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Abstract  

The current predominant location for allo- and auto-transplantation of islets is the liver. 

Despite the historical success of this site, recent studies have revealed multiple 

disadvantages.  Portal hypertension, portal vein thrombosis, bleeding, low oxygen tension, 

instant blood mediated inflammatory reaction, inadequate alpha cell function, and delays in 

neovascularization are factors that continue to drive researchers to explore alternative sites 

for islet transplantation.  Factors of an optimal site include: capacity, transplant efficacy, 

portal venous drainage, high oxygen tension, and easy retrievability. Sites such as the spleen, 

kidney, intestinal wall, bone marrow, omentum, and peritoneum, among others, have been 

evaluated for islet transplant. The various benefits and limitations of these alternate sites 

are reviewed in this article.  
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1. Introduction 

The indications and methods for islet transplantation have developed over a period of almost 

50 years, since it was first performed in the 1970s [1]. Islets can be transplanted as allografts or 

autografts. In allotransplantation, a smaller purified volume of islets from a cadaveric donor is 

administered, and immunosuppression is required to prevent rejection. Allografts are used in 

patients with type 1 diabetes and are considered to be a promising method of treatment 

(citregistry.org). Autografts after typically performed after pancreatectomy to prevent 

pancreatogenic diabetes and do not require immunosuppression as patients are receiving their 

own islets.  

Islet autotransplantation is used in the treatment of chronic pancreatitis in patients for whom 

medical therapy has failed. Endoscopic procedures are the first-line therapy but frequently this is 

insufficient to address the life altering pain associated with this condition. Given the lack of 

substantive medical therapies, surgical interventions are often the next step. Total 

pancreatectomy with islet autotransplantation (TPIAT) is utilized to remove the source of the pain 

while salvaging the patient’s functional islets. Total pancreatectomy in isolation could condemn a 

patient to a life with brittle type 3c diabetes; thus, the autologous islets are isolated through a 

combination of enzymatic and mechanical means from the resected pancreas and then infused 

into the portal vein [2].  

Historically, the liver has been the predominant site for both allo and auto islet transplantation. 

However, there is an increasing body of evidence suggesting that there are site-specific factors 

that impact engraftment and lead to attrition of islets over time [3]. The characteristics that make 

intraportal infusion an ideal method along with its many limitations are discussed in this paper. 

Because of the limitations of the liver site, there has been a resurgence of study into alternative, 

extrahepatic sites of transplantation (Table 1). This article reviews extrahepatic sites, including 

those that at this time are purely experimental, as well as those with clinical application seen in 

case series and ongoing clinical trials. 

2. Intraportal Infusion of Islet Cells 

Traditionally, islets have been infused into the liver given the ease of access to the portal or 

mesenteric veins intraoperatively after total pancreatectomy or through a percutaneous approach 

for allotransplants. Also, the path of the endocrine hormones mirrors where they would typically 

be released from the pancreas into the portal system, avoiding the resulting hyperinsulinemia 

associated with systemic drainage seen in other transplant sites [4-5]. Additionally, insulin is 

largely metabolized in the liver (80%), and a 2006 study demonstrated that patients with type 1 

diabetes mellitus with liver autografts had similar hepatic metabolization to controls [6].  

This practice started after a study of streptozosin-induced diabetic rats demonstrated better 

glycemic control with significantly less islets needed when infused into the portal vein compared 
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to the peritoneal or subcutaneous spaces [1]. The first cases of post-islet transplant insulin 

independence, in patients with type 1 diabetes and in patients who received an autoislet 

transplant after pancreatectomy for chronic pancreatitis, cemented intraportal infusion as the 

designated path for islet transplantation [7, 8]. As a result, the liver as a site for transplant has 

been extensively studied in both preclinical and clinical settings. Subsequently, the vast majority of 

clinical experience with islet transplantation has been via intraportal infusion, with important 

standardizations of treatment such as the use of multiple donors and the Edmonton protocol [9]. 

Some of the benefits and limitations of this site are documented in Figure 1.  

Table 1 Type of evidence currently available by site. 

Site of Transplant* Rodent Pig Canine Non-human primate Human 

Liver x x x x x 

Spleen x x x x x 

Kidney x x x x x 

Bone Marrow x   x x 

Omentum x x x x x 

Peritoneum x  x x x 

Muscle x x  x   x 

Subcuticular x    x 

Intestinal Wall x x x  x 

 

Figure 1 Benefits and limitations of intraportal infusion of islets. 
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3. Immunologic and Inflammatory Disadvantages to Intraportal Infusion 

Islets are not exposed directly to blood in the native pancreas. Whether an auto- or allogenic 

transplant is being performed, contact with blood during infusion of islets causes a process known 

as instant blood-mediated inflammatory reaction (IBMIR) to occur [10]. This reaction activates 

both the complement and coagulation cascades. These processes ultimately culminate in islet 

apoptosis. Studies have shown loss of up to 50% of islets within the first hours post-transplant, as 

demonstrated by acute C-peptide release and quantitative PET imaging [10]. 

In allotransplants there are additional immunologic and inflammatory challenges. The liver is 

rich in Kupffer cells which may prompt an acute nonspecific cell-mediated inflammatory reaction 

leading to graft loss. Liver natural killer (NK) cells may also contribute to early graft loss [11]. 

Finally, immunosuppressive medications are toxic to islets, limiting beta cell viability and 

revascularization [12]; the blood concentration of such drugs is high in the portal vein given the 

first pass effect [13]. 

4. Anatomic and Physiologic Disadvantages to Intraportal Infusion 

Blood oxygen tension in the portal venous system is less than a third of that of the pancreas. In 

the native pancreas, islets are typically maintained at an arterial oxygen tension of 40 mmHg [14]. 

The islets become devascularized during the isolation process. As the islets engraft into the 

hepatic parenchyma the process of neovasculariazation from the hepatic arterial system takes 7-

14 days, and until that time the islets are oxygenated via diffusion in the low oxygen tension of the 

portal venous system (pO2 10-15 mmHg). It has been demonstrated that islets continue to have a 

low oxygen tension of 5 mmHg for up to three months post-transplant [15]. Although, the low 

oxygen tension of the islets persists in other sites despite their better tissue oxygenation; thus, the 

intraportal location may not be entirely to blame [14]. 

Furthermore, portal vein manipulation can also lead to potential complications [16]. 

Intraoperatively, the portal vein can thrombose or tear leading to bleeding at the cannulation site. 

When performed percutaneously, Villiger et al. reported a >10% complication rate [17]. Portal 

venous thrombosis (PVT) has been reported in 3.4% of patients at the University of Minnesota 

after TPIAT, and the Alberta group reported PVT in 3.7% of their allotransplant recipients [16, 18]. 

One factor associated with developing PVT is a change in portal pressure above 26 cmH20 during 

infusion, which limits the volume of islets that can be transplanted [19]. To help mitigate this, 

there are additional purification steps taken which provide a more concentrated islet fraction and 

a reduced volume to infuse. These steps add time to the procedure and risks losing some of the 

islets. This is particularly important because the total transplanted islet mass is a critical 

determinant of future insulin independence [20]. 

Finally, monitoring of islet grafts is a challenge in the liver. Percutaneous biopsy is required to 

evaluate the islets, which has associated risks, and given the islets distribution throughout the liver, 

a single biopsy may not be representative [21]. Biopsies present procedural risks such as bleeding 

or biloma. Unfortunately, there are limits regarding the current surrogates used to evaluate for 

rejection of transplanted islets, and we are lacking an evaluation technique using imaging [22]. 

 

 



OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901042 

 

Page 5/21 

5. Metabolic Disadvantages to Intraportal Infusion 

Pancreatic alpha cells produce glucagon in response to hypoglycemia. In the absence of 

glucagon, epinephrine is released stimulating gluconeogenesis from other substrates like lactate 

or alanine until the patient has hypoglycemic awareness and consumes carbohydrates. Long term 

hypoglycemia can lead to neurologic consequences and a decrease in counter-regulatory 

hormonal cascades [23, 24]. Hypoglycemic unawareness can be dangerous for patients and impact 

their quality of life [23]. In islet transplant patients, hypoglycemia is thought to be due to lack of 

innervation of grafted islets, but a larger impairment was seen in intraportal versus intraperitoneal 

transplanted pancreatectomized dogs [25].  

Pyzdrowski et al. published a pilot study of TPIAT patients with traditional intrahepatic 

transplants who were insulin independent compared to matched controls. They found a normal 

glucagon response to arginine stimulation, but no measurable glucagon in response to insulin 

induced hypoglycemia. However, C peptide levels were decreased, indicating that while 

transplanted islets stopped secreting insulin in response to hyperglycemia they were unable to 

mount an appropriate counterregulatory glucagon response [26]. Bellin et al. confirmed this 

finding in their study of nine TPIAT patients with strictly hepatic islet transplant. They noted that 

unlike patients who had solely intrahepatic islet grafts, patients who had a portion of islets 

transplanted to the omentum had normal glucagon responses [27]. Pyzdrowski also noted 

immunohistological staining for insulin, glucagon and somatostatin on those same patient’s liver 

biopsies suggesting that while alpha cells are engrafting they are not responding normally to 

physiologic hypoglycemia [26].  

Several studies have suggested that the site of transplant may impact transplanted islets’ 

response to hypoglycemia [24, 25]. Bogachus et al. studied patients who experienced postprandial 

symptoms of hypoglycemia after a mixed meal. Despite being insulin independent, this group had 

significantly higher glucose excursion after mixed meal consumption followed by significantly 

lower glucose levels [28]. This compromised glucagon counterregulatory response can lead to 

clinically significant hypoglycemia in intrahepatic islet transplanted patients regardless of insulin 

need. One theory suggests that this is due to local glucose production from hepatocytes shielding 

the transplanted islets from sensing the true systemic hypoglycemia of the patient [25]. 

Within the liver, islets are exposed to a high proportion of nutrients resulting in hypersecretion 

of insulin. The paracrine effects of insulin have been reported to lead to hepatic steatosis and 

glycogen deposits around islets in human and animal models [29]. Bhargava et al. looked at C 

peptide positive islet transplant patient’s magnetic resonance images (MRIs) and found 20% had 

steatosis (n=6). C peptide levels in insulin independent patients were higher in those with steatosis 

and exogenous insulin use on logistic regression was associated with increased odds of steatosis. 

These findings suggest that steatosis on MRI might be associated with insulin resistance or graft 

dysfunction [29, 30] Additionally, the resulting hyperglycemia and hyperinsulinemia causes 

alterations in downstream liver acini. These metabolic changes in acini may be carcinogenic; 

Dombrowski et al. demonstrated increased development of hepatocellular adenomas and 

carcinomas in diabetic mice with intrahepatic islet transplants [31]. However, to date, there have 

been no deaths from liver carcinoma in human patients after alloislet transplantation 

(citregistry.org). 
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6. Extrahepatic Transplantation Sites 

Contemporary research in the field of extrahepatic transplant has been centered around two 

main issues:  where should excess islet tissue be placed when portal venous pressure exceeds the 

safe limit for infusion, and, should all islets be transplanted to extrahepatic sites primarily, 

bypassing the liver altogether? As previously mentioned, if portal pressures remain prohibitively 

high during infusion, alternative transplant sites for the remnant islets must be identified because 

future insulin independence is influenced by the total islet cell mass transplanted [20]. Animal 

research in TPIAT is limited by our current models. For example, rodents have poor outcomes 

related to PVT from the very small diameter of their portal vein. The differences between species 

in islet transplantation has resulted in only a few rodent studies translating to clinical practice. 

Some of these sites have promise for clinical application while others have only been used on an 

experimental basis in order to gain further understanding of the physiology of islet transplant [22]. 

There are multiple characteristics of a suitable transplant site (Table 2). Adequate capacity to 

accept a significant volume and mass of islets is essential, which is related to the transplant 

efficacy or the volume of islets required per site to have a significant clinical impact on glycemic 

control [32]. Revascularization is also essential to engrafted islet survival and function; therefore, 

the transplant site should have a high oxygen tension to stimulate neoangiogenesis [33]. Drainage 

of the islet’s endocrine products into the portal circulation as opposed to systemic circulation is 

also desirable. Ideally, there would be minimal risk associated with implanting the islets, with ease 

of access for future biopsy or imaging. Lastly, avoiding specific conditions of the microenvironment 

surrounding the islets, such as limiting direct exposure to blood or minimizing the immune 

response, are key elements to consider. 

Table 2 Benefits and limitations of extrahepatic sites. 

Site of 
Transplant 

Capacity Transpl
ant 
Efficacy 

Easy 
Access for 
Placement 

Easy 
Evaluation 
Post 
transplant 

IBMIR Tolerates 
unpurified 
islets 

Rich 
vasculature 
O2 tension, 
nutrients etc 

Portal 
drainage 

Liver + + + - + - + + 

Spleen -/+ - + - + + + + 

Kidney - + - - - - + - 

Bone Marrow - + + + - - + - 

Omentum + - + + - + + + 

Peritoneum + - - - - ? - + 

Muscle + - + + - - + - 

Subcuticular + - + + - ? _ - 

GI Submucosa - - + + - ? + + 

Capacity: ability to tolerate large volume of cells. Transplant efficacy: low number of islets needed to achieve 
normoglycemia 
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7. Subcuticular and Intramuscular Injection 

Subcuticular or intramuscular transplant of islets provides easy access for future imaging, 

biopsy or retrieval of the grafts. There is no intravascular infusion involved for these sites; 

therefore, there is no associated IBMIR. There are concerns regarding the vulnerability of the 

grafts to local trauma, and their systemic, rather than portal venous, drainage.  

Based on knowledge of intramuscular autotransplantation of parathyroid endocrine tissue [34], 

intramuscular islet transplantation has been modeled in rodents [35]. Sterkers et al. evaluated 

intramuscular versus intraportal autotransplants in mini-pigs [36]. When they attempted to follow 

the principles of parathyroid autotransplant they noted that the blunt dissection resulted in an 

inflammatory reaction with profound macrophage infiltration, possibly from monocyte stimulation 

to clear necrotic muscle cells [37]. This prompted a change in technique to direct injection of the 

islets under the gastrocnemius aponeurosis. Carlsson et al. also reported that injection in large 

clusters lead to early apoptosis from hypoxia. They recommended diffuse transplantation 

throughout the muscle and smaller striated muscles with decreased intramuscular pressure [38]. 

Sterkers’s mini-pigs demonstrated islet expression of insulin and glucagon on 

immunohistochemistry of the intramuscular grafts six months post-transplant. At one month, an 

acute insulin response to intravenous glucose was seen, but the insulin response was 55% lower 

than the pancreatectomized minipigs that received the identical islet mass in the liver [36].  

Al-Abdullah et al. compared unpurified islets transplanted to the liver, spleen, skeletal muscle, 

omental pouch and renal subcapsule of dogs. Four of the five dogs with intramuscular transplant 

developed necrosis at the transplant site resulting in graft failure [39]. In 1996, a patient who had 

received a kidney transplant a year prior received a brachioradialis alloislet transplant, however, a 

biopsy at two weeks post-transplant showed recurrent autoimmune diabetes despite 

immunosuppression [40]. In 2008, there was a case report of a seven-year-old girl, with severe 

hereditary pancreatitis requiring a total pancreatectomy, who underwent a successful 

brachioradialis muscle autoislet transplant [41]. In addition to other case reports in humans [42], 

Djordjevic et al. injected human fetal islets into the abdominal wall musculature of type 1 

diabetics (n=17). Graft function was initially observed with an increase in C-peptide at 90 days 

post-transplant, however this was followed by a decline in C-peptide levels and no patient 

achieved insulin independence even after multiple injections [43].  

Muscle has higher oxygen tension compared to the liver, and muscular endothelial cells are 

primed to respond to hypoxia with physiologic angiogenesis as seen in exercise studies [44]. 

Christoffersson et al. noted that in rat islets, vascular density was similar in striated muscle and 

the intact pancreas. They found that neutrophils were required to initiate revascularization, and 

they postulated that this is related to neutrophil release of vascular endothelial growth factor 

(VEGF) [45]. Svensson et al. also similarly noted intramuscular graft oxygen tension was 70% of 

that in native islets in rats, with twice the blood vessel density compared to the renal subcapsular 

grafts. However, when studying the muscle surrounding transplant islets Svensson et al. noted 

reduced oxygenation, and a larger portion of connective tissue [44]. This suggests early cell death 

in the intramuscular grafts with resultant fibrosis. Several studies in rats have shown improved 

glycemic control with the addition of adjuncts such as IGF-I, or prevascularization with a mesh 

coated with VEGF or basic fibroblast growth factor [35].  
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The subcuticular space has lower oxygen tension and blood supply than muscle, and 

allotransplants in both humans and mice have shown islet necrosis [46]. This prompted several 

groups to explore promoting angiogenesis through stimulating factors or implanting a 

biocompatible foreign body in rodents. In one such study, a stainless steel mesh was placed in the 

subcutaneous space of diabetic rats to promote neovasuclarization 40 days before the islets were 

transplanted. This resulted in normoglycemia with sustained graft function [47]. Overall, the most 

successful transplants in this area had been pretreated with bioscaffolds and specifically those 

bioscaffolds that also contained angiogenic factors [35]. Other treatments aimed at improving 

oxygenation such as hyperbaric oxygen have proven unsuccessful [48]. There have not been any 

large animal studies looking at islet transplant in the subcuticular space.  

In summary, while both sites have been evaluated in small animal models, they have not been 

compared to intrahepatic transplantation. Despite providing an optimal location for placement 

and further monitoring of islets, there are the limitations of graft vulnerability and lack of portal 

drainage. Adjunctive therapies to improve post-transplant oxygenation and angiogenesis may 

increase the utility of these sites in the future. There is currently a ViaCyte phase I/II trial to 

explore a macroencapsulation device placed in the subcuticular space containing pancreatic 

endodermal cells derived from pluripotent cells (NCT02239354). The pancreatic endoderm cells 

are from Cyt49 embryonic stem cells, and they mature post transplantation into islet-like cells that 

have been shown to control blood glucose in rodents. The aim of this trial is to develop an 

allotransplant that would not require immunosuppression [49]. 

8. Bone Marrow 

Bone marrow is a well vascularized, physically protected, broadly distributed and easily 

accessible site. Rodent studies have shown that both auto and allografts to the bone marrow can 

result in both insulin and glucagon production, while limiting rejection [50, 51]. The classical 

understanding of the immune system implies that the allogenic response is initiated by 

recognition of non-self antigens; thus, increasing the risk of rejection if the allografts are placed in 

immediate contact with immunocompetent cells. Conversely, Salazar-Banuelos et al. postulate 

that bone marrow may encourage antigen presentation leading to tolerance or 

hyporesponsiveness [51]. It has suggested that bone marrow may be the ideal site for future 

inquiry into coinjecting islets with immunomodulatory cells such as mesenchymal stem cells or T-

regulatory cells. These cells may contribute to the containment of both allo and autoimmune 

responses, and the bone marrow would provide proximity to islet antigens and the targets of the 

immunomodulatory cells [52, 53]. Cantarelli et al. showed in mice that the bone marrow is not a 

immunoprotective site. In fact, T cell depleting treatment similar to immunosupression that is 

used clinically was less effective at preventing rejection in bone marrow [50].  

In diabetic mice, bone marrow infusion was superior to the liver in reaching euglycemia and 

alpha and beta cell fractions, without a difference in glucose metabolism [52]. Islets in this site 

grew, and were larger 12 months after transplant than when placed [50]. No impact was found of 

the transplanted islets on the hematopietic activity of bone marrow, even when virus-induced 

bone marrow aplasia greatly upregulated its function. On biopsy, there was bone resorption and 

cortical density loss near the grafts [50]. 
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A pilot study was performed by Maffi et al. on patients with pancreatogenic diabetes with a 

contraindication to hepatic transplant (n=4); they received a single autotransplant into the iliac 

crest bone marrow. The procedure followed the same principles as those used for cord blood cell 

infusion into the bone marrow of patients with acute leukemia. These patients had detectable 

levels of C-peptide after islet transplantation, with stable HbA1c, although all required exogenous 

insulin at one year. On biopsy there was evidence of insulin producing cells without damage to 

bone structure [54]. The authors highlighted the ease of repeated infusions and graft biopsies, and 

lack of adverse events. There is an ongoing phase II clinical trial for type 1 diabetics to receive 

allogenic islets into the liver or bone marrow, but the results are pending (NCT01722682). 

9. Kidney Subcapsule 

While the renal subcapsular space is the most common site for murine model study of islet 

immune response, pharmaceutical effects and genetic modifications, larger animal studies are 

limited [55]. In rodent models, kidney subcapsule transplantation results in normoglycemia and 

expected insulin and glucagon secretion in response to glucose and arginine [56]. Transplant to 

this site also prevented chronic complications related to diabetes, including nephropathy and 

ophthalmic complications [57]. Additionally islets can be accessed at a later date for analysis via 

biopsy. Islet transplantation could also be performed simultaneously with a renal transplant 

containing the islet graft as some patients may require both [58]. In pancreatectomized canines 

the number of islets needed to achieve normoglycemia was higher in the kidney subcapsule than 

the spleen or portal vein [59]. This decreased transplant efficacy poses a particularly difficult 

obstacle given the kidney’s inelasticity and inability to tolerate large volumes *60]. Additionally, 

the small physical space for islets increases hypoxia.  

Small and large animal models have shown poor results [58-60]. One limitation of renal 

subcapsular islet transplant is later revascularization due to the requirement of perfusion from 

both the renal artery and renal capsular arteries as seen in rats versus the instant portal vein and 

earlier hepatic artery revascularization seen in liver islet transplantation [61]. In humans, C-

peptide levels after allotransplant acting as a surrogate for islet survival was seen in both patients 

who had islets placed in the kidney subcapsule (2 of 3 patients) and the portal vein (all 6 patients). 

A higher islet mass was used in the kidney group. Despite the difference in C peptide levels, 

neither group had a change in hemoglobin A1c or insulin independence achieved [62].  

Another important consideration in this site is the systemic rather than portal drainage, with 

significantly less insulin reaching its major target organ, the liver. Guan et al. studied normal and 

diabetic rats with renal subcapsular islet transplants who had systemic renal vein drainage versus 

those who had a shunt placed to the superior mesenteric vein providing portal drainage. The 

systemically drained rats had higher insulin response to glucose, insulin resistance and decreased 

metabolism of insulin compared to portally drained or normal rats [4]. This is likely due to first 

pass hepatic insulin clearance [5]. Kruszynska et al. found that diabetic rats with renal subcapsular 

transplant had lower hepatic glycogen stores than those with islets placed in the spleen. This 

implies that systemic drainage may not lead to enough insulin within the liver, which may be the 

major limiting factor of transplant to the renal capsule [63]. 

 



OBM Transplantation 2019; 3(1), doi:10.21926/obm.transplant.1901042 

 

Page 10/21 

10. Spleen 

There are several favourable characteristics of islet cell transplantation to the spleen. These 

include portal venous drainage, easy access intraoperatively, the ability to tolerate unpurified 

islets and good vascularization. In multiple studies the importance of oxygen tension of a specific 

site is argued, which was alluded to earlier in the paper [14]. While the oxygen tension and blood 

flow of native islets is considerably higher in the kidney compared to other sites, Carlsson et al. 

noted that there was not a difference when compared to spleen, liver or kidney capsule in rats 

[14]. 

The spleen’s T-regulator cells lead to suppression of effector T cells; and, post transplant 

inflammatory cytokine levels were significantly lower in the spleen than the liver in mice [64]. Also 

the spleen may be a reservoir for stem cells that can differentiate into islet progenitor cells adding 

to islet regeneration [65]. Islets can be transplanted into the spleen through the splenic vein or 

placed directly into the spleen pulp [64]. This is an important distinction because islets infused 

through the splenic vein may still be susceptible to IBMIR.  

There is conflicting data regarding the use of the spleen for islet transplant in large animal 

models [59, 64, 66]. Splenic autotransplantation in humans who had a total pancreatectomy was 

performed at the University of Leicester. While two of the five patients achieved insulin 

independence for longer than a year, splenic infarction and portal thrombosis limited its 

application [67]. Du Toit et al. also reported concerning complications such as subcapsular 

hematoma or perforation, arteriolar thrombosis and intrasplenic necrosis or cavitation [68]. Some 

authors suggest that clinical outcomes have been limited by technique and complications could be 

reduced with subcapsular implantation or laparoscopic surgery [64]. In islet autotransplantation, 

the spleen may be of limited use as a transplant site as a splenectomy is frequently performed 

with the total pancreatectomy in the modern era. 

11. Intestinal Wall 

The intestinal wall is richly vascularized, with higher oxygen tension, portal venous drainage 

and the gastric submucosa (GS) has the unique benefit of glycemic sensing. One of the unique 

attributes of the stomach or duodenum as a transplant site would be endoscopic access [69]. The 

disadvantages are the high risk of injury to the gastrointestinal tract including: perforation, 

ischemic, or hemorrhage [70-73]. In rodents, the intestinal wall has shown superior 

glycometabolism in the gastric submucosa [71], and sustained graft function in the small bowel 

subserosa space [73]. Other studies have shown improved graft function over other sites in 

hamsters, and mini-pigs [69, 72].  

Endoscopic access provides a novel approach to placing and surveying the islets. 

Transendoscopic gastric submucosa islet allotransplantion in diabetic pigs had similar reduction in 

baseline glucose and insulin requirements as those with laparoscopically placed gastric islet 

transplants [69, 74]. Minimal C peptide was seen 60 minutes after transplant, suggesting minimal 

islet loss. Of note, there were multiple clinically significant episodes of hypoglycemia amongst 

these pigs [69].  

The mesentery has also been considered given its capacity and rich blood supply. It also follows 

the same physiologic path of insulin section as the pancreas. If the graft needed to be removed 
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the associated intestine would likely have to be sacrificed [64]. Preclinical trials in nonhuman 

primates investigated using the celiac artery as a transplant site; ultimately, this was shown to be 

inferior to the portal vein [75]. No human trials with islet transplants to the gastrointestinal tract 

have been performed to date. 

12. Peritoneum 

The peritoneum has a large capacity for islet cells but has poor transplant efficacy. While it is 

easily accessible for transplant, peritoneal implants may be challenging to identify or study after 

transplant [76, 77]. Fritschy et al. found that in streptozotocin diabetic rates with islets 

transplanted into the peritoneum, normoglycemia and insulin response to intravenous glucose 

load was directly correlated with the volume of graft used. Even at the highest volume used (8-10 

microliters, equivalent to total islet tissue in a normal rat) the glucose and insulin levels on 

intravenous glucose tolerance testing were not completely normalized. They hypothesized that 

this may be related to inadequate beta-cell mass and lack of parasympathetic innervation [77].  

Wahoff et al. studied dogs who underwent a total pancreatectomy then had either purified 

islets engrafted intraportally or intraperitoneally and dispersed pancreatic islet tissue 

intraperitoneally (DPIT). They found that while purified islets transplanted intraperitoneally failed 

in the first three weeks compared to other groups, the intraperitoneal DPIT group had 67% graft 

function at 6 months versus 86% in the intraportal purified islets with no difference in glucose 

disposal. They concluded that in addition to being safe and practical the peritoneal cavity may be 

optimal for tolerating high volume grafts. But, the peritoneum may require a higher number of 

islets to produce similar function to intraportal grafts (have a low transplant efficacy), as seen in 

the DPIT which had a higher viable beta-cell mass than purified islets [76].  

Given the perionteum’s capacity to tolerate large volumes of tissue it has become an area of 

interest in infusing encapsulated grafts [78]. Encapsulated islets or bioartificial pancreases are 

future developments that potentially accomplish normoglycemia while also providing 

immunoprotection from T cells, B cells, macrophages, and NK cells. It would be important to 

ensure that the site had ease of access for removal of the device or cells if they become infected 

or fail [21]. 

In humans, some authors cite concerns about adhesion formation and subsequent risk of ileus, 

internal hernias and bowel strangulation, though this has not been clinically demonstrated [55]. 

There have not been human studies utilizing only peritoneal transplant, but it is commonly used 

for residual islets in TPIAT. Bellin at al noted that five patients with extrahepatic islet transplant, 

mainly peritoneal, had a normal glucagon response to hypoglycemia while patients with solely 

hepatic islet transplant did not. This suggests survival of the peritoneal islet cells [27]. 

13. Omentum 

The omentum has several advantages as a site for islet transplant, given its lack of volume 

restrictions, rich vasculature with portal drainage and simplicity of access in the operating room 

[79, 80]. There is also less exposure of the islets to blood, possibly reducing both the short-term 

impact of IBMIR and the longer-term cytokine and endotoxin exposure. A concern for clinical 

translation includes the theoretical risk of adhesion formation and subsequent bowel obstructions.  
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Placing islets in a omental pouch had been shown to maintain normoglycemia in diabetic rats 

as early as 1983 with a rapid return to diabetic state with removal of the pouch [80]. The Kim 

group compared kidney, liver, muscle and omental pouch in diabetic mice, they found that the 

omentum had the glycemic control and kinetics that were closest to controls [32]. Ao et al. studied 

diabetic dogs with total pancreatectomy and autologous (n=5) or allogenic (n=12) free floating 

islet transplantation into an omental pouch; 71% of these dogs become normoglycemic. 

Additionally, they found that, similar to Wahoff et al. in the peritoneum, the threshold of islet cell 

mass required to reach the same function was significantly higher (2.5 fold compared to the 

spleen) [81]. Other studies have also confirmed that the while the omentum can achieve glucose 

control, it has poor transplant efficacy [82]. 

Berman et al. examined diabetic cynomolgus monkeys, one autologous and five allogenic islet 

transplants loaded onto a synthetic biodegradable scaffold were positioned in an omental pouch. 

All of the monkeys had reduced hemoglobin A1c, decreased exogenous insulin requirements and 

C-peptide levels > 1.0 ng/ML. When the grafts were explanted, they were well granulated and 

vascularized with insulin-positive islets seen. There was delayed engraftment but similar C peptide 

production when compared to solely intrahepatic allogenic transplanted monkeys [83]. Since that 

time significant study has been dedicated to creating biologic scaffolding systems to provide an 

extracellular matrix verses transplanting free-floating islet cells [84]. Ao et al. reported that they 

attempted to perform epiploic arterial infusion of islets in dogs but this led to infarction of the 

grafts and nonfunction [81].  

The omentum may have immunoprivilege [22]. Ao et al. found that intraomental grafts 

survived longer than intrasplenic grafts after cessation of cyclosporine (CsA) immunosuppression. 

They postulated that the higher cell-mediated immune effector response in the spleen may 

accelerate rejection, the lipophilic Csa may be cleared at a lower rater from the fatty omentum 

leading to higher CsA tissue concentration, and the donor antigen presentation via lymphatics in 

the omentum versus intravascularly in the spleen may lead to differing sensitization to 

alloantigens [81]. 

Omental transplantation has been studied in animal models and in clinical trials which utilized 

allografts facilitated by a biologic scaffolding [83]. Baidal et al. reported an allotransplant to the 

omentum in a type 1 diabetic recipient who achieved insulin independence at one year follow up 

[85]. At the University of Minnesota, islets are occasionally placed into the omentum or 

peritoneum when prohibitive portal pressures prevent the full volume of islets from being 

transfused during TPIAT [86]. There is a clinical trial ongoing where a portion of islets are placed in 

the omentum regardless of portal pressures (NCT03779139). Our technique uses islets that are 

suspended in plasma derived from the patient. An omental pouch is created and the islets are 

adhered through adding calcium and thrombin to the plasma or an FDA-approved topical foam 

hemostatic agent resulting in coagulation to the omentum. The omental edges of the “bowl” are 

then closed with a running suture and marked with surgical clips for later localization (Figure 2). 

Closure of the pouch with non-absorbable suture was suggested by Ao et al. who reported early 

graft failure in a dog autograft recipient whose pouch had opened which they hypothesized led to 

damage capillaries supplying islets leading to necrosis [81]. 
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Figure 2 Omental pouch for islet transplantation. 

14. Other Sites 

The thymus, testis, cerebral ventricles and anterior chamber of the eye have been studied as 

potentially immunoprivileged sites for islet transplant, but at this time have no clinical application 

[22, 83, 87-88]. The anterior chamber of the eye is undergoing further study in clinical trials. The 

suppressed immune response was thought to be secondary to lack of lymphatic drainage and 

cellular infiltration but more recently it is thought to be due to a complex network of immune 

responses [88]. Immunoprivilege is more likely related to regulatory T cells or physical cellular 

shields such as the blood-brain barrier [88-89]. 

The pancreas is a potential site for allogenic transplant, with the ideal oxygen tension. The 

procedure to place islets in the pancreatic parenchyma, however, is invasive and could lead to 

pancreatitis. Theoretically the same autoimmunity that causes type 1 diabetes could affect the 

islets in allotransplantation [22]. Rodent models for islet transplant to the pancreas have yielded 

positive results, however no large animal or human studies have been performed [90]. 

15. Conclusions 

The current predominant location for transplanting islet cells is the liver via the portal venous 

system. Despite the relative success of this site for allo- and auto-transplantation over the last 

several decades, there remain several disadvantages to this site.  Portal hypertension, portal vein 

thrombosis, bleeding,low oxygen tension, IBMIR, inadequate alpha cell function, and delays in 

neovascularization are factors that continue to drive researchers to explore alternative 

extrahepatic sites for islet transplantation. These factors and others lend to the challenge in 

finding a better alternative, which has limited the clinical translation of a clear solution. Ongoing 

clinical studies are summarized in Table 3. 
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Table 3 Overview of ongoing clinical testing for alternative islet transplants. 

Trial ID Site Study Type Study Location Unique features 

NCT01722682 Bone Marrow Phase 1/2 San Raffaele Scientific 

Institute, Milan, Italy 

vs. Liver 

NCT02213003 Omentum Phase 1/2 University of Miami / 

Diabetes Research 

institute 

Autologous plasma 

 Omentum Phase 1/2 University Hospital 

Brussels, Brussels, 

Belgium 

 

NCT02821026 Omentum Phase 1/2 Clinical Islet Transplant 

Program 

Edmonton, Alberta, 

Canada 

Combined study with 

U Miami 

NCT02803905 Omentum Phase 2 University of Milan vs. portal vein 

NCT03779139 Omentum Pilot University of Minnesota  

NCT01571817 

NCT02402439 

Gastric 

Submucosa 

Phase 1 University of California, 

San Francisco 

After kidney 

transplant 

NCT00790257 Subcutaneous 

space 

Phase 1/2 Cliniques universitaires 

Saint Luc Université 

Catholique de Louvain 

Encapsulated on 

monolayer device 

NCT02064309 Subcutaneous 

space 

Phase 1/2 Uppsala University 

Hospital 

Implantable Beta-Air 

device 

 Subcutaneous Phase 1/2 Diabetes & Glandular 

Disease Research 

Associates and Christus 

Sant Rosa Transplant, San 

Antonio, Texas, USA 

PEG- encapsulated 

 Subcutaneous Phase 1 University Clinical 

Hospital Saint-Luc, 

Brussels, Belgium 

Encapsulated in 

monolayer cellular 

device 

 Subcutaneous Phase 1/2 University of California at 

San Diego, University of 

Alberta Hospital 

Macroencapsulated 

device of pancreatic 

endodermal cells 

https://clinicaltrials.gov/ct2/show/NCT01722682
https://clinicaltrials.gov/ct2/show/NCT02213003
https://clinicaltrials.gov/ct2/show/NCT01571817
https://clinicaltrials.gov/ct2/show/NCT01571817
https://clinicaltrials.gov/ct2/show/NCT02402439
https://clinicaltrials.gov/ct2/show/NCT00790257
https://clinicaltrials.gov/ct2/show/NCT02064309
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NCT01379729 Peritoneal 

cavity 

Phase 1/2 Ziekenhuis 

Brussel/Ziekenhuizen 

LeuvenBelgium 

Alginate encapsulated 

 Peritoneum Phase 1 University of Perugia, 

Perugia, Italy 

PLO-alginate-

encapsulated 

NCT01967186 Muscle Phase 1/2 Nordic Network for 

clinical islet 

transplantation 

In kidney transplant 

Vs. Intraportal, some 

with auto MSC 

 Muscle Pilot Karolinska Institute, 

Stockholm, Sweden; 

Uppsala University 

Hospital, Sweden; and 

University of Lille, France 

 

NCT01652911 

NCT03513939  

Subcutaneous Phase 1/2 University of Alberta Cell pouch (™) 

NCT02916680 Anterior 

chamber of 

the eye 

 University Hospital, 

Basel, Switzerland 

Only severely 

impaired diabetic 

eyes 

NCT02846571 Anterior 

chamber of 

the eye 

Phase 1/2 University of Miami, FL  

NCT006925 Simultaneous 

Islet-Kidney 

Phase 1/2 Fuzhou General Hospital, 

China 

 

MSC: mesenchymal stem cells PLO: poly-L-ornithine PEG: polyethylene glycol 
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