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■ Abstract 
Transplantation of human pancreatic isolated islets can re-
store beta-cell function but it requires chronic immunosup-
pression. The outcome of islet transplantation mainly de-
pends on both the quality of islet preparations, and the sur-
vival of the graft. The quality of islet preparations can be 
evaluated by the results of isolation, which determines the 
chance to achieve insulin independence. The survival of islet 
grafts is reflected by the amount of engrafted functional tis-
sue that maintains metabolic control. Immunosuppressive 
therapy prevents the immunological rejection of grafts, but 
impairs their function and impedes their regenerative capac-

ity. Therefore, the selection of high quality islet preparations 
and the reduction of toxic effects of immunosuppressive 
regimens might dramatically improve the outcomes. The 
application of stem cell therapy in islet transplantation may 
contribute to a better understanding of the mechanisms re-
sponsible for tissue homeostasis and immune tolerance. 
Xenogeneic islets may serve as an unlimited source if im-
mune tolerance can be achieved. This may be a strategy to 
enable a substantial improvement in function while over-
coming potentially deleterious risks. 
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Introduction 
 

          iabetes mellitus represents a major cause of 
       death and disability worldwide. It is a chronic 
       disease characterized by a failure of glucose 

homeostasis, which may lead to kidney failure, reti-
nopathy, and neuropathy, and shortens life expectancy. 
Type 1 diabetes results from autoimmune destruction 
of insulin-producing cells. Therefore, patients require 
exogenous administration of insulin to survive. In con-
trast, type 2 diabetes results from a progressive im-
paired insulin secretion associated with peripheral insu-
lin resistance. The chronic development of such events 
may exhaust the pancreatic regenerative reserve, thus 
resulting in the need to administer exogenous insulin 
in the advanced stages [1]. 

Historical perspective 
Insulin therapy for diabetes has been utilized over 

the last 75 years, since the first patient was treated in 
1922. However, it does not constitute a cure and can-
not prevent the onset of chronic deleterious complica-
tions [2]. In 1967, Lacy introduced the idea of islet 
transplantation [3]. However, it did not become a suc-
cessful reality for human treatment until 2000, when 
Shapiro and associates introduced the Edmonton pro-
tocol, collecting islets from 2-4 donor pancreata in 
combination with a glucocorticoid-free immunosup-
pressive regimen [4]. The results after the Edmonton 
protocol established a landmark towards a cure for 
diabetes. Other remarkable breakthroughs during the 
1990’s were the discovery of glucagon-like peptide-1 
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(GLP-1) by Holz and associates in 1993 [5], and the 
elucidation of the new role that C-peptide plays in pre-
venting the development of vascular and neural dys-
function in diabetes by Ido and co-workers in 1997 [6]. 

Later, the main focus of islet transplantation 
changed towards the concept of “eras”, as introduced 
by Ricordi and colleagues [7] (Figure 1). The Edmon-
ton protocol would therefore be more appropriate to 

fit in Era I, as described in the figure sequence. Points 
A and B represent the islet loss after isolation, and 
thereby, the use of multiple donors to compensate for 
it. Point C, represents the transient islet culture that is 
utilized to remove undesired tissue (i.e. dead cells, exo-
crine cells and donor leukocytes), and to initiate im-
munosuppression. Point D in Figure 1 stands for post-
transplant early islet loss, which happens due to the 
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Figure 1. The concept of eras in islet transplantation. In ERA I, points A and B represent apoptotic 
islets lost after isolation. C represents the transient islet culture to remove most of the undesired tissue, 
(dead cells, exocrine cells and donor leukocytes) but also to initiate immunosuppression. D represents 
the early post-transplant islet loss due to instant blood-mediated inflammatory reaction (IMBIR), and 
“portal storm”. Finally, in E, islet grafts must stand between the chronic rejection/recurrence of autoim-
mune disease and the toxic side effects of the immunosuppressive regimen. In ERA II, maintenance of 
islet mass could be achieved by an efficient isolation method and substitution of immunosuppressants. 
In ERA III, a perfect islet isolation method should be developed and regeneration of islet grafts should 
be facilitated by using regenerative medicine. Therefore, one third of the islet mass in ERA I allows us 
to treat one diabetic patient. In this setting, a living-related islet transplantation will spread out world 
wide. Otherwise, one donor pancreas can be used to treat multiple patients. Ultimately, early diagnosis 
of type 1 diabetes onset and induction of beta-cell tolerance could allow pancreatic regeneration 
without pancreas or islet transplantation. "Time" for the X axis, "functional islet mass" and "intensity of 
inflammation" on the Y axis. Tx: transplantation. A: pancreas procurement and preservation. B: yield of 
isolated islets. C: early loss of the islets by innate immunity. D: engrafted islets. E: survived islets. 1: 
basal level of inflammation. 2: trigger of innate immunity. 3: adapted immunity. 4: graft accommodation. 
5: chronic rejection (ERA I) or tolerance (EAR II and III). 6: occurrence of autoimmunity. Figure modi-
fied according to Ricordi et al. [7]. 
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instant blood-mediated inflammatory reaction (IBMIR) 
and a phenomenon described as “portal storm”. The 
latter means an elevated immunosuppressant level in 
portal blood compared with the systemic level after 
administration in the portal vein [8]. Finally, in point E 
the islet grafts must stand between the chronic rejec-
tion/recurrence of autoimmune disease and the toxic 
side effects of the immunosuppressive agents. 

In 2005, a new breakthrough by Matsumoto and 
associates, was generated by the introduction of an 
improved islet isolation method, now referred to as the 
Kyoto Method [9]. In Japan, the availability of pancre-
ata for clinical cadaveric islet transplantation is re-
stricted to non-heart-beating donors (NHBDs). There-
fore, Matsumoto and their colleagues needed to mod-
ify the current standard islet isolation protocol for 
brain-dead donors, and make it suitable for NHBDs. 
The Kyoto islet isolation method is the one with sev-
eral steps of induction based on the ideas already re-
ported, and originally invented by their group. Using 
the Kyoto method, they isolated islets from 13 human 
pancreata of NHBDs, and transplanted 11 prepara-
tions to six type-1 diabetic patients. The Kyoto 
method was also the world’s first living-donor islet 
transplantation. The rate to meet the Edmonton pro-
tocol release criteria was 84.6%. The improved isola-
tion method and the use of a living donor resulted in a 
larger number of harvested islets per gram of donor 
pancreatic tissue [10]. The manipulation of those vari-
ables revealed in part the aspects that would lead to 
Era II-III of islet transplantation (Figure 1), whilst the 
work on tolerance remained to be completed. There-
fore, in principle, the goal for islet cell replacement 
(Era II-III) is a supply of functional beta-cells with the 
capacity of glucose-responsiveness (mature phenotype) 
to secrete insulin into the blood stream in a physio-
logical manner. Secondly, a functional engraftment 
must be achieved to promote beta-cell regeneration 
while it balances with beta-cell turnover. In other 
words, a positive balance is needed between factors 
that promote beta-cell replication or stem cell differen-
tiation within islet grafts, and a minimally toxic immu-
nosuppressive regimen which allows beta-cell prolif-
eration. 

In reality, the current practices for islet transplanta-
tion in humans do not work satisfactorily. One possi-
ble reason for only partial success is the choice of 
transplantation site. There is evidence that the liver is a 
less than optimal environment for islets and that it 
contributes to short- and long-term beta-cell destruc-
tion or failure [11]. A current study has demonstrated 
that the pancreas is a more suitable transplant site, and 

requires fewer islets than standard sites, such as the 
liver or kidneys. Also, it leads to improvements in 
transplantation outcomes in both rats and dogs [11]. 
Thus, the authors have concluded that the pancreas 
should be considered as an islet transplant site in hu-
mans. 

The normal pancreatic beta-cell homeostasis 

There are several observations regarding mecha-
nisms that support stem cell differentiation, beta-cell 
replication and the homeostasis of pancreatic beta-cell 
mass [12-15]. The endocrine pancreas represents a 
minute fraction, about 1% of the pancreatic mass, but 
is highly vascularized, since each islet may receive a 
blood supply from 2-3 arterioles and drainage into 1-2 
venules [12]. beta-cells seem to have a close relation-
ship with the vessels since their metabolic activity de-
mands high energy utilization and requires synchroni-
zation to release large amounts of insulin in a short 
time [12, 13]. Due to their high level of activity, beta-
cells turnover has been estimated at 40-50 days in ro-
dents [14]. Therefore, beta-cells continuously undergo 
apoptosis at the end of their life span, albeit quite 
slowly, when they are possibly replaced by newly gen-
erated “mesenchymal-epithelial transition” cells from 
the ducts. After stimulation, intra-islet progenitors can 
generate newly formed beta-cells within 2-3 days [15]. 

There are reports indicating that either ductal cells, 
or intra-islet cell progenitors, can produce insulin-
producing cells, as well as other pancreatic cell types, in 
vitro [15-17]. In experiments, both cell types could be 
expanded to some extent during in vitro culture, and 
then redifferentiated into insulin-producing cells. 
However, the amounts of insulin released, and their 
glucose-responsiveness, seem to be reduced when 
compared with normal isolated islets [15, 16]. Also, 
evidence has been found of a transition from ductal to 
insulin-producing cells, which formed solitary clumps 
as a result of peripheral insulin resistance, pregnancy, 
pancreatic duct ligation or pancreatectomy [3]. 

On the other hand, two elegant studies have shown 
evidence of beta-cell replication for the maintenance of 
beta-cell homeostasis. The first one was performed by 
the use of a cell tracking method utilizing an alkaline 
phosphatase protein labeling system, controlled by an 
active transcription of the insulin gene. In this study, 
the generation of beta-cell progeny was identified by 
the expression of the labeling marker once the cells 
were derived from mature beta-cells, but not from 
other cell types [18]. The second study examined the 
role of pancreatic regeneration after the induction of 
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apoptosis in 70-80% of the beta-cells. This group used 
conditionally ablated Ins-rt-TET/DTA (Tetracy-
cline/Diphteria toxin A) double transgenic mice, in 
which the administration of doxycycline triggered dia-
betes. The regenerative capacity of islets was tested by 
withdrawing doxycycline, and resulted in euglycemia 
with almost complete recovery of the normal islet ar-
chitecture. Interestingly, when tacrolimus and si-
rolimus (two immunosuppressive drugs use in the 
Edmonton protocol) were subsequently administrated 
after doxycycline withdrawal, they completely pre-
vented beta-cell regeneration in diabetic mice [2, 19]. 

The abovementioned studies strongly suggest that 
endogenous beta-cell regeneration may be achieved if 
the autoimmune disease can be halted early, or soon 
after diabetes onset, by “regeneration-compatible 
drugs” [2, 19]. This strategy is an essential component 
of Era IV in islet transplantation. However, patients 
who have exhausted their regenerative capacity by col-
lapse of residual stem cells, or replicating beta-cells, 
would be better candidates for islet transplantation in 
combination with the toleragenic immunosuppressive 
drugs (as referred to the drugs in Era III, Figure 1), 
which could act to be “regeneration-compatible”. 

Factors promoting beta-cell regeneration in 
situ and after islet transplantation 

As previously described, the endocrine pancreas is 
subjected to dynamic changes in response to variations 
in the global metabolic demands. Therefore, it is im-
portant to interpret those mechanisms mediated 
through hormones and growth factors, which serve as 
effectors to keep beta-cell formation (neogenesis and 
proliferation) and beta-cell death (senescence, apop-
tosis and necrosis) in balance. Amongst the main fac-
tors promoting beta-cell proliferation are nutrients, 
hormones and growth factors [1, 11]. 

In this regard, it is interesting that glucose increases 
the number of beta-cells by approximately 50% when 
it is infused in rats during a 24 h period [13, 20]. In 
contrast, when isolated islets are maintained in the 
presence of high glucose, they may even release inter-
leukin-1β (IL-1β) and undergo apoptosis [20, 21]. Insu-
lin itself acts as a potent inducer of hyperplasia and 
hypertrophy via insulin receptor substrate-1 (IRS-1) 
genes, whilst providing positive feedback to beta-cells 
as a compensatory change at the early stage of periph-
eral insulin resistance. Genetically engineered mice, 
which lacked insulin receptors specifically in beta-cells, 
exhibited a considerably decreased beta-cell mass and 
developed diabetes [15, 22]. 

Researchers have identified insulin-like growth fac-

tor-II (IGF-II) as an essential element to maintain the 
growth of fetal and neonatal islets. It is mainly secreted 
by the surrounding ductal cells [23]. The use of IGF-II 
in islet transplantation allowed the suppression of islet 
apoptosis and promoted islet proliferation [24]. Like-
wise, fibroblast growth factor-2 (FGF-2) is a multi-
regulatory factor, which can induce proliferation of 
both progenitor and beta-cells [1, 15, 25-27]. When 
FGF-2 knockout mice were generated, an in vivo at-
tenuated FGF-2 signaling led to diabetes in mice [26]. 
We have previously reported the use FGF-2 as an in-
ductor of regeneration, and we have found facilitated 
revascularization of islet grafts after transplantating a 
marginal islet mass [27]. 

Hepatocyte growth factor (HGF), mainly secreted 
by pancreatic endothelial cells, is also able to induce 
beta-cell proliferation in islets and to cause insulino-
tropic effects in fetal islets. An excellent study with 
transgenic mice overexpressing HGF under the con-
trol of rat insulin promoter (RIP), demonstrated a 
dramatic increase in islet mass, while reflecting an 
enlarged size of islets and an increased beta-cell num-
ber [28]. Moreover, when HGF was intraperitoneally 
administrated, the transplantation of a marginal dose 
of pancreatic islets resulted in the amelioration of dia-
betes in mice [29]. 

GLP-1 is a potent intestinal insulinotropic hor-
mone and seems to be useful to lower glucose levels in 
rodents, and in human diabetic subjects of types 1 and 
2. However, GLP-1 has a very short half-life of 2-6 
min, which hampers its therapeutic application. There-
fore, researchers are now taking advantage of the avail-
ability of recombinant analog exendin-4, which is more 
potent than GLP-1, and possesses a much longer half-
life of 2-6 h for in vivo studies. Studies on exendin-4 
have clearly demonstrated multiple benefits, in type 2 
diabetic patients, and in STZ-induced diabetic mice, 
whilst receiving transplantation of a marginal dose of 
islets. Observed benefits include enhancement of the 
beta-cell functionality, replication and neogenesis. [30, 
31]. The mechanisms of islet renewal and the effects of 
these growth factors have been studied mainly in ro-
dents. Therefore, it may not be directly relevant to 
humans. 

Control of quality in transplantable islet cells 
Normal isolated islets are indeed the cell prototype 

for functional comparison. Considering islet equivalent 
(IEQ) as a unit of transplantable function, when a lar-
ger number of islets are transplanted, the serum levels 
of C-peptide increase and the exogenous insulin re-
quirement decreases, resulting in a greater probability 
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of insulin independence [32]. However, large variations 
have been observed in the potency and number of 
beta-cells among islet preparations. These factors at 
work, include beta-cell content/count, viability, integ-
rity and inflammatory processes, and they compromise 
the probability of successful islet engraftment. There-
fore, a multi-factorial quality assessment of islet prepa-
rations including a reliable count of viable islets is re-
quired to assure consistent benefits after islet trans-
plantation [32, 33]. 

Potency of transplantable islet cells 
Potency tests of islet preparations conventionally 

involve two major aspects. The first is glucose-
responding insulin secretion. This is often expressed as 
an index of the ratio between basal low glucose incu-
bation and stimulation delivered with glucose loading, 
secretagogues, or drugs under static incubation or dy-
namic perfusion. 

It is worth noting that islets, which preserve a well-
defined morphology and are constituted with a high 
amount of viable cells, may present a low level of glu-
cose-responsive insulin secretion, but that those islets 
may be capable of restoring normoglycemia after 
transplantation [32]. These findings strongly suggests 
that an insulin secretory defect caused by ongoing 
apoptosis, inflammatory processes, osmolar damage, 
cell exhaustation and transitory energy depletion is re-
versible if the noxious stimuli are well controlled in the 
islets [34]. Therefore, interventions, which enable a 
functional recovery of islets, may enhance their poten-
tial, and preferably expand the transplantable islet mass 
[32, 34]. 

The second aspect in testing islet potency is the use 
of tests for diabetes reversal in immunodeficient nude 
mice. In this model, transplantation of isolated islets is 
correlated with the capacity of engraftment and the po-
tential to restore islet function in an islet dosage- and 
time-dependent manner. Despite the accuracy of bio-
assay, it does not enable a practical selection of the 
preparations for islet transplantation because of its 
time-consuming aspect [32]. Ichii and associates have 
developed a method for more accurate assessment of 
the islet composition and beta-cell content in islet 
preparations at two different time points [35]. Their 
method discriminates dead cells from living cells using 
7AAD staining and simultaneous TMRE staining for 
mitochondrial membrane potential in both beta- and 
non-beta-cells. The measured number of viable beta-
cells within an islet preparation correlates well with the 
results of bioassay to predict the reversal of diabetes, 

and is defined as islet potency. 

Safety of transplantable islet cells 
The safety of transplantable islet cells has to be de-

termined by their quality in terms of potency, as men-
tioned above, and the extent to which potency may 
contribute to transplantable functionality. However, 
other types of cells contained in islet preparations are 
also typically transplanted to the recipient [32, 36]. 
Therefore, it is preferable to remove cells that may 
trigger early or immediate immunological responses to 
beta-cells as a target of the host immune system. One 
of the triggers can be the presence of passenger leuko-
cytes, which express several proinflammatory mole-
cules such as monocyte chemoattractant protein-1 
(MCP-1), tissue factor, IL-1beta and others. Donor 
passenger leukocytes can be removed by culturing islet 
preparations in vitro prior to transplantation [36]. 

Alternatives to isolated islets 
The worldwide shortage of human donor pancreata 

for islet cell transplantation has led to search for alter-
native sources of islet cells including stem cell-derived 
insulin secreting cells, replicated beta-cells, artificial 
cells and xenogeneic islets. However, such sources 
possess natural advantages and disadvantages that need 
to be strictly assessed, before they can serve as a thera-
peutic source. 

Stem cell-derived insulin secreting cells 
In principle, stem cells have self-renewal and vari-

able differentiating capacities when they reside in their 
niches, thereby participating in tissue homeostasis. 
However, phenotype and localization of such stem 
cells within the postnatal pancreas remain to be fully 
elucidated, as mentioned above [13]. In an attempt to 
identify an alternative source of mature isolated islets, 
researchers have conducted numerous studies on isola-
tion and differentiation of putative pancreatic stem 
cells (ductal and intra-islet progenitors) and other stem 
cells, including embryonic stem (ES), bone marrow, 
umbilical cord and hematopoietic stem cells [3, 13-17, 
37-41]. 

Despite the unlimited proliferation and differentiat-
ing potential of ES cells, the achievement of a func-
tional mature phenotype was more difficult than ini-
tially expected. Insulin biosynthesis and glucose-
responsiveness by cells derived from ES cells are much 
lower or absent compared to the single-cell function in 
normal pancreatic beta-cells from isolated islets [39]. 
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The presence of undifferentiated ES cells residing after 
in vitro induction, increases the possibilities for tumor 
formation. Therefore, a better understanding of the 
mechanisms that control pluripotency and those which 
regulate the islet beta-cell differentiation is needed [42]. 

Experiments with bone marrow or hematopoietic 
stem cells fail to demonstrate a significant amount of 
functional transdifferentiated beta-cells. These trans-
planted stem cells promoted pancreatic regeneration 
and immune tolerance. Pancreatic regeneration was 
stimulated by endothelial cells derived from the en-
grafted stem cells, leading to an increase in the host 
beta-cell mass. Immunological tolerance was achieved 
via chimerism [43, 44]. The use of stem cells differenti-
ated in vitro, such as insulin-secreting units, must be 
comparable to that of isolated islets in order to provide 
a sufficient transplantable function. If those newly dif-
ferentiated stem cells possess a restricted low secretory 
function (defined as islet potency), then a large amount 
of cells would be required to achieve insulin independ-
ency. However, this can increase the probability of tu-
mor formation, decrease the engraftment potential and 
exacerbate inflammatory signals that trigger allo-
autoimmune reactions. On the other hand, defined 
populations of toleragenic stem cells may not contrib-
ute with transplantable function, but may indirectly 
promote pancreatic regeneration [1, 36]. 

Xenogeneic islets 
The alternative use of xenogeneic tissues consti-

tutes an attractive and virtually unlimited source for 
islet replacement. However, islet cell function is still 
limited due to physiological differences, rather than an 
incomplete phenotype expression. Hyperacute rejec-
tion due to natural anti-alpha Gal antibodies is one of 
the major hurdles in pig-to-human xenotransplantation 
of islets. However, porcine endocrine islet cells seem 
to express relatively low alpha Gal antigen. In an ex-
periment, porcine transplanted islets were relatively 
tolerant of the innate immunological stress from the 
alpha Gal antibodies-mediated acute humoral xeno-
graft rejection, in pig-to-macaque transplantation [45]. 
Nevertheless, robust immunosuppressive regimen is 
required to attain graft survival. In many cases, toxic 
side effects of immunosuppression dramatically affect 
graft function and increase the probability of zoonosis 
transmission. There is a particular concern about the 
potential for infections occurring in recipients due to 
porcine endogenous retrovirus (PERV). This imposes 
life-threatening risks for recipients and, contains po-
tential for public biohazards [46]. 

Pancreas vs. islet transplantation in diabetic 
patients 

Transplantation options for diabetic patients are 
pancreas and islet transplantation. Pancreas transplan-
tation has been actively performed for the past 30 
years with improving success rates. On the other hand, 
islet transplantation provides the advantage of being 
less invasive with fewer complications. However, cur-
rent experience shows that multiple transplants are re-
quired to achieve and maintain insulin-independence 
transiently. Long-term function still remains a problem 
even with multiple transplantation. Early successes 
with single-donor islet transplants are encouraging and 
if maintained will largely substitute pancreas trans-
plants. Currently, single-donor islet transplants have 
been shown to work in recipients with low insulin re-
quirements who receive a pancreas from a donor with 
high body mass index. However, pancreas transplants 
from obese donors are associated with increased surgi-
cal risk. Therefore, it is logical to preferentially allocate 
obese donor pancreata to islet recipients. In addition, 
pancreata obtained from older donors of 50 to 65 
years could be preferentially allocated to islets since 
their islet yield is still good, whereas they are associated 
with decreased survival in whole-organ pancreas trans-
plants. With increasing efficiency and success of islet 
transplants, the criteria for pancreas allocation for is-
lets should be periodically considered [47]. 

Conclusions 

Islet transplantation was first proposed as a poten-
tial cure for diabetic patients some 40 years ago. How-
ever, specific limitations avoid the widespread use of 
this treatment until now. The most critical limitations 
are the availability of transplantable tissue and the toxic 
side effects of immunosuppressive regimens. The qual-
ity of islet preparations is in direct relation to the prob-
ability of success in achieving insulin independence. 
On the other hand, maintenance of the restored func-
tion requires tolerance, to halt immunological attack, 
and to allow proliferation of the grafts. 

The ideal treatment for diabetic patients is islet re-
generation therapy, induction of self-tolerance for 
early-diagnosed patients, and additional transplantation 
of islets to serve as a pool for tissue homeostasis. Al-
ternative islet sources constitute attractive models for 
the study of these goals of tolerance and tissue regen-
eration. However, in terms of function and safety, such 
alternative sources remain unsatisfactory at present. 
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