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Abstract

Pancreas or islet transplantation is the only reliable cure for Type 1 Diabetes. However, 

shortage of donor tissue supply, longitudinal graft attrition due to innate and adaptive 

immunity and the recurrence of autoimmunity, as well as the harmful side-effects of chronic 

immunosuppressive therapy limit the wide-spread acceptance of islet transplantation as a 

mainstream cure for autoimmune diabetes. Herein, preclinical and clinical stem-cells-based 

research approaches aimed at obtaining large quantities of islets for transplantation, 

overcoming islet graft loss and dysfunction post-transplantation, discovering alternate 

transplant sites to improve graft survival, and understanding the concepts of 

immunogenicity and autoimmunity to auto-antigens expressed by autologous stem cells

derived β−cells are discussed in depth.
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1. Introduction 

Type 1 diabetes (T1D) is caused by the progressive autoimmune attack of insulin producing cells 

in the pancreas, resulting eventually in the complete loss of glycometabolic control. To date, 

pancreas or islet transplantation remains the most reliable cure for T1D [1-4]. However, hurdles 

such as inadequate donor tissue supply, graft rejection, recurrence of autoimmunity, and the 

deleterious side effects associated with chronic immunosuppression have prevented islet 

transplantation from being accepted as a mainstream cure. To circumvent these obstacles and 

improve longitudinal islet graft survival outcomes, preclinical and clinical studies have focused on 

exploring alternate −cell sources and sites for transplantation [5-10], novel immunosuppressives 

[3, 11-16] and other protective measures such as graft encapsulation [17-19]. The data obtained 

from these studies have definitively demonstrated the significant potential of stem cell-based 

strategies in improving experimental and clinical islet transplantation outcomes. 

2. Stem Cell-Based Approaches to Overcome Limitations of Islet Transplantation 

The advantages of stem cell-based strategies are two-fold: stem cells can not only differentiate 

into a self-replenishing supply of glucose-responsive insulin-producing cells for transplantation, 

but they can also improve transplantation outcomes on account of their proangiogenic, anti-

apoptotic and immune-modulatory properties [6]. Stem cells from a variety of sources, for 

instance, embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), pancreas-derived 

multipotent precursor cells, pancreatic β−cell progenitors residing within the ductal epithelium, 

exocrine tissue or the islet proper, neural progenitor cells, amniotic fluid-derived stem cells, as 

well as facultative β−cell progenitors from the spleen, liver and the endometrium have all been 

tested for their β−cell-regenerative potential [6].  

The use of pluripotent stem cells for deriving functional −cells addresses some pertinent 

limitations that are incurred in the transplantation process, such as donor pancreas shortage as 

well as expensive, labor intensive organ procurement and islet isolation processes. Since 

pluripotent stem cells can be cryopreserved, they are also readily available for directed 

differentiation into −like cells which is an added bonus [20, 21]. For instance, ESCs obtained from 

donated, in vitro fertilized ova can be propagated indefinitely to provide sufficient cells for 

virtually all medical applications [22, 23]. However, drawbacks do exist, as the embryonic nature 

of ESCs itself poses a major ethical problem and their allogenecity necessitates protection from 

immune attack.  

The revolutionary discovery of iPSCs, somatic cells that can be reprogrammed to pluripotency, 

circumvents both the use of embryonic cells and allogeneic rejection [23-26]. Prior to iPSCs, the 

only autologous source of pluripotent stem cells was the prospective banking of umbilical cord 

blood. Currently, iPSC technology has progressed to a point where the possibility of using patient-

specific iPSCs as a renewable source of autologous cells for cellular therapy without the concern of 

immune rejection led by major histocompatibility complex restriction, is a viable consideration 

[26-28]. Diabetic-patient iPSCs coupled with precision genome editing for gene correction could 

eventually permit a truly personalized approach to β−cell regeneration [29-32].  

The immunomodulatory properties of stem cells can also be exploited to prevent, arrest or 

reverse autoimmune diabetes, ameliorate innate/alloimmune graft rejection, as well as prevent 
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recurrence of the disease. Numerous studies have demonstrated that co-transplantation of 

beneficial stem cells or accessory non-islet cells with islets can improve islet transplantation 

outcomes [10]. For instance, umbilical cord blood-derived mesenchymal stem cells (UCB-MSCs), 

adipose tissue-derived MSCs (ASCs), bone-marrow derived MSCs (BM-MSCs) and hematopoietic 

stem cells (BM-HSCs) have all been shown to arrest β−cell destruction, preserve residual β−cell 

mass, facilitate endogenous β−cell regeneration, and ameliorate islet graft rejection [6]. These 

stem cells with their considerable immunomodulatory properties, alone or in combination with 

β−cell replacement strategies have been successful in reversing hyperglycemia in T1D [6]. In fact, 

autologous MSC infusion has been shown to arrest disease progression and preserve−cell function 

in patients with new-onset T1D [33]. 

3. Stem Cell-Based Strategies for Preventing Islet Graft Loss and Dysfunction Post-

Transplantation 

In the peri-transplant period following clinical intra-portal islet transplantation, a β−cell loss 

ranging from 5 to 47% has been estimated, based on plasma glutamic acid decarboxylase 65 [34]. 

Stress incurred by islets during the harvesting and transplantation processes such as the instant 

blood-mediated inflammatory reaction and the harmful effects of proinflammatory cytokines and 

hypoxia are major contributors to this initial loss [3]. The disrupted, impaired vascularization 

associated with the isolation process exposes islets to hypoxia and nutrient deprivation that 

continues until vascularization and inervation is reestablished in the liver [35, 36]. Additionally, 

alloimmune rejection and recurrence or persistence of autoimmunity [3], toxicity associated with 

requisite immuno-suppressive regimens [3, 37] as well as the gluco- and lipotoxicity [38, 39], 

amyloid formation [40] and liver ischemia [41] further compound the islet loss incurred following 

transplantation. Several studies to improve engraftment with cell therapy are currently ongoing 

(Clinical Trial.gov registration no. NCT00646724, NCT02384018). 

3.1 Overcoming Loss of Transplanted Islet Mass 

A comparison of stem cells from different sources clearly highlights the significant clinical 

potential of ESCs to generate large quantities of functional β−cells for transplantation [6, 42-45]. 

Cell encapsulation is an ingenuous technique that primarily offers the transplanted insulin-

producing cells physical protection from immune attack, thus allowing the cells to survive without 

chronic immunosuppression. Additionally, this technology prevents tumor dissemination, another 

serious drawback associated with the use of ESCs that limits its therapeutic usage. Several 

encapsulation technologies are currently at different stages of being perfected for clinical 

application that would ultimately enable insulin-producing cells to survive and function following 

transplantation [9, 46, 47]. Currently, a Phase I/II trial (clinical trials identifier: NCT02239354) is 

being conducted by Viacyte Inc in which human ESCs at the early differentiation stage of 

endocrine progenitors are encased in a macroencapsulation device and implanted subcutaneously 

[44, 48-50]. Although these cells mature and are functional after transplantation, the 

encapsulation device itself prevents glucose-responsive insulin secretion by acting as a diffusion 

barrier [51-53]. IND approval has now been obtained by Viacyte Inc for a new encapsulation 

product that will enable the ESC−derived insulin-producing β−cells graft to be vascularized, 

however this will once again resurrect the problem of providing requisite immunosuppression [54]. 



OBM Transplantation 2018; 2(2), doi:10.21926/obm.transplant.1802010 

 

Page 4/15 

An active, open label, interventional clinical trial is being conducted in patients with T1D at the 

Uppsala University Hospital Sweden to assess the safety and efficacy of transplanting macro-

encapsulated human islets contained within a bioartificial pancreas β-Air device. The trial will 

investigate if this method improves glycaemic control and reduces incidences of hypoglycaemic 

episodes (Clinical trial.gov identifier NCT02064309) [17]. Very recently, Farina et al. even 

demonstrated the efficacy of a 3D-printed vascularized device for subcutaneous transplantation of 

human islets. However, pericapsular fibrotic overgrowth was often observed associated with poor 

survival of encapsulated islets [55]. Co-encapsulation or cotransplantation of MSCs with 

encapsulated islets has been shown to reduce the pericapsular fibrotic overgrowth and improve 

the functional outcome of allotransplants [56]. 

The Boston Autologous Islet Replacement Program (BAIRT) aims to differentiate autologous 

iPSCs to β−like cells for autologous transplantation into patients with clinical diabetes arising post-

pancreatectomy for chronic pancreatitis. One of the benefits of iPSC derived −cell grafts is that 

they can be scaled to generate the requisite large quantities of autologous −cells for 

transplantation to ensure that insulin secretory capacity may be fully restored to healthy levels 

and the graft not be subjected to longitudinal attrition [57]. 

Researchers at Cornell University have recently developed an implantable, removable device: 

an ionized calcium-releasing, nano-porous polymer “thread” dubbed TRAFFIC ((Thread-Reinforced 

Alginate Fiber For Islets enCapsulation) to implant attached islets that are protected by a thin, 

hydrogel coating [58]. This technique allows the coated cells to be removed or replaced easily 

when they have outlived their usefulness. The hydrogel cover for the thread also prevents gaps 

between the capsules that may contribute to scar tissue development. Minimal invasive 

laparoscopic surgery would be required to implant the hydrogel-coated thread into the peritoneal 

cavity. With the help of Danish pharmaceutical collaborator Novo Nordisk, TRAFFIC has now 

received patent protection. 

3.2 Overcoming Islet Dysfunction Following Transplantation 

MSCs have been shown to improve islet function and survival following cotransplantation, 

owing to their anti-apoptotic, pro-angiogenic [59, 60] and graft-supporting immunomodulatory 

effects [61-63]. Interestingly, the pro-angiogenic effects of MSCs are augmented by hypoxia, 

thereby improving graft revascularization [64]. MSCs can also differentiate into perivascular 

smooth muscle cells (pericytes), thus promoting vessel stabilization [65, 66]. The 

immunomodulatory activities of MSCs include diminishing the activation and proliferation of 

various immune-competent cells such as natural killer cells, dendritic cells (DCs) and cytotoxic T 

cells and B cells; modulating the function, differentiation and chemotaxis of neutrophils and B cells, 

as well as the generation of regulatory T cells (Tregs) [10, 67-76]. They also protect grafted islets 

via their secretion of anti-inflammatory cytokines and growth factors such as hepatocyte growth 

factor (HGF) [59, 60, 77]. A recent in vitro study demonstrated reduction of hypoxia-induced 

damage in human islets with the use of MSC-preconditioned medium, indicating that MSCs 

produce factors that improve survival of islets undergoing hypoxia [78]. Transplantation of 

heterospheroids consisting of rat islet cells and human BM-MSCs also demonstrated effective 

angiogenesis and anti-apoptosis [59]. The islet/MSC heterospheroid transplantation not only 

insured that islets and BM-MSCs were located in the same area of the liver after intra-portal vein 
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transplantation, but also maintained higher insulin production levels when compared to the group 

in which islet cell clusters were transplanted alone [59]. Similarly, in nonobese diabetic (NOD) mice, 

successful omental engraftment of “Neo-Islets” accompanied with long-term euglycemia and the 

absence of hypoglycemia was observed even without chronic immunosuppression. The “Neo-Islets” 

were generated by ex vivo coaggregation of allogeneic islet cells with large numbers of MSCs [79]. 

Cotransplantation of MSCs with neonatal porcine islets also improved graft function in diabetic 

mice, with significantly earlier return to normoglycemia and revascularization, improved glucose 

tolerance and increased insulin content [80]. Nakamura et al have introduced a novel cell 

transplantation platform (CellSaic) consisting of human MSCs and petaloid pieces of recombinant 

peptide that can prevent cell death by arranging the cells in a mosaic [81]. When human MSC 

CellSaics were subcutaneously implanted with islets into diabetic mice, islet cell death was 

prevented, angiogenesis in the graft accelerated and glucose tolerance improved. 

While their ready accessibility from the adipose tissue present in discarded lipoasperates 

makes ASCs an eminently attractive source of stem cells with regards to autologous 

transplantation, their functional similarity to BM-MSCs, such as their ability to increase secretion 

of angiogeneic growth factors on exposure to hypoxia and to promote neovascularization by 

overexpressing vascular endothelial growth factor-A, enhances their clinical applicability [82-88]. A 

very recent study demonstrated that when ASCs from the adipose tissue of chronic pancreatitis 

patients were cotransplanted with mouse or human islets, both longitudinal survival and function 

of islets were improved [89]. Secretion of IGF-1, promotion of angiogenesis and inhibition of 

inflammatory processes by ASCs were contributory factors for this positive effect.  

A single arm, open-label, single-center pilot study to assess the safety, feasibility, and efficacy 

of Stem Cell Educator therapy for the treatment of patients with T1D is ongoing (ClinicalTrials.gov 

Identifier: NCT02624804). Briefly, the apparatus basically consists of a closed-loop system wherein 

the patient’s blood is circulated through a blood cell separator, following which the separated 

lymphocytes are cocultured briefly with adherent human cord blood-derived multipotent stem 

cells (CB-SCs) in vitro. The "educated" lymphocytes are now introduced to the patient's circulation 

wherein they induce immune modulations that result in restoration of immune homeostasis as 

demonstrated by both preclinical and clinical data. Safety and ethical concerns generally 

associated with conventional stem cell-based approaches are a non-issue with this procedure [90]. 

Cotransplantation of neural crest stem cells (NCSCs) with islets has also been shown to 

promote insulin release and β−cell proliferation in the islet graft [91, 92]. Surface coating of 

pancreatic islets with NCSCs improved engraftment and function after intraportal transplantation 

[93]. More importantly, NSCSs have significant therapeutic potential since they can be retrieved 

from adult tissues such as skin, thus harboring the potential for autologous use [94]. Several 

preclinical studies have described the beneficial effects endothelial progenitor cells (EPCs) on islet 

graft survival when islets are co-transplanted with EPCs [95-98]. A syngeneic islet intraportal 

transplantation study demonstrated that granulocyte-macrophage colony stimulating factor was 

able to mobilize recipient bone marrow-derived EPCs peripherally, wherein they enhanced 

revascularization of the grafted islets and promoted graft survival [99]. EPC-derived effects include 

direct differentiation into new vessels and pericytes, enhanced insulin secretion and coordinated 

β−cell function [96, 98, 99]. EPCs also release microvesicles that carry proangiogenic microRNAs 

which enhance syngeneic islet graft function, survival and vascularization [10, 100]. Human 

multipotent adult progenitor cells also secrete large amounts of angiogenic growth factors, and 
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cotransplantation of mouse pancreatic islets with these cells was shown to enhance graft 

vascularization and subsequent islet graft function [101]. 

Apart from stem cells, co-transplantation of islets with tolerogenic cells such as myeloid-

derived suppressor cells (MDSCs) has also been shown to prolong islet allograft survival though 

iNOS-mediated T-cell inhibition in immunocompetent diabetic mice [102]. MDSCs suppress T cell 

function and proliferation and promote the development of regulatory T cells (Tregs) through the 

costimulatory molecule B7-H1 [103-105]. In fact, intra-portal transplantation of co-aggregates 

composed of mouse Tregs with allogeneic mouse islet cells was shown to support longitudinal islet 

graft survival in the absence of any immunosuppression [106]. Similarly, adoptive transfer of in 

vitro expanded human Tregs into recipient humanized immunocompetent diabetic mice was 

shown to delay human islet graft rejection [107]. Currently at the Cell Transplantation and Gene 

Therapy Institute in China, an open label interventional clinical trial is enrolling for a study wherein 

neonatal porcine islets will be xenotransplanted in diabetic patients that will simultaneously 

receive autologous T regulatory cells to induce specific immune tolerance for porcine islets grafts 

along with immunosuppression (ClinicalTrials.gov Identifier: NCT03162237). Mouse islet co-

transplantation with hepatic stellate cells (HepSCs) also induces immune tolerance towards islet 

allografts in mouse via the recruitment of MDSCs [108, 109]. HepSCs display immunosuppressive 

properties by promoting Treg induction, inducing T-cell apoptosis and inhibiting cytotoxic CD8+ T 

cells. Several studies also indicate the role of DCs in promoting permanent islet allograft 

acceptance [110-112]. 

3.3 Alternate Transplantation Sites 

There are several disadvantages of using the liver as the transplantation site, such as the instant 

blood-mediated inflammatory reaction, relative hypoxia, as well as the potential complications of 

portal hypertension, bleeding, portal vein thrombosis and hepatic ischaemia [113, 114]. Infusion 

into the liver restricts the transplantable islet tissue volume since increased volume is associated 

with portal hypertension and acute thrombosis [115]. To circumvent these problems, clinical trials 

are being conducted using extrahepatic sites for islet transplantation. The outcomes of trials using 

the omentum (ClinicalTrials.gov id NCT02213003, NCT02803905), subcutaneous tissue 

(NCT01652911), gastric submucosa (NCT02402439), intramuscular (NCT02872571, NCT01967186), 

bone marrow [116], and the anterior chamber of the eye (NCT02916680, NCT02846571) amongst 

other transplant sites, may yield new insights towards improving transplantation outcomes in the 

future. 

3.4 Immunogenicity and Autoimmunity to Autoantigens Expressed by Autologous Stem Cell 

Derived −Cells 

A final point to consider is the possibility that reprogramming, differentiation, the types of cells 

generated, as well as the implant site may render iPSCs and their derivatives more or less 

susceptible to immune rejection [117]. Genetic and epigenetic defects appear directly or indirectly 

associated to the immunogenicity of the iPSC derivatives. Although this immunogenicity may be 

weaker in comparison to that of allografts, they can elicit serious rejection of the transplanted 

tissue [117]. Therefore, it is absolutely imperative to carry out extensive genetic/epigenetic 

screening of iPSCs in order to ensure their clinical safety, along with stringent evaluation of the 
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immunogenicity of cells that have been derived from patient-specific iPSCs, prior to their clinical 

usage. However, regarding immunogenicity, several recent studies have reported negligible or 

limited immunogenicity of the transplanted iPSC-derived cells [118, 119]. In fact, to the contrary, 

autologous iPSC-derived cell grafts have been shown to induce self-tolerant immune mechanisms 

[120], This indicates that despite differences in antigenic expression that exist between somatic 

cells and iPSC-derived cells, the differentiation of iPSCs itself may be responsible for the observed 

loss of immunogenicity and induction of tolerance. While it is apparent from these studies that 

iPSC-derived cells are eminently suitable candidates for cell replacement therapy, it is important 

to keep in mind that the type of cells that are generated from iPSCs may influence their immune 

susceptibility.   

Last but not least, the possibility of the immune system mounting an attack against the 

autologous stem cell-derived β cells should not be overlooked. There is always the threat that 

prior exposure to autologous islet antigens may trigger the immune system to reject the iPSC-

derived β−cells expressing autoantigens such as GAD65 (glutamic acid decarboxylase), ZnT8 (zinc 

transporter 8), Tspan7 (tetraspannin 7), and IA-2 (insulinoma antigen 2) [117]. To overcome the 

risk of autoimmunity when using β−cells derived from diabetic-patient iPSCs for transplantation, 

precision genome editing for gene correction is a possible strategy for consideration [121]. 

4. Conclusions 

Stem cell-based strategies for providing a potentially limitless source of −cells for 

transplantation as well as for promoting islet graft survival, is a rapidly expanding field of research 

that is hampered by limitations such as immune recognition of these cells by the host and their 

subsequent destruction. Although the development of novel biomaterials for encapsulation and 

ingenious encapsulation techniques demonstrate significant potential in circumventing the need 

for toxic and chronic immunosuppressive therapy and for promoting engraftment, several 

challenges remain. Therefore, studies aimed at identifying safe, reliable and scalable tissue 

sources, at refining islet and stem cell isolation and culture protocols, and at improving 

longitudinal graft survival need to be ramped up in order to make permanent islet graft 

acceptance and insulin independence following transplantation a reality. 
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