
TOPICS HBP treatment using cell transplantation in the near future

Current status of islet cell transplantation

Hirohito Ichii Æ Camillo Ricordi

Received: 15 June 2008 / Accepted: 15 July 2008

� Springer 2008

Abstract Despite substantial advances in islet isolation

methods and immunosuppressive protocol, pancreatic islet

cell transplantation remains an experimental procedure

currently limited to the most severe cases of type 1 diabetes

mellitus. The objectives of this treatment are to prevent

severe hypoglycemic episodes in patients with hypogly-

cemia unawareness and to achieve a more physiological

metabolic control. Insulin independence and long term-

graft function with improvement of quality of life have

been obtained in several international islet transplant cen-

ters. However, experimental trials of islet transplantation

clearly highlighted several obstacles that remain to be

overcome before the procedure could be proposed to a

much larger patient population. This review provides a

brief historical perspective of islet transplantation, islet

isolation techniques, the transplant procedure, immuno-

suppressive therapy, and outlines current challenges and

future directions in clinical islet transplantation.
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Introduction

Type 1 diabetes mellitus (T1DM) is an autoimmune dis-

ease associated with selected genetic HLA alleles, which

results in the permanent destruction of beta cells of the

pancreatic islets of Langerhans [1]. In T1DM, the

destruction of pancreatic beta cells causes insulinopenia,

leading to consequent hyperglycemia and ketoacidosis

unless the lack of endogenous insulin production is bal-

anced by multiple exogenous insulin injections, which

remain today the primary treatment for T1DM together

with regular monitoring of blood glucose levels. While

exogenous insulin therapy has dramatically improved the

quality of life, chronic diabetic complications develop in a

substantial proportion of subjects with diabetes and gen-

erally show a progressive worsening over time. Intensive

insulin therapy has proven effective to delay and some-

times prevent the progression of complications such as

nephropathy, neuropathy or retinopathy. However, it is

difficult to achieve and maintain long term in most sub-

jects, either for compliance issues or for the increased risk

of severe hypoglycemic episodes, which is generally

associated with intensification of exogenous insulin ther-

apy. A more physiological glycemic control could be

provided by pancreatic beta cells. Some of the most diffi-

cult cases of T1DM include patients who lost their ability

to feel hypoglycemic prodromic symptoms such as

sweating, tremor, tachycardia and anxiety. Since it is very

challenging and potentially dangerous to treat these sub-

jects with intensive insulin therapy, transplantation of

insulin-producing cells could be of assistance in restoring

proper glucose regulation.

Whole organ pancreas transplantation is very effective

in restoring normoglycemia and maintaining long-term

physiological glycemic control. Simultaneous pancreas and
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kidney transplantation is presently considered the standard

therapy for patients with T1DM with end-stage renal fail-

ure. Although pancreas transplantation achieves insulin

independence in greater than 80% of patients beyond

1 year [2], it retains the risks associated with any major

surgical procedures and long-term immunosuppressive

drug therapy [3]. In contrast, islet transplantation does not

require any significant surgery or general anesthesia. In

addition, islet transplants do not require management of the

exocrine secretions of the pancreas, avoids the possible

complications related to enzymes production by the exo-

crine cells, as experienced in whole organ, pancreas

transplantation. In patients with TD1 M, there is no sig-

nificant problem with the pancreatic exocrine tissue, which

represents the majority of the organ. It would make sense

to limit the transplant procedure to the islets that represent

less than 2% of the organ and that could easily be infused

by interventional radiology techniques, either intraportally

or in other sites.

The first report of an islet transplant as a treatment for

diabetes could be considered that of Dr. Watson-Williams

and Mr. Harshant in 1894, when they transplanted small

fragments of a sheep pancreas into a young patient with

diabetic ketoacidosis. However, no attempt to purify the

islets was performed in that initial attempt. Since then,

significant progress has been achieved in the field of islet

transplantation [4]. The first successful series of

islet allograft was reported in 1990 in surgical diabetes

[5], while the results in T1DM slowly improved during

the 1990s until 1999, when Shapiro et al. reported insulin

independence in seven out of seven consecutive T1DM

patients treated with islet transplantation using a gluco-

corticoid-free immunosuppressive regimen [6]. Since this

exciting report, clinical islet transplantation activity has

dramatically increased all over the world. A multi-center

trial to evaluate the reproducibility of the Edmonton

study organized by the Immune Tolerance Network

reported variable rates of success, indicating that the

complexity of the procedure should not be underesti-

mated by new center entering the field [7]. In the centers

with most experience with the procedure, approximately

80% of patients treated with islet transplantation could

achieve insulin independence within the first year post-

transplantation [7].

Clinical islet transplantation

Indications

The risk/benefit ration should be carefully evaluated in

each patient where islet transplantation is considered, as

adverse events are frequently observed following islet

transplantation, mainly related to immunosuppressive

therapy. Strict recipient evaluation is essential for selecting

patients suitable for islet transplantation. Ideal candidates

for islet cell transplantation are patients with unstable

T1DM and have a history of severe hypoglycemia

unawareness, despite attempts to correct the condition by

expert medical treatment [8].

Donor evaluation

Donor selection has been strongly associated successful

islet isolation and transplantation. It has been reported that

significantly higher isolation outcomes were associated

with several donor variables, including donor age [9, 10],

body mass index [11] and retrieval by the local surgical

team [12, 13]. In general, donor pancreata are first offered

for whole pancreas transplantation. If donors have a high

body mass index, the pancreata are not generally used for

whole pancreas transplantation [14]. However, pancreata

from high BMI donors could be successfully used for islet

transplantation, generally providing a higher islet yield

compared to those from lean donors [10, 15]. Middle-aged

donors are considered most suitable for islet isolation [15].

However, the superiority of young donor islet function has

also been reported [16, 17]. The major obstacle in the

utilization of young donor pancreata is low islet yields [18,

19]. This is due to the difficulty of separating islets in

young donor pancreata from the surrounding acinar tissue

without fragmenting the islets [15, 20]. Developing isola-

tion methods to increase islet yields from young donor

pancreata will be of assistance in improving the number of

donors that could successfully be utilized for clinical islet

transplantation. Besides low BMI and donor age, low islet

yields have also been associated with uncontrolled hyper-

glycemia [21], prolonged hypotensive episodes, longer

cold ischemia time [11], pancreas capsular damage [22],

duration/frequency of donor cardiac arrest and the eleva-

tion of serum creatinine levels and transaminases

vasopressor [11].

Pancreas preservation for islet transplantation

In whole pancreas transplantation, pancreata have been

preserved in University of Wisconsin solution (UW) [23,

24]. Reducing pancreatic injury, particularly from cold

ischemic injury, has been recognized to be increasingly more

important for human islet isolation over the past several

years. Kuroda et al. have first reported that the two-layer

method, in which the pancreas is stored at the interface of

UW solution and oxygenated PFC (perfluorochemical), is

effective for pancreas preservation [25]. Since then, the

two-layer preservation method has been utilized for many

clinical trials in islet transplantation [26–29].
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Digestion

Islet isolation methods from human pancreas have signifi-

cantly improved over the last three decades. The

introduction of the semi-automated method for controlled

pancreatic digestion using a dissociation chamber (Ricordi

Chamber) has dramatically increased islet yields from

human pancreata [30] and the general principles of this

method are still at the base of current islet isolation tech-

nology [4, 31–33]. This procedure includes islet separation

from the exocrine pancreatic tissue in a digestion chamber

by a mechanically enhanced continuous enzymatic diges-

tion process. The progressively digested pancreatic tissue is

effectively collected with a large volume of solution. In a

following purification procedure, the islets are separated

from the acinar tissue using discontinuous or continuous

density gradient centrifugation [33, 34–36].

Enzyme

The enzymatic dissociation of islet cells from the sur-

rounding exocrine tissue plays an important role in the

achievement of a successful human islet isolation and

clinical transplantation [18, 37]. Liberase, a highly purified,

low endotoxin, enzyme blend composed of a consistent

combination of collagenase class I and II, as well as the

neutral protease thermolysin, was developed by Roche

Applied Science [36, 38, 39]. Highly purified Liberase HI

has dramatically improved the consistency, yield and

function of islets by minimizing the variables of quality

and stability when compared to the conventional crude

collagenases. Liberase HI is currently the primary choice

and the best-characterized enzyme blend throughout the

field of human islet isolation. However, significant vari-

ability in enzymatic activity between lots has been reported

[40–42]. Additionally, there is lot specific deterioration of

enzyme quality and strength over time [43]. Therefore,

several test isolations have been necessary for the selection

of Liberase lots suitable for human islet isolation based on

islet yield and quality. The deterioration of the enzymatic

quality may be caused by the degradation of neutral pro-

tease activity in Liberase HI during storage, even if the

enzymes are stored at -80�C, according to manufacturer’s

instructions [41].

One solution to this problem would be to obtain smaller

batches of enzyme and utilize them in shorter time periods.

However, experience dictates a substantial number of

pancreata are utilized in order to select suitable Liberase

lots, and optimize isolation conditions to obtain a consis-

tently high yield and quality of islets. In order to avoid the

increased waste of pancreata and time, it would be useful to

establish a network system of sharing Liberase lots and

isolation conditions for each suitable lot among islet

processing centers. It has been published that precise

enzyme characterization would be helpful for selecting

enzyme lots suitable for islet isolation and evaluating

degradation of enzyme over time [37, 44]. In addition, it

might also be advantageous to utilize a ‘non-blend’ com-

ponent enzyme; Liberase Collagenase Blend (Roche

Applied Science), Collagenase NB1 and Neutral Protease

NB (Serva Electrophoresis GmbH), which would separate

the class I and class II collagenase from the neutral pro-

teases, in order to extend the shelf-life of the enzyme.

Therefore, the separate enzyme components make it pos-

sible to prepare the suitable ratio for the conditions and the

characteristics of donor pancreata [37, 45]. In order to

minimize the lot-to-lot variability of the activity of each

enzyme component, a recombinant enzyme was developed

and successfully tested for human islet isolation [39, 41].

Recombinant technology could represent a significant

advancement for better definition and reproducibility of

successful enzyme blends for human islet processing.

Purification

The purification step allows for the separation of the islets,

which represent only 1–2% of the total pancreatic tissue,

and multiple fractions of variable degrees of islet purity are

usually recovered [46]. This procedure reduces the volume

of tissue that will be implanted in the patient, therefore

minimizing the risks associated with intraportal islet infu-

sion (i.e., increase of portal pressure and thrombosis). The

original description of the automated method for human

islet isolation included density gradient centrifugation

using a manual method [30]. The semi-automated com-

puterized COBE-2991 cell processor subsequently became

the most effective method for the purification of human

islets, as it allows large volumes of pancreatic digest to be

purified in reasonably a short time [34, 35, 46]. Large-scale

continuous purification using the COBE2991 cell proces-

sor, with top loading, is the current gold standard method

[31–33, 47, 48]. An important advantage of continuous

gradient purification is that it allows collecting serial

fractions with different degrees of purity that can be

assessed separately in order to select those with the highest

purity for transplantation. In addition, top-loading has the

potential advantages of allowing the digested tissue to

remain in a physiological medium for the maximum pos-

sible time and minimizes centrifugal forces.

Recently, we have reported an additional gradient

purification method following continuous gradient purifi-

cation with bottom loading could be of assistance in

maximizing the number of islet preparations successfully

used for transplantation by improving the efficiency in the

purification of trapped islets, which often come from

younger donor pancreata [49]. In addition, ficoll-based
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gradient that were widely used [5, 30, 34, 35] have been

progressively been replaced by iodixanol-based gradients

[29, 33, 50].

Pre-transplant culture

Optimal culture conditions for isolated human islets should

provide sufficient oxygen and nutrients, in order to allow

islet cells to recover from isolation-induced damage and

maintain the three-dimensional structure of the clusters and

reduce islet mass loss. Numerous approaches have been

utilized over the years for the culture of human islets prior

to transplantation. Initial clinical trials used islets cultured

prior to transplantation in order to allow for the assessment

of sterility and to allow for pooling of islet preparations

from multiple donors, if needed, to obtain a sufficient

number of islet for transplantation [5, 51–54]. The

Edmonton protocol required freshly isolated islets to be

transplanted without keeping them in culture [6]. More

recently, most transplant centers are culturing isolated

human islet preparations, pre-transplantation, with results

comparable to that of non-cultured [18, 29, 32, 47, 48,

55–57]. The advantages of the using cultured islet prepa-

rations over freshly isolated islets are multifold and include

practicality, as it allows for arranging the logistics of

patient admission to the hospital and of implementing pre-

conditioning therapy prior to transplantation; and safety, as

it gives time to assess the islet preparation by performing

microbiological (i.e., mycoplasma, aerobes and anaerobes

cultures) and pyrogenic (endotoxin) tests. In addition, islet

culture allows minimizing the risk of primary non-function

of the transplanted insulin producing cells, as it has been

occasionally observed when islets were transplanted before

appropriate functional tests could be performed.

Numerous media formulations and culture protocols

have been utilized for human islets since the 1970s [58, 59].

The current practice for islet culture varies substantially

between centers, suggesting that despite the steady success

reported in the clinical setting of islet transplantation in

recent years, standardization has not been achieved. There

is still wide latitude for the improvement of current methods

utilized for the human islet cell culture. Development of

efficient culture media formulations and of protocols spe-

cific to human islet preparations may allow improved

preservation of b-cell mass and quality, while increasing the

success rate of islet transplantation in the clinical setting.

The process of human islet isolation generates sizable

stress to the islets, including the induction of apoptosis and

necrosis and the production of pro-inflammatory cytokines

and chemokines [60–62]. In particular, oxidative stress

appears to play a major role in triggering islet cell death

during isolation [61]. The activation of nuclear factor-jB

(NF-jB) and PARP, two of the major pathways responsible

for cellular responses to stress, are shown to be upregulated

significantly in pancreatic cells during the isolation pro-

cedure [61]. Furthermore, it has been recently reported that

islets express and synthesize tissue factor (TF), which

triggers a detrimental thrombotic reaction after hepatic

portal islet infusion [63–65]. Other reports have shown that

macrophage chemoattractant protein-1 (MCP-1) is also

expressed and secreted by islets [66–69]. MCP-1 has a

potent chemotactic activity for monocytes and MCP-1

levels inversely correlate with the outcome of clinical islet

transplantation [68]. Nicotinamide supplementation of

culture medium has been shown to reduce both TF and

MCP-1 production [70]. Based on these premises, nico-

tinamide supplementation is currently used in the culture

media of human islet preparations for clinical use [32, 65].

After isolation, most of islet cells will be hypoxic and

have substantial damage. The cell density of islet prepara-

tions during culture plays an important role in islet survival.

Oxygen diffusion in the media will be critical for islet

survival during culture. Typical flask loading is equivalent

to 11–133 IEQ/cm2 of surface area. Given a uniform islet

size of 150 lm diameter [15], this translates to a 1.2–2.4%

flask surface utilization. When the cell density exceeds the

above cutoff, cells begin to experience anoxia and cell death

in the core regions. When the cell number is increased, the

anoxic tissue fraction increases precipitously to about 65%

at a seeding density of approximately 500 IEQ/cm2.

Human islet preparations are cultured in humidified

incubators (95% air, 5% CO2). There is no consensus

regarding the standardization of incubating temperature for

human islet preparation culture. At the University of

Miami, islet cell fractions, with a purity greater than 70%,

are cultured at 37�C for the first 24 h and transferred to

22�C for the remaining 24–48 h until transplantation [32,

49, 65]. Islet cell fractions with purity less than 70% are

immediately cultured at 22�C. Culture at 37�C for the first

24 h may be helpful for the recovery of islet cells damaged

during the isolation. Culturing islet preparations at 22�C

until transplantation might favor reduction of exocrine

cells, therefore improving the purity of the final prepara-

tions for transplantation. Improved islet culture conditions

could also be a component of the recently reported

improved rates of insulin independence with islets from a

single donor [29, 33].

Shipping human islets between centers

The development of methods of culturing islet preparations

for 48–72 h prior to transplantation has also allowed

shipping isolated islets to remote centers where islet

transplantation is performed [55, 71–74]. The need to ship

islets between distant centers requires optimization of

shipping conditions that allow maximizing preservation of
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islet mass, viability, potency and sterility. This will be of

assistance in obtaining favorable outcomes in clinical islet

transplantation trials, but also will improve distribution of

human islet preparations to researchers at distant institu-

tions without altering islet cell quality and physiology. In

the GRAGIL (Group Rhin-Rhone-Alpes-Geneve pour la

Transplantation d’Ilots de Langerhans) experience, islets

are transported by an ambulance to the remote transplant

centers where they are transplanted within a few hours

loaded in a syringe or infusion bag utilized for islet

implantation [73, 74]. The University of California Islet

Transplant Consortium reported shipping islets in the

infusion bag to the remote centers within hours of isolation

or after culture or cryopreserved prior to shipment [75, 76].

Although the Minneapolis–Seattle collaboration reported

the shipment of islet preparations for clinical trial, the

detailed protocol for shipment is not available [77].

Partnerships between islet cell processing facility and

distant islet transplant programs, where islets are shipped

for transplant, are extremely beneficial [55, 72]. To comply

with FDA regulations, islet cell products are assessed before

(at the islet cell processing facility) and after (at the remote

islet transplant programs) shipment to confirm adequate

quality (i.e., viability and sterility) and mass of islets are

available for transplantation [72, 78]. In the recently pub-

lished series of islet transplants performed using the new

consortium concept; islets were isolated from pancreata

procured at the remote center, the Methodist Hospital at the

Baylor’s College of Medicine in Houston [79]. Isolated

islets were shipped to the remote partner, islet transplant

programs, where product release and quality control were

repeated before islets transplantation into patients with

Type 1 Diabetes [72, 80]. The results of the clinical trials

reported to date are quite comparable to that of islets iso-

lated and transplanted at the same center. Improved way to

culture islets could include the recently developed oxygen

sandwich technique [81]. This technique allows for

improved oxygen diffusion from a silicone-per-fluorocar-

bon membrane positioned at the bottom of a specially made

Petri-like raised dish. Moreover, the recently described

vessels for islet shipment, developed by Papas and collab-

orators [82], also has a silicon membrane at the bottom of

the container, which could allowing for more efficient

oxygen diffusion to the islets while providing increased

volumes of culture media during shipment.

Islet potency tests

While selected centers have reported high rates of success

[4, 6, 32, 33, 48, 56, 57, 78, 83], islet graft failures in the

very early post-transplant period have been reported. These

failures could be due to the use of islet preparations of less

than optimal quality [7, 84]. This problem may have been

related to the lack of reliable assessment method f islet

quality prior to transplantation. Currently accepted product

release criteria include viability measured by DNA-binding

dye exclusion [85], islet cell purity based on dithizone

(DTZ) staining [86, 87], and in vitro glucose-stimulated

insulin release [87]. According to these pre-transplant cri-

teria, it is very difficult to distinguish islet preparations that

could not reverse diabetes from those that resulted in good

function. DNA-binding dye exclusion can only discrimi-

nate dead cells that have lost membrane permeability. In

addition, this method cannot identify apoptotic cells or

determine whether dead cells preferentially belong to any

given subset. While dithizone staining can provide an

estimate of endocrine cell content in islet preparations, it

does not evaluate the beta cell content [87]. The trans-

plantation of islets to chemically induced diabetic

immunodeficient mice can provide more predictive value

based on the reversal of diabetes [30, 87]. However, several

days are required for the evaluation of islet quality, making

it an unpractical pre-transplant product release criteria. We

have recently reported that a method of analysis to objec-

tively quantify cellular composition and fractional beta cell

viability in human islet preparations based on the use of

laser scanning cytometry (LSC) and cytofluorimetry.

Analysis of human islet preparations with these techniques

allows for the definition of beta cell mass and viability. The

assessment of beta cell specific apoptosis in combination

with beta-cell mass in human islet preparations would

theoretically provide a higher level of prediction than the

currently used methods. Experimental studies in diabetic

immunodeficient mice have shown the ability to predict

human islet cell potency in vivo [88]. In clinical settings,

this method has provided useful information in the pre-

diction of islet graft function. As a different approach,

measurements of the metabolic status of islets from the

assessment of oxygen consumption rates [89–91] and the

ATP/ADP ratio [92] have been proposed, which would be

able to provide additional information in terms of islet

quality. Therefore, a combined evaluation of islets from

various standpoints such as the metabolic state, viability

and function may be of assistance in providing useful

product release criteria for the prediction of islet graft

function.

Transplant procedures

Islet preparations are implanted into the recipient liver

through the portal vein with a percutaneous transhepatic

cannulation under sonographic and fluoroscopic guidance

[93]. Once access has been obtained, islets are slowly

infused using a closed bag system [94]. Portal venous

pressure is measured by an indirect pressure transducer.

After completion of the infusion the entry tract is plugged
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with a haemostatic sealant [95]. The potential complica-

tions [96, 97] of an infusion into the liver include bleeding,

portal vein thrombosis and portal hypertension. The mor-

bidity and mortality related to this procedure has been very

low [98]. Most patients require only a short hospital stay of

1–2 days. Since the success of the Edmonton protocol,

heparin has been added in order to reduce the clotting

process, termed the instant blood mediated inflammatory

reaction (IBMIR), occurring in the islet infusion site [63,

64]. The use of heparin might improve the survival of the

rate islet graft [99, 100]. In addition, the use of heparin and

anti-coagulative prophylaxis not just during the transplant

procedure, but also for several days following islet trans-

plantation, together with intensive insulin treatment for the

first weeks post-transplant have been recently reported as

potentially critically important variable to improve the

efficiency of initial post-transplant engraftment and early

survival of insulin producing cells.

Immunosuppression

Since the Edmonton group reported dramatically improved

clinical outcomes using a steroid-free immunosuppressive

protocol with a combination of sirolimus and tacrolimus,

this protocol has been utilized in many clinical islet

transplant trials. The adverse effects of sirolimus and ta-

crolimus include painful oral ulceration, diarrhea,

constipation, peripheral edema, proteinuria, anemia, neu-

tropenia, hypertension and hypercholesterolaemia [101].

Although most patients tolerate the protocol well, some

may require conversion to mycophenolate mofetil (MMF)

because of the side effects [102]. Although several studies

have investigated the effects of sirolimus on b-cells in vivo

or in vitro, the conclusions have often been conflicting [33,

103–107]. Alternatively, Hering et al. have reported the

success of their single donor islet infusion protocols using

hOKT3c 1 (Ala–Ala) [29, 33]. The use of Rabbit anti-T-

cell globulin (thymoglobulin), an anti-CD52 T cell-

depleting antibody (alemtuzumab; Campath-1H) or CD20

rituximab (Rituxan) may be another potent therapy to

improve islet transplantation outcomes [108, 109].

Clinical outcomes of islet transplantation

Following the success of the Edmonton steroid-free

immunosuppression protocol, multi-center trials organized

by Immune Tolerance Network have been performed to

evaluate the reproducibility of the Edmonton protocol. A

90% insulin-free rate was reported in three centers

including us (Edmonton and Minneapolis), while the

overall insulin independence rate was 52%. Most type I

diabetes recipients have significant benefits including

improvements in glycemic control with normalization of

HbA1c and substantial reduction of exogenous insulin

requirements [6, 29, 31–33, 47, 57, 73, 110–112]. Insulin

independence is achieved by transplanting a sufficient

number of islet mass (approximately 10,000 IEQ/kg of

recipient’s body weight) [33, 48, 113], Therefore, more

than one donor pancreas per recipient is necessary for

achieving insulin independence [29, 33, 112, 113]. A major

problem in current islet transplantation is a progressive loss

of insulin independence over time. However, recent reports

from Edmonton suggest that 83% of patients show islet

function assessed by C-peptide secretion at 5 years [33].

Furthermore, hypoglycemia was prevented even when

exogenous insulin was required to maintain glycemic

control [33, 112–114], and the HbA1c level was well

controlled in those back on insulin but C-peptide positive.

The effects on the prevention of hypoglycemia can persist

as long as residual islet function is retained [78, 115].

In a recent report of the comparison between renal

transplant recipients who had islet transplantation or whole

pancreas transplantation, there was no significant differ-

ence in diabetic control at 3 years between the groups,

even though many islet recipients returned to need exog-

enous insulin therapy [113]. There are several reasons for

the progressive loss of transplanted beta cells over time,

which include chronic allograft rejection, beta cell toxicity

from immunosuppressive drugs, recurrence of autoimmu-

nity, and immunosuppression-related loss of beta cell

regenerative capacity.

The effect of allosensitization on islet graft function in

islet allotransplantation requires further investigation.

Allosensitization in patients receiving islet grafts was not

often observed as long as they were taking immunosup-

pressive medication [116–118]. However, the negative

effects of allosensitization on islet transplant recipients

should be precisely evaluated in the near future.

Present challenges and future directions in clinical islet

transplantation

Single donor islet transplantation

Under the current human islet transplantation protocols,

successful islet transplantation is achieved with islets

generally obtained from multiple donors [6, 7, 32, 48]. It

is still difficult to consistently obtain islet yields that meet

the minimal requirements of 10,000 IEQ/kg of recipient

weight for insulin independence. Hering et al. reported

successful islet transplantation outcomes using islets iso-

lated from a single donor [33]. In his protocol, all eight

recipients achieved insulin independence, and five of

these patients remained insulin free for more than 1 year.

In order to achieve a donor: recipient ratio of 1:1 in
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clinical islet transplantation, major efforts are currently

being focused toward the standardization of islet cell

processing among centers, including those participating in

the NIH funded clinical islet transplant (CIT) consortium,

which is currently involved in the first two Phase III

trials of islet transplantation (http://www.citisletstudy.org/

resources.html).

Living donor islet transplantation

Living donor islet transplantation could be an alternative

approach to expand the potential donor pool. The first

successful islet transplantation from living donor was

reported by Matsumoto et al. in Kyoto, Japan [33].

Unpurified islet preparations isolated from the distal pan-

creas form a mother were transplanted to the recipient

suffering from chronic pancreatitis. The recipient became

insulin independent for more than 1 year. The donor had

stable glucose homoeostasis post-donation. Although there

are significant advantages in living donor islet transplan-

tation, this should be considered only after a thorough

evaluation of donor risks. Living donor islet transplantation

may be possibly considered when the progressive islet graft

dysfunction over time is overcome with safer and more

efficacious interventions.

Regional center

Transferring the knowledge and expertise required for

acquiring sufficient numbers and quality of islet prepa-

rations has proven to be a difficult challenge for newly

established islet cell processing centers. The need for

specific infrastructures, dedicated personnel and the

acquisition of specialized expertise in islet cell processing

has substantial economical impact and requires a long-

term commitment to starting an islet transplant program

[48, 78]. This is intrinsic of the technology involved for

human islet cell isolation and culture. Recent clinical

multi-center trials have highlighted the critical role of

center’s experience in the success rate of the clinical islet

transplant program [7, 119]. This observation, together

with the burden of demanding regulations for the pro-

duction of clinical cell products for transplantation, have

stimulated an increased interest for the implementation of

regional islet cell processing centers to isolate high

quality human islet cells for transplantation at remote

centers. This approach has proven successful in recent

clinical trials to maximize the success rate of islet iso-

lation while containing the costs of establishing a fully

operational cGMP facility. This strategy has allowed the

performance of successful clinical trials both in United

States and Europe with excellent outcomes [55, 72–77,

120].

Xenotransplantation

Xenogeneic islets obtained from porcine pancreata are

considered one of alternative sources for islet transplanta-

tion [121–124]. Significant advances in the generation of

genetically engineered porcine strains have been made.

The engineered islets are free of the major xeno-antigen a-

galactosyl. Islets isolated from such pigs show decreased

anti-genicity and increased survival in non-human primate

models of islet transplantation [125, 126]. However, there

are several obstacles to overcome, such as further reduction

of antigenicity and the potential infection with pig

endogenous retroviruses [124]. In order to solve these

limitations, immuno isolation strategies such as encapsu-

lation technology have been proposed to prolong islet graft

survival [127–130].

Hering et al. and Larcen et al. recently reported that

transplanted porcine islets could restore glucose control

more than 100 days in non-human primate models with a

strong immunosuppressive protocol including co-stimula-

tion blockade regimen. These results indicate that porcine

islet xenotransplantation may be an alternative strategy in

islet replacement therapy in the treatment of Type 1 dia-

betes [131, 132].

Insulin-secreting cells

Great progress has been made in recent years to differen-

tiate beta cells from a wide variety of embryonic or adult

stem cell subsets. Insulin-secreting cells have been obtained

in vitro from diverse sources, including embryonic stem

cells [133, 134]. Several studies suggest that somatic stem

cells can give rise to insulin-producing cells, including

hepatic oval cells [135], splenic-derived cells [136] and

marrow-derived cells [137]. The differentiation potential of

amniotic-derived stem cells is also appealing to this aim

[138]. Pancreatic ductal cells are closely associated with b-

cells in the human pancreas [139] and have been shown to

give rise to endocrine islet cells in both rodents and humans

[140–142]. Nevertheless, the recent result of treatment of

diabetes in experimental model systems with human

embryonic stem cell derived cell products represents an

unprecedented result that underlies the importance of

human embryonic stem cell research to provide a poten-

tially unlimited source of insulin producing cells [143, 144].

New immunosuppression

Since loss of islet graft function over time was reported,

modifications of immunosuppression protocol have been a

key to improve long-term islet graft function. Several T

cell depleting agents have been tested and have shown

promising results. In the single-donor islet transplantation
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protocol in Minnesota [29], anti-CD3 mAb [hOKT3c1

(Ala–Ala)] contributed to these promising results. A com-

bination of anti-thymocyte globulin and rituximab (anti-

CD20) has promoted long-term islet allograft survival in

primates [109]. Alemtuzumab (Campath-1H; anti-CD52

mAb) has been proven to be effective as an induction agent

for renal transplantation [145–147].

Alternatively, peripheral tolerance has been proposed by

co-stimulatory blockade of the CD80/86–CD28/CTLA4

pathway or the anti-CD40L antibodies in islet transplan-

tation [148, 149]. Although experimental tolerance

induction has been tantalizing in animal transplant studies,

significant challenges remain for clinical translation.

As a new co-stimulatory signal blocker, LEA29Y,

which can block the interaction between CD28 and CD80,

86 on T cells, has shown promising data in primate trials

[150]. In renal transplantation, it has shown reduced

chronic allograft nephropathy in patients treated with

LEA29Y [151]. In islet transplantation, clinical trials of

LEA29Y are currently underway.

The induction immunological tolerance has been highly

desirable in islet transplantation as well as in solid organ

transplants. Kawai et al. have recently reported simulta-

neous kidney and bone marrow transplantation from five

HLA single-haplotype mismatched living related donors

into recipients. In this protocol, four out of five patients no

longer require chronic immunosuppressive medications

[152].

Alternative sites

In current clinical islet transplantation, islet grafts are

transplanted into the recipient’s liver. Islet grafts may be

exposed to multiple stress including environmental toxins,

particularly medications, absorbed from the gastrointestinal

tract. Alternative sites more suitable for islet graft survival

have been investigated in recent years. The omentum seems

to be a more advantageous site for islet grafts since it is well

vascularized and portally drained [153–156]. A subcutane-

ous site, including intramuscular one, may be alternative

sites. The intramuscular autotransplantation of islets in a 7-

year-old child has recently been reported [157]. Islet trans-

plantation to subcutaneous sites using implantable devices

has also shown promising outcomes in animal models and

will be tested in clinical trials in the near future [158–162].

Conclusions

Significant progress in beta-cell replacement therapies has

occurred during recent years, with a progressive improve-

ment of short-term and long term outcomes, including

insulin independence, glycemic control with normalization

of HbA1c levels, prevention of severe hypoglycemic epi-

sodes and improvements of the quality of life in recipients

with T1DM and hypoglycemic unawareness. The most

recent results indicate that islet transplant recipients can

maintained islet graft function without deterioration

beyond 5 years progressively closing the gap with the

results of whole organ, pancreas transplantation. Clinical

trials using new pharmacotherapies and intervention ther-

apies are ongoing and novel strategies are currently

planned in this not so rapidly progressing, but consistently

improving field.
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