edited stem-cell-derived islets, designed to evade immune rejection without systemic immunosuppression. Early 2025 reports document graft survival with insulin secretion in recipients not receiving maintenance IS, with follow-up of ~6 months. Though numbers remain small, these findings provide the first clinical demonstration of immune evasion strategies in β-cell replacement (179).

Autologous iPSC-derived islets (China). In 2024–2025, the first autologous iPSC-derived islet transplants were reported in China. A landmark case described a young adult with type 1 diabetes achieving insulin independence following infusion of patient-specific iPSC-derived islets. Additional early cases confirmed C-peptide secretion and improved glycemic profiles without immunosuppression. Although limited in scale and requiring complex individualized GMP workflows, these pioneering experiences demonstrate the feasibility of autologous stem cell–based β-cell replacement, potentially eliminating allo- and autoimmune rejection (180, 181). 

CONCLUSIONS

Islet transplantation, in its current form, cannot yet be considered a universal cure for type 1 diabetes. Its clinical application remains restricted to a limited group of highly selected patients with unstable disease and recurrent severe hypoglycemia, where it has demonstrated undeniable benefit. Nevertheless, it stands as a proof of principle that β-cell replacement through cell therapy is feasible, safe, and capable of restoring near-physiological metabolic control.

The ability of islet transplantation to abolish severe hypoglycemia, restore awareness, and normalize glycemic variability represents a therapeutic milestone that conventional insulin therapy and even the most advanced technological approaches cannot fully match. Beyond its direct clinical utility, islet transplantation provides the conceptual and practical foundation upon which next-generation cellular therapies are being built.

Progress in the field has been steady: refinement of isolation techniques, improved immunosuppression, and structured clinical networks have translated into more reproducible outcomes. In parallel, emerging approaches addressing the two central challenges—immune protection and unlimited cell sources—are rapidly moving from concept to clinic. Stem cell–derived β-cells, gene-edited hypoimmune products, and even autologous iPSC-derived islets are demonstrating in early clinical trials that it may be possible to extend the benefits of β-cell replacement to a far broader population, without the current constraints of donor shortage and chronic immunosuppression.

Taken together, these advances justify cautious but genuine optimism. What was once an experimental option for a handful of patients may, in the foreseeable future, evolve into a scalable and durable therapy for all forms of insulin-dependent diabetes. The trajectory of progress strongly suggests that β-cell replacement is no longer a theoretical possibility but an emerging therapeutic reality, poised to transform diabetes care in the decades ahead.
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