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Abstract
Diabetes mellitus remains a major burden. More than 
200 million people are affected worldwide, which rep-
resents 6% of the world’s population. Type 1 diabetes 
mellitus is an autoimmune disease, which induces the 
permanent destruction of the β-cells of the pancreatic 
islets of Langerhans. Although intensive insulin therapy 
has proven effective to delay and sometimes prevent 
the progression of complications such as nephropathy, 
neuropathy or retinopathy, it is difficult to achieve and 
maintain long term in most subjects. The successes 
achieved over the last few decades by the transplanta-
tion of whole pancreas and isolated islets suggest that 
diabetes can be cured by the replenishment of deficient 
β cells. However, islet transplantation efforts have vari-
ous limitations, including the limited supply of donor 
pancreata, the paucity of experienced islet isolation 
teams, side effects of immunosuppressants and poor 
long term results. The purpose of this article is to re-
view the recent progress in clinical islet transplantation 
for the treatment of diabetes and to describe the recent 
progress on pancreatic stem/progenitor cell research, 
which has opened up several possibilities for the devel-
opment of new treatments for diabetes.
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INTRODUCTION
Type 1 diabetes results from a cell-mediated autoimmune 
attack against insulin-producing β cells in the islets of  
Langerhans of  the pancreas. At the time of  clinical di-
agnosis, over 70% of  the β cell mass has typically been 
destroyed. For patients with type 1 diabetes, exogenous 
insulin injection to control blood glucose is a lifesaving 
treatment, but it also has a negative impact on personal 
and social functioning, not least because of  the daily risk 
of  hypoglycemic episodes. In addition, normoglycemia 
cannot be achieved by exogenous insulin and secondary 
complications such as retinopathy, neuropathy, nephropa-
thy and cardiovascular disease occur despite good glyce-
mic control. Intensive insulin therapy can help prevent 
long term diabetic complications and the introduction 
of  insulin pumps into clinical practice has raised the 
possibility of  mimicking the basic endogenous insulin 
secretion pattern, which directly relates to better glycemic 
control[1-3]. For insulin-dependent diabetes, controlling 
the blood glucose level is sometimes difficult, even with 
intensive insulin therapy. Pancreatic islet transplanta-
tion has recently emerged as one of  the most promising 
therapeutic approaches for improving glycometabolic 
control in type 1 diabetic patients. Although the first hu-
man islet allograft transplant was performed in 1974[4], 
clinical success rates were low until 2000[5]. At that time, 
dramatic improvement was achieved with the Edmonton 
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Protocol[6] (Table 1).
The “Edmonton Protocol” introduced several modi-

fications to the transplantation procedure, such as the use 
of  a steroid-free immunosuppression regimen and trans-
plantation of  a mean islet mass of  11 000 islet equivalents 
per kilogram of  the patient’s weight[6]. The Edmonton 
breakthrough produced sudden changes: approximately 
35 centers began to perform islet isolations and the an-
nual numbers of  procedures increased to more than 100 
transplants a year, the insulin-free status changed to about 
85%, or approximately 60%-70% if  all centers were 
counted[7]. However, islet transplantation efforts have 
limitations, including the limited supply of  donor pancre-
ata, the paucity of  experienced islet isolation teams, the 
side effects of  immunosuppressants and poor long term 
results[8]. Further improvements are necessary to make 
islet transplantation a routine and effective clinical treat-
ment. This review describes the recent progress in clinical 
islet transplantation for the treatment of  diabetes.

PANCREAS PROCUREMENT AND PRES-
ERVATION
The procedure used for pancreas procurement has re-
mained relatively unchanged since the first transplant and 
is often performed as part of  a multi-organ procurement 
of  the pancreas, liver and kidney[9]. Pancreata are pro-
cured using a standardized technique for whole pancreas 
transplantation to minimize warm ischemia. University 
of  Wisconsin (UW) solution is used for in situ perfusion 
of  the donor[10,11].

We recently reported the ductal injection of  1 mL/g 
pancreas weight of  preservation solution before pancreas 
storage to improve islet yields[12,13]. Since UW solution has 
several disadvantages for islet isolation, including the in-
hibition of  Liberase activity, we used a new preservation 
solution [modified Kyoto (MK) solution][14,15]. Compared 
with the UW solution, the MK solution exerted lower 
inhibition of  collagenase digestion. Moreover, the MK 
solution significantly inhibited trypsin activity in the di-
gestion step because the solution contains ulinastatin[16]. 
Ductal injection of  the MK solution increased the ATP 
level in the pancreas tissue, reduced trypsin activity dur-
ing the digestion step and prevented islet apoptosis[12]. 
This suggests that the ductal injection of  the MK solu-
tion leads to improved outcomes for pancreatic islet 
transplantation.

The two-layer preservation method (TLM), which 
uses the concept of  normobaric oxygenation compris-
ing a cold organ preservation solution (UW solution) 
with a perfluorochemical (PFC) oxygen carrier solution, 
with the pancreas being suspended between the two im-
miscible layers, has been utilized for many clinical trials 
of  islet transplantation[17-20]. However, two recent large-
scale studies showed no beneficial effect of  TLM, com-
pared with UW storage, on human islet isolation and 
transplantation[21,22]. We reevaluated the effect of  TLM 
using three different groups: group 1: UW simple stor-

age; group 2: TLM performed by multiorgan procure-
ment teams (not specialists in islet isolation); and group 
3: TLM performed by specialists in islet isolation. There 
were no significant differences between groups 1 and 2 
whereas islet yields were significantly higher for group 
3 compared with either group 1 or 2. Our data suggest 
that performance of  TLM by experts could improve the 
outcome of  islet isolation and transplantation[17]. Interest-
ingly, one of  the groups which reported the lack of  bene-
ficial effects of  TLM found that the PFC-based one-layer 
method improved islet yield[23] and the isolation index 
(fragmentation rate of  islets, which is calculated as the ra-
tio between islet equivalents and islet number), compared 
with TLM[24]. Their data clearly suggest the beneficial ef-
fects of  pancreas oxygenation by PFC.

ISLET DIGESTION
Human islet isolation is conducted using the standard 
Ricordi technique with modifications introduced in the 
Edmonton protocol. The introduction of  the semi-auto-
mated method for controlled pancreatic digestion using 
a dissociation chamber (Ricordi Chamber) has dramati-
cally increased islet yields from human pancreata[25] and 
the general principles of  this method still form the basis 
of  current islet isolation technology[26-29]. The factors that 
influence the process include digestion time, digestion 
temperature, collagenase concentration and the route of  
administration of  collagenase, which vary widely among 
protocols. Tissue dissociation enzymes are critical re-
agents that affect the yield and quality of  human pancre-
atic islets required for islet transplantation. After the dis-
continuation of  the manufacturing Liberase HI because 
of  a small potential for prion disease transmission, the 
Serva NB-1 enzyme has been commonly used for human 
islet isolations. Recently, a new enzyme, Liberase mam-
malian tissue free (MTF) was developed, which is similar 
to Liberase HI with the exception that no mammalian 
tissue is used in the manufacture of  the collagenase com-
ponent. One group reported a comparison of  the MTF 
enzyme with Serva NB-1 in clinical islet isolations[30]. The 
average islet mass after purification was similar between 
the two groups and there were no significant differences 
in the isolation success rates (> 400 000 IE) between 
the two groups, suggesting that MTF may be success-
fully used for high-yield human islet isolation and clinical 
transplantation and provides similar quality islets to those 
derived using NB-1.

ISLET PURIFICATION
Purification of  islets from exocrine tissue is a critical step 
for maintaining high islet yields. Large-scale continuous pu-
rification using the COBE2991 cell processor, with Ficoll 
solutions, is the current gold standard method[27-32]. Two 
solutions with fixed density (low density; approximately 
1.077 g/cm3, high density; approximately 1.100 g/cm3)  
are commonly used for the purification. However, the 
density of  islets/acinar tissue depends on several condi-
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tions, such as warm ischemic time, cold ischemic time, 
pre-incubation time before purification and osmolality 
of  both the pre-incubation solution and purification 
solution. The percentage of  islets recovered from a stan-
dard Ficoll purification has been reported to range from 
55%-65%[33,34]. We recently showed the effectiveness of  
controlled-density gradients using iodixanol[35]. Accord-
ing to the outcome of  the density determination step, the 
density of  the purification solutions was controlled (low 
density, 1.075 g/cm3; high density, 1.085-1.110 g/cm3) by 
changing the volumetric ratio of  iodixanol and the purifi-
cation solutions. The islet yield after purification and the 
post-purification recovery rate was significantly higher 
when the controlled density gradient purification method 
was used than when using the standard continuous gradi-
ent purification by Ficoll solutions. The percentage of  
islets recovered from the controlled-density solution was 
approximately 80%[35]. Another group also showed the 
effectiveness of  controlled-density gradients using a con-
tinuous gradient for the density determination step[36].

Although a controlled-density gradient improves the is-
let recovery rate in human islet isolation, 20% of  islets were 
still lost during the purification. Ichii et al[37] reported that an 
additional gradient purification method following regular 
purification could be of  assistance in maximizing the num-
ber of  islet preparations successfully used for transplanta-
tion. We also evaluated a combined continuous density/os-
molality gradient for supplemental purification of  human 
islets[38]. Low-density/osmolality (1.075-1.110 g/cm3/ 
400-410 mOsm/kg) and high-density/osmolality (1.090- 
1.125 g/cm3/495-505 mOsm/kg) solutions were pro-
duced by changing the volumetric ratio of  iodixanol, 10 
× HBSS, and RP solutions. The addition of  supplemental 
purification could contribute approximately 8% to islet 
recovery, with viability and potency comparable to that 
obtained by regular purification. These supplemental pu-
rifications following regular purification could maximize 
the islet yield and improve clinical islet transplantation.

ISLET CULTURE/PRESERVATION
Recently, many centers have introduced the culturing of  
human islets prior to transplantation[39-43] because it pro-
vides many benefits to clinical islet transplantation. In vitro 
culture may reduce islet immunogenicity by depletion of  

viable hematogenous and lymphoid cells[44] and reduce 
exocrine contamination of  transplanted tissue. Cultur-
ing islets may also help them recover from the insult 
of  collagenase digestion. Other benefits are additional 
quality control testing of  isolated islets, initiating time-
dependent immunosuppressive protocols, and culture 
also preserves the islets during travel time for recipients 
living far away from transplant centers. However, we and 
other groups have shown that freshly isolated islets are 
superior to cultured islets for islet transplantation[45-49]. 
We also reported that the clinical outcome in patients 
who received cultured islets was significantly lower than 
in patients who received fresh islets, although the number 
of  subjects evaluated was not sufficient to draw definitive 
conclusions[50]. It is well documented that isolated islets 
deteriorate rapidly in culture[41,42,50,51]. Since barely half  
of  the processed pancreata meet the criteria for clinical 
transplantation in most centers, islet loss during culture 
results in an even lower transplant rate.

We evaluated the optimal temperature for the culture/
preservation of  isolated human islets before transplanta-
tion. Isolated islets were cultured or preserved for 48 h in 
the following culture/preservation conditions: preserva-
tion at 4℃ in UW solution, and culture at 22℃ or 37℃ 
in culture medium. The 4℃ preservation of  isolated islets 
prevents deterioration of  islet equivalents (24% loss in 
37℃ culture and 19% loss in 22℃ culture, but less than 
5% loss in 4℃ preservation) and improves the outcome 
of  islet transplantation, thus suggesting that 4℃ preser-
vation is superior to 22℃ or 37℃ culture before human 
islet transplantation[52].

ISLET TRANSPLANTATION
The implantation site for human islet transplantation has 
not changed over the years. In more than 90% of  cases, 
the portal vein is cannulated either as part of  an operation 
or as an invasive radiology procedure. The Edmonton 
group has reported complications of  bleeding (8%), por-
tal venous thrombosis (3%) and bile leakage (1%) due to 
the implantation procedure[7]. Heparin has been added to 
the process in order to reduce clotting, termed the instant 
blood mediated inflammatory reaction[53,54]. Moreover, the 
use of  heparin or anti-coagulative agents for several days 
following islet transplantation, together with intensive 
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Table 1  Criteria for clinical islet transplantation in Japan

Inclusion criteria 
   < 75 yr of age
   Undetectable C-peptide levels (< 0.1 ng/mL)
   Duration of type 1 diabetes mellitus for > 5 yr accompanied by recurrent neuroglycopenia
   Reduced awareness of hypoglycemic episodes and/or severe glycemic lability despite intensive insulin therapy and glycemic monitoring
Exclusion criteria
   Presence of uncorrectable coronary disease
   A body mass index of > 25 kg/m2

   Inadequate renal reserve defined as serum creatinine level of > 1.5 mg/dL, creatinine clearance of < 80 mL/min per 1.73 m2 of body surface area, or a 
   urinary albumin level of > 300 mg/24 h
   Negative serological findings for Epstein-Barr virus at the time of assessment
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insulin treatment for the first few weeks after transplanta-
tion, have recently been reported as critically important 
variables which improve the efficiency of  initial islet en-
graftment.

IMMUNOSUPPRESSION
A steroid-free immunosuppressive protocol with a com-
bination of  sirolimus and tacrolimus, which the Edmon-
ton group reported, has been utilized in many clinical 
islet transplant trials. However, even with this relatively 
safe immunosuppressive therapy, the islet graft function 
deteriorates within 5 years in 50%-80% of  patients. Some 
immunosuppressive agents also have significant and 
harmful side effects for the transplanted islets[55].

It is currently difficult to sensitively monitor islet rejec-
tion, and improvements in such monitoring are manda-
tory. For example, Close et al[56] reported that polyclonal 
antibody induction may offer better results than dacli-
zumab, according to registry data. Bellin et al[57] recently 
showed improved success with a modified immunosup-
pressive protocol and use of  antithymocyte globulin plus 
etanercept as induction therapy. These results suggest that 
modifications of  the immunosuppressive protocol are key 
to improving long term graft survival.

NEW SOURCES OF INSULIN-PRODUCING 
CELLS
The results obtained through human pancreatic islet 
transplantation have spurred the search for new sources 
of  insulin-producing cells. Regeneration of  β cells from 
stem and progenitor cells is an attractive method to restore 
the islet cell mass. Pancreatic stem/progenitor cells have 
been identified and the formation of  new β cells from 
pancreatic duct, acinar and liver cells is an active area of  
investigation[58-62]. Embryonic stem (ES) cells and induced 
pluripotent stem (iPS) cells are also alternative sources for 
the treatment of  diabetes[63,64]. D’Amour et al[65] recently 
developed a five-step protocol for differentiation of  hu-
man ES cells to endocrine cells capable of  synthesizing the 
pancreatic hormones insulin, glucagon, somatostatin, pan-
creatic polypeptide and ghrelin. Protocols for the in vitro 
differentiation of  ES cells based on normal developmental 
processes have generated β-like cells that produce high lev-
els of  insulin, although at low efficiency and without full 
responsiveness to extracellular levels of  glucose. 

On the other hand, a significant number of  problems 
remain unsolved in terms of  the clinical application of  
these strategies, such as the ethical issues and need for 
immunosuppression after transplantation. The techni-
cal breakthrough of  iPS cells has significant implications 
for overcoming the ethical issues associated with ES cell 
derivation from embryos. iPS cells can also yield insulin-
producing cells following similar approaches. Although 
two papers showed the generation of  insulin-secreting 
islet-like clusters from human iPS cells[66,67], the efficiency 
of  the method for generating these insulin-producing 

cells seems low. However, the method used for ES cells 
may represent a critical step in the development of  insu-
lin-producing cells from iPS cells.

CONCLUSION
Islet transplantation is an alternative method to whole 
pancreas transplantation in patients with type 1 diabetes 
because of  its low invasiveness and safety for the recipi-
ent[68,69]. Significant progress in clinical islet transplanta-
tion has occurred during recent years, with a progressive 
improvement of  short and long term outcomes. How-
ever, the overall long term function of  transplanted islets 
is not satisfactory enough to merit widespread clinical 
application; at 5 years after transplantation, only 15% of  
islet recipients remain insulin independent[70]. Moreover, 
the risk for sensitization after islet transplantation has 
been reported recently[71]. The hope remains that 1 d islet 
transplantation will replace insulin therapy, but there is 
still much work that needs to be done before this goal 
can be reached. Improving the efficacy of  islet transplan-
tation seems to be the most realistic and prudent method 
to cure diabetes and further investigations to induce the 
differentiation of  stem/progenitor cells into insulin-
producing cells will help to establish cell-based therapies 
for diabetes.
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