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Abstract
Islet cell or pancreas transplantation is the only long-term diabetes treatment that
consistently results in normal hemoglobin A1c levels without the risk of severe
hypoglycemia. Additionally, islet cell or pancreas transplantation may prevent,
halt, or even reverse the complications of diabetes. Consequently, it is an impor-
tant part of the management of a subset of patients with diabetes, namely, those in
renal failure and those with life-threatening complications of their diabetes such
as hypoglycemic unawareness. Here, we explore the indications, options, and
outcomes of islet cell or pancreas transplantation as a treatment for diabetes
mellitus. The morbidity of solid-organ pancreas transplantation restricts pancreas
transplantation to relatively younger and fitter patients. Islet cell transplantation is
less invasive and, therefore, more appealing to patients, endocrinologists, and
diabetologists. Pancreas transplants and islet transplants should be considered
complementary, not mutually exclusive, procedures that are chosen on the basis
of the individual patient’s surgical risk. As the mortality and morbidity of solid
pancreas transplantation diminish and the longer-term outcomes of both solid-
organ and islet transplantation improve, the appropriate indications for both
procedures will expand, particularly with the increasing incidence of diabetes
as well as evidence that transplantation is suitable not only for type 1 diabetics but
also for selected insulin-dependent patients with type 2 diabetes.

Keywords
Pancreas transplantation · Islet transplantation

Beta-Cell Replacement Therapies as Treatment Options for Type 1
Diabetes Patients

The ultimate treatment goal for type 1 diabetes is to re-create normal (nondiabetic) or
nearly normal blood sugar levels to assure a long healthy life. In healthy subjects
under everyday life conditions, the mean 24-hour interstitial fluid glucose concentra-
tion is about 90 mg/dl, and the mean fasting glucose concentration is about 80 mg/dl
with a mean peak tissue glucose concentration of about 120–130 mg/dl and mean
time to peak glucose between 46 and 50 min (Freckmann et al. 2007). Moreover,
tissue glucose concentrations in nondiabetic subjects were below 100 mg/dl and
140 mg/dl during 80% and 99.2% of the total day, respectively (Freckmann et al.
2007). In the last decades, significant improvements in insulin therapy thanks to new
preparations (i.e., ultrafast and long-lasting insulin analogues) and the adoption of
intensive diabetes management have resulted in an overall improvement of patients’
glycemic control and a decreased incidence of chronic complications of diabetes
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(Gregg et al. 2014). In spite of this, the treatment is still far from being optimal.
Studies investigating continuous glucose profiles in diabetic patients demonstrated
that glucose concentrations were above 140 mg/dl during about 60% of the total day
(Garg et al. 2006) or above 180 mg/dl during about 30% of the total day (Bode et al.
2005). The majority of people with type 1 diabetes have higher HbA1c levels than
recommended in guidelines based on the published evidence from registries
(McKnight et al. 2015), and roughly only about one-fourth of patients with type 1
gains therapeutic target (Mannucci et al. 2014). High proportions of individuals not
achieving glycemic targets with current therapies are also reported for patients treated
at centers that focus on the care of type 1 diabetes (Miller et al. 2015). In fact, only a
minority of children and adults with type 1 diabetes participating in the T1D
Exchange clinic registry achieve HbA1c targets, despite insulin pump being used by
60% of participants (Miller et al. 2015). Moreover, the data indicate that acute
complications of insulin treatment remain a problem (Weinstock et al. 2013) in a
substantial percentage of patients: 6% reported having had a seizure or loss of
consciousness due to hypoglycemia, and 3% reported having DKA event in the
prior 3 months. Advanced technologies [insulin pumps (CSII), bolus calculators
(BC), real-time continuous glucose monitors (RT-CGM), sensor-augmented pumps
(SAP), low-glucose threshold suspend (LGTS) systems, low-glucose predictive
suspend (LGPS) systems, and artificial pancreas (AP) systems] are becoming more
prevalent in diabetes management, but the limitations of advanced technologies in
reducing both A1c and hypoglycemia rates are relevant (Vigersky 2015). CSII
reduces A1c in some (Pickup and Sutton 2008; Fatourechi et al. 2009; Bonfanti et
al. 2015; Ross et al. 2015) but not all studies (Golden and Sapir 2012), while it
improves hypoglycemia in patients with high baseline rates (Pickup and Sutton
2008). BC improve A1c and improve the fear of hypoglycemia but not hypoglycemia
rates (Schmidt and Norgaard 2014). RT-CGM alone and when combined with CSII
improves A1c with a neutral effect on hypoglycemia rates (Floyd et al. 2012; Golden
and Sapir 2012). SAP improves A1c but not hypoglycemia rates (Bergenstal et al.
2010). LGTS reduces hypoglycemia with a neutral effect on A1c (Bergenstal et al.
2013), and LGPS reduces hypoglycemia with a small increase in plasma glucose
levels (Maahs et al. 2014). In short-term studies, artificial pancreas systems reduce
both hypoglycemia rates and plasma glucose levels (Phillip et al. 2013; Russell et al.
2014). CSII and RT-CGM are cost-effective technologies, but their wide adoption is
limited by cost and psychosocial and educational factors. Exogenous insulin admin-
istration cannot avoid the long-term complications of diabetes in all patients, and the
life expectancy of patients with diabetes is still much shorter compared to that of the
general population (Hu et al. 2001; Franco et al. 2007; Lind et al. 2014; Livingstone et
al. 2015). Diabetes is one of the leading causes of end-stage renal disease, blindness,
and amputation (Gregg et al. 2014). In principle, the treatment for type 1 diabetes,
type 3c diabetes, and many cases of type 2 diabetes lies in the possibility of replacing
destroyed or exhausted beta-cell mass in order to restore two essential functions:
sensing blood sugar levels and secreting appropriate amounts of insulin in the
vascular bed, ideally into the portal system. Currently, the only available clinical
approach of restoring beta-cell mass in patients with diabetes is the transplantation of
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beta cells (i.e., pancreas or islet transplantation). The goals of beta-cell replacement
are to restore glucose-regulated endogenous insulin secretion with normalization of
glucose levels, arresting the progression of the complications of diabetes and improv-
ing quality of life. In the allogenic setting, both pancreas and islet transplantation
require lifelong immunosuppression to prevent rejection of the graft and recurrence of
the autoimmune process. Current immunosuppressive regimens are capable of pre-
venting beta-cell failure for months to years, but the agents used expose to several
side effects and increase the risk for specific malignancies (Geissler 2015) and
opportunistic infections (Helfrich and Ison 2015). In addition the most commonly
used agents – calcineurin inhibitors and rapamycin – are also known to impair normal
islet function and/or insulin action (Rangel 2014). Furthermore, these agents have
other toxicities, including the harmful effect on renal function (deMattos et al. 2000).
Differently that for uremic patients in which chronic immunosuppression is already
present because of concurrent or previous kidney transplantation, a specific assess-
ment of the risk of the initiation of a long-term immunosuppressive therapy in islet or
pancreas transplantation alone should be considered only in patients with serious
progressive complications of diabetes in whom the quality of life is very limited by a
poor glycemic control or a high number of severe hypoglycemic events notwith-
standing optimized intensive insulin therapy or clinical and emotional problems with
exogenous insulin therapy that are so severe as to be incapacitating.

Pancreas and Islet Cell Transplantation: Indication

Pancreas or islet transplantation can be performed simultaneously with kidney
transplantation, after kidney transplantation or alone, depending on the clinical
condition of the patient and on organ availability. A general overview of indications
for pancreas or islet transplantation is provided in the Table 1. Within these general
indications, some differences are observed in different countries, and there are
important issues that are still to be addressed.

Table 1 General indications for the three types of pancreas/islet transplantation.

SPK/SIK (a) T1D and nonobese T2D in insulin treatment
(b) Chronic renal failure with GFR <20 mL/min or on dialysis

PAK/IAK (a) T1D and nonobese T2D in insulin treatment
(b) Stable function of previous renal allograft
(c) Meet criteria for PTA/ITA

PTA/ITA (a) T1D
(b) Severe diabetic complications but normal or near-normal renal function
(c) Frequent and severe episodes of hypoglycemia; assessed by diabetologists to
have disabling hypoglycemia or hypoglycemic unawareness or significant
impairment of quality of life due to diabetes

SPK simultaneous pancreas–kidney, SIK simultaneous islet–kidney, PAK pancreas after kidney, IAK
islet after kidney, PTA pancreas transplantation alone, ITA islet transplant alone, T1D type 1 diabetes
mellitus, GFR glomerular filtration rate
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Indication in Uremic Patient

In general, patients who develop chronic end-stage renal failure, secondary to either
type 1 or type 2 diabetes, who are on insulin and are not obese, are considered for
simultaneous pancreas–kidney (SPK) transplantation (Robertson et al. 2006;
Jahansouz et al. 2011; Gruessner and Gruessner 2013a). This indication is well
defined and without controversy as the “gold standard” when the vascular status of
the patient can support two organ transplants instead of one (Chiang et al. 2014). In
fact diabetic subjects with end-stage renal failure have a high mortality risk (van
Dellen et al. 2013). Kidney transplant alone confers a survival benefit compared with
dialysis (Port et al. 1993), but the survival after SIK is superior to survival after
cadaveric kidney transplant alone (Tyden et al. 1999; Ojo et al. 2001; Mohan et al.
2003), despite added surgical risk (Smets et al. 1999). Survival after living kidney
transplantation alone was described to be equivalent to that after SPK (Rayhill et al.
2000), but there is strong evidence that successful pancreas transplantation still
increases life expectancy. In fact, although patients undergoing SPK had a higher
mortality risk compared with those undergoing living kidney transplantation in the
first 18 months, this early survival disadvantage is lost after because of the effects of
good metabolic control obtained by SPK (Reddy et al. 2003; Morath et al. 2008).
Although stabilization of renal function contributes significantly to improved life
expectancy after SPK, studies comparing SPK recipients with functioning grafts,
those with either kidney or pancreas graft failure, and recipients of living and
cadaveric kidney transplantation have demonstrated that the pancreas graft confers
significant additional benefit beyond that offered by the kidney transplant alone
(Salvalaggio et al. 2009; Weiss et al. 2009; Norman et al. 2011). Pancreas after
kidney (PAK) is an alternative option to SPK. Patients who undergo PAK transplan-
tation commonly have an identified living kidney donor and undergo cadaveric
pancreas transplantation later on. PAK is also an option for diabetic patients with
unstable glycemic control who have already had kidney transplantation with stable
graft function and sufficient cardiac reserve to receive a second transplantation or in
patients who received SPK and lose the pancreas for technical reasons, mainly
thrombosis, shortly after transplantation. PAK is becoming increasingly used due
to shorter waiting lists for kidney availability compared to SPK (Jahansouz et al.
2011). The main advantage of SPK is the high success rate of the pancreas graft,
which contrasts with PAK and mainly pancreas transplant alone (PTA). One of the
main reasons suggested for this success rate is the possibility of an early detection of
acute rejection in concomitant transplanted kidney (which often is associated with
rejection in the transplanted pancreas) by monitoring serum creatinine; this allows a
quick treatment with immunosuppressant therapy (Jahansouz et al. 2011). Where a
living donor option for kidney transplantation is available, PAK may be preferred in
order to achieve earlier independence from dialysis; however, in light of the inferior
pancreas graft survival outcomes of PAK compared with those of SPK, the former
remains controversial, and the decision on how best to proceed must be made with
careful consideration of the individual patient’s circumstances and their likely
waiting time on the combined pancreas–kidney list. Data on the outcomes of SPK
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and PAK transplantation compared directly with simultaneous islet–kidney (SIK)
and islet-after-kidney (IAK) transplantation are rare. There are no direct, randomized
trials comparing the outcomes, and there are few observational studies (Gerber et al.
2008; Maffi et al. 2011; Lehmann et al. 2015; Moassesfar et al. 2016).

The available data on a long-term follow-up suggest that the combination of
kidney transplantation with pancreas transplantation as well as with isolated islet
transplantation results in significant and sustained improvement of glucose control
without the occurrence of severe hypoglycemia. While insulin independence is more
common in SPK/PAK recipients, SIK/IAK can be conducted with a lower compli-
cation rate. No difference in the decline of kidney function between the two groups is
evident (Lehmann et al. 2015). A careful selection of the adequate procedure by
interdisciplinary transplantation teams may help to ensure optimal care for patients
with diabetes undergoing combined transplantation. The decision should be
influenced by the assessment of pretransplant surgical risk and the definition of
treatment goals. Both SPK and PAK should be undertaken in patients who are
relatively young (<50 years) and nonobese (<30 kg/m2) and who do not have
coronary artery disease and with vascular conditions capable to support double
transplantation. These patient selection criteria minimize operative mortality
(<1%) and reduce early technical pancreas graft loss (�10%). Patients beyond
50 years require critical evaluation, because benefit for survival is not evident for
this group (Ojo et al. 2001). Islet transplantation (SIK and IAK), a minimally
invasive procedure, allows for inclusion of older patients and patients with coronary
and peripheral artery disease who would be ineligible for a whole-pancreas trans-
plant. Moreover islet recipients must consider glycemic control and absence of
hypoglycemia as their primary therapeutic goal rather than insulin independence.
Malignancies, chronic infections, and insufficient compliance are contraindications
for both SPK/PAK and SIK/IAK transplantation.

Indication in Non-Uremic Patients

There has been debate about beta-cell replacement therapies (PTA and ITA) in the
absence of an indication for kidney transplantation because of the risks of mortality,
morbidity, and immunosuppression. Established indications for PTA and ITA have
been developed by the American Diabetes Association (ADA) in 2004 (Robertson et
al. 2004, 2006): “In the absence of indications for kidney transplantation, pancreas
transplantation should only be considered a therapy in patients who exhibit these
three criteria: (1) a history of frequent, acute, and severe metabolic complications
(hypoglycemia, hyperglycemia, ketoacidosis) requiring medical attention; (2) clin-
ical and emotional problems with exogenous insulin therapy that are so severe as to
be incapacitating; and (3) consistent failure of insulin-based management to prevent
acute complications.” The indications for PTA and ITA reported by ADA are
generally associated to the concept of “brittle” diabetes. A proportion of T1D
patients experience a highly instable form of the disease known as “brittle” and
characterized by a severe instability of blood glucose levels with frequent and
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unpredictable episodes of severe hypoglycemia and/or ketoacidosis (Voulgari and
Tentolouris 2011; Voulgari et al. 2012). Due to this unpredictable large variability in
blood glucose levels, brittle T1D patients often report difficulties in finding an
optimal insulin dosing schedule to normalize glucose levels (Bertuzzi et al. 2007).
The definition of brittle diabetes has evolved since it was first introduced in the
1930s by Woodyatt to describe patients with excessive fluctuations of blood sugar
which could not be explained by patient or physician errors and that unpredictability
and unexpectedly led to hypoglycemic reactions (Tattersall 1997). Nowadays, a
generally accepted definition of brittle diabetes could be a severe instability of
blood glucose levels with frequent and unpredictable episodes of severe hypogly-
cemia and/or ketoacidosis that disrupts quality of life. The high incidence of severe
hypoglycemia episodes observed in the brittle population and, in general, the
metabolic instability lead to a reduction in the physiological response to these events
and to a certain degree of impairment in the ability to identify further episodes,
which is known as hypoglycemia unawareness (Cryer 2013). Several different
etiologies have been described for brittle diabetes, although in a significant number
of patients, the cause remains unknown. Organic causes explain brittleness in some
occasions, and psychosocial factors have also been described in some patients (Gill
1992; Vantyghem and Press 2006; Voulgari et al. 2012). The main organic causes of
brittleness include malabsorption, certain drugs (including alcohol and antipsy-
chotics), defective insulin absorption or accelerated degradation, defect of hypergly-
cemic hormones especially glucocorticoids and glucagon, and above all autonomic
neuropathy resulting in changed (delayed or fastened) gastric emptying and hypo-
glycemic unawareness. Apart from organic causes, psychosocial factors that seem to
cause brittle diabetes are complex and diverse. The deliberate induction of factitious
brittleness (i.e., hypoglycemia and/or ketoacidosis events) has been described as a
response to intolerable life stress (Gill 1992). Furthermore obsessive control and
frequent doses adjustments can in some instances increase blood glucose instability,
instead of improving metabolic control. Eating disorders like anorexia nervosa in
patients with T1Dmight lead to insulin dose reduction or omission by the patient as a
method of weight control. The natural history of the condition remains largely
unknown. A few long-term follow-up studies of brittle patients provide some insight
on the course of the disease (Tattersall et al. 1991; Kent et al. 1994; Cartwright et al.
2011). According to these studies, the high frequency of hypoglycemia and/or
diabetic ketoacidosis events in brittle patients translates in the development of
diabetes complications in the long term including nephropathy, retinopathy, and
neuropathy, which show an increased incidence compared to non-brittle patients.
Unnoticed severe hypoglycemia events are life-threatening and one of the major
determinants of quality of life impairment in brittle diabetes patients. Diabetes-
related complications are also the main cause of death of brittle patients (Cartwright
et al. 2011). Available literature on the epidemiology of brittle T1D is scarce. One of
the main reasons for this is probably the lack of a clear definition of diagnostic
criteria for the condition. A prevalence rate of 1.2/1,000 diabetic patients and of 2.9/
1,000 insulin-treated diabetic patients was reported (Gill et al. 1996). Brittle diabetes
is associated with a substantial humanistic burden to patients, caregivers, and family.
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The frequency of acute events like hypoglycemia or diabetic ketoacidosis and the
subsequent hospital admissions, as well as the incidence of complications, have a
major impact in the quality of life of patients. When compared to patients with
“stable” T1D, the number of emergency admissions and the length of in-hospital
stay due to poor diabetic control are much more frequent in brittle patients, in some
cases resulting in patients spending up to several months each year in the hospital
(Voulgari and Tentolouris 2011). Lifestyle disruption is also induced by other
aspects like pregnancy complications and a higher risk of death due to diabetes
complications (Voulgari et al. 2012). Most studies assessing the characteristics of
brittle diabetes have also identified a high prevalence of psychosocial disruptions
and psychiatric disorders, especially mood and anxiety disorders (Tattersall et al.
1991). Patients with brittle diabetes are generally terrified by the condition and
resist with psychotic-type defense reactions when psychotherapeutic approaches
are performed commonly driving to deep regression, suicidal feelings, and mis-
treatment of diabetes. Several measures and methodologies have been introduced
in order to quantify metabolic instability, including the assessment of the mean
amplitude of the largest glycemic excursions or the mean of daily differences
between blood glucose values, among others (McDonnell et al. 2005; Baghurst
2011). Recently, beta-cell replacement therapies were indicated in the treatment
algorithm of “problematic hypoglycemia” (Choudhary et al. 2015). Hypoglycemia
is a common and greatly feared complication of T1D (Seaquist et al. 2013; Frier
2014). The term severe hypoglycemia is used for episodes with such a degree of
cognitive impairment that the patient needs assistance from another person in order
to achieve normal glycemia (Workgroup on Hypoglycemia, American Diabetes
Association 2005). Many severe hypoglycemia events are single episodes caused
by insulin dosing errors, exercise, and alcohol. Conversely, problematic hypogly-
cemia is a condition in which episodes of severe hypoglycemia are unpredictable,
cannot be easily explained or prevented, and, therefore, have a significant negative
impact on health and quality of life. The criteria of problematic hypoglycemia
include two or more episodes of severe hypoglycemia in the past 12 months or one
episode of severe hypoglycemia in the past 12 months associated with impaired
awareness of hypoglycemia, extreme glycemic lability, or major fear and maladap-
tive behavior. Simple tools are available clinically to quantitate awareness of
hypoglycemia (Gold et al. 1994; Clarke et al. 1995), hypoglycemia severity
(Ryan et al. 2004b), and glycemic lability (Ryan et al. 2004b). Scores and indexes
have been developed to quantify hypoglycemic frequency and hypoglycemic
awareness, including the low blood glucose index (LBGI), the Clarke score, or
the HYPO score:

• The LBGI is a summary statistic used to assess the risk for severe hypoglycemia
based on the percentage of low self-monitored blood glucose readings and their
magnitude in the lower blood glucose range, thus integrating the frequency and
severity of hypoglycemia events. Based on the LBGI score, patients are classified
as having a low (<2.5), moderate (2.5–5), and high (>5) risk of severe hypogly-
cemia (Kovatchev et al. 1998).
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• The Clarke score is based on an eight-question survey to patients aimed at
assessing patients’ hypoglycemia awareness. The final score may range between
0 and 7. A score �2 would classify patients as aware, while a score �4 indicates
reduced awareness of hypoglycemia and therefore an increased risk of severe
hypoglycemic episodes (Clarke et al. 1995).

• The HYPO score used a complex scoring system that takes into account the
frequency, the severity, and the loss of symptoms of hypoglycemia. It combines
the data obtained from records of capillary blood glucose levels over a 4-week
period and the number of self-reported hypoglycemic events during this
period and during the past year. Points are awarded for each documented
episode of hypoglycemia with extra points depending on the severity of the
associated neurologic symptoms and if additional help was required within the
episode. If autonomic symptoms provided adequate warning of impending
hypoglycemia, no points are awarded to the episode. Normal subjects usually
show a HYPO score of 0, while stable diabetes patients’ scores are around 200.
A HYPO score �1047 (ninetieth percentile) indicate that the patient has severe
problems with hypoglycemia (Ryan et al. 2004b).

The epidemiology of severe hypoglycemia in T1D patients has been
widely described in the literature. Studies identified in a comprehensive review
of evidence report a yearly prevalence of severe hypoglycemia of 7–66% in
T1D patients (Pedersen-Bjergaard et al. 2003; Giorda et al. 2015), although in
most cases, prevalence ranges from 30% to 40% (Pedersen-Bjergaard et al. 2004;
UK Hypoglycaemia Study Group 2007; Gruden et al. 2012; Weinstock et al.
2013; Frier 2014). In terms of incidence, the number of severe hypoglycemia
episodes per patient-year generally ranges between 1.0 and 1.7, although some
variability exists, and one episode of severe hypoglycemia is experienced by one-
third of patients with T1D at least once a year. Comparatively fewer studies
have been identified specifically addressing hypoglycemia unawareness, in
part, due to a lack of an agreed definition (Graveling and Frier 2010; Hoi-Hansen
et al. 2010). Hypoglycemia unawareness is found in 20–40% of patients with
T1D (Gold et al. 1994; Geddes et al. 2008; Choudhary et al. 2010; Ogundipe
et al. 2011; Hopkins et al. 2012) and increases the risk of severe hypoglycemia by
6–20-fold (Gold et al. 1994; Clarke et al. 1995; Pedersen-Bjergaard et al. 2004).
Prevalence of impaired awareness of hypoglycemia increased with diabetes
duration and ageing (Olsen et al. 2014). Recurrent hypoglycemia can cause
significant morbidity (Frier 2004, 2014) and mortality. Among individuals with
T1D, 4–10% of all deaths are attributed to severe hypoglycemia (Skrivarhaug et
al. 2006; Feltbower et al. 2008), and risk of death 5 years after an episode of
severe hypoglycemia is increased 3.4-fold (McCoy et al. 2012). A four-stage
treatment algorithm was recently proposed for “problematic hypoglycemia.”
All patients with problematic hypoglycemia should undergo structured or hypo-
glycemia-specific education programs (stage 1). Glycemic and hypoglycemia
treatment targets should be individualized and reassessed every 3–6 months. If
targets are not met, one diabetes technology – continuous subcutaneous insulin
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infusion or continuous glucose monitoring – should be added (stage 2). For
patients with continued problematic hypoglycemia despite education (stage 1)
and one diabetes technology (stage 2), sensor-augmented insulin pumps prefer-
ably with an automated low-glucose suspend feature and/or very frequent contact
with a specialized hypoglycemia service can reduce hypoglycemia (stage 3). For
patients whose problematic hypoglycemia persists, ITA or PTA should be consid-
ered (stage 4). Because PTA (Gruessner and Gruessner 2013b) and ITA
(Markmann 2016) outcomes have gradually improved and are both effective in
preventing severe hypoglycemia and achieving near-normoglycemia, the optimal
treatment option will require an individualized discussion of multiple factors,
including the procedural risks (which are higher for a pancreas transplant), impor-
tance of insulin independence, waiting time, and sensitization. Some contraindi-
cations to a pancreas transplant (age >50 years, high cardiac risk) are common in
patients with problematic hypoglycemia; they may only be eligible for an islet
transplant. Yet, a small proportion of patients may be ineligible for an islet
transplant because of their weight or insulin requirements. The transplant team
should consider each patient’s preferences and perceptions of risks and benefits. A
summary of indications and contraindications of SPK, PAK, PTA, and ITA is
provided in Table 2. If the patient has advanced renal disease and is undergoing
a renal transplant, a SPK or PAK is reasonable especially if there are problems with
lability or hypoglycemia. If the center has local expertise in preparing islets, SIK or
IAK transplants could be considered. If the patient has a kidney transplant and has
stable diabetes, performing a pancreas transplant, in addition, increases the risk of
surgery and requires full discussion with the patient in regard to short- and long-
term risks/benefits. If the patient has labile diabetes and no renal disease, the choice
between ITA and PTA should be done together with the patients, according to
expectations, psychological conditions, and propensity to risk. The burden of
procedure-related adverse events, which is clearly higher for PTA than for ITA,
should be carefully weighted up, and the patient might be recommended to the
more suitable indication, in the center with the best expertise. The most chal-
lenging patients are those with unstable diabetes (lability or hypoglycemia
problems) and some renal dysfunction. If the renal dysfunction is limited to the
presence of microalbuminuria, then islet transplantation is reasonable. If there is
macroproteinuria present, the outcomes are less certain, and a pancreas or islet
transplant alone can be considered in the light of the possibility that the immu-
nosuppressive drugs may hasten the decline of renal function. A particular
subgroup is represented by brittle diabetic patients with chronic kidney disease
in an intermediate stage (III and IV, GFR 15–30), when the proposal of SPK
seems too early and the proposal of PTA too risky for the progression of kidney
disease, thanks to nephrotoxic immunosuppressants. In patients in stage III (GFR
30–60), PTA can be safely and reasonably proposed once assured that a potential
kidney living donor is available, useful in case of progression of kidney disease.
In patients in stage IV (GFR 15–30), SPK can be proposed if risk equations to
predict kidney failure (Tangri et al. 2016) can envisage early and rapid progres-
sion of ESRD.
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Table 2 Summary of indications and contraindications of SPK, PAK, PTA, and ITA in insulin-
treated diabetic patients (Adapted from (Shapiro 2012; Mittal and Gough 2014)

Procedure SPK PAK PTA ITA

Age > 18,
<50 years

Age > 18,
<50 years

Age > 18,
<50 years

Age > 18 years

Indications Chronic renal
failure with
GFR < 20 mL/
min or on
dialysis

Stable function of
previous renal
allograft
Non-sensitized
(panel reactive
antibody <20%)
Tolerating
maintenance
immunosuppression
Prednisone �5 mg/
day

Normal or near-normal renal
function (GFR>60 mL/min and
absence of macroalbuminuria)
C-peptide negative in presence
of glucose >4 mmol/L
Diabetes duration >5 years

Significant diabetic complications
Frequent and severe episodes of hypoglycemia (brittle
diabetes or problematic hypoglycemia)

Refractory hypoglycemia or lability despite:
Optimal intensive insulin or insulin pump with

appropriate monitoring
Supervision by a diabetologist or endocrinologist
Increased hypoglycemic risk, evidenced by at least

one of the following criteria:
Clarke score � 4
HYPO score � 1000
Lability index (LI) � 400
Combined HYPO �400 and LI � 300

Contraindications Relative Insulin requirements >1.5 units/kg/day
Body mass index >30 kg/m2

Insulin
requirement
>1.0 U/kg/day
weight > 90 kg

High cardiac risk
Extensive aorta/iliac and/or peripheral vascular disease
Cerebrovascular accident with long-term impairment

Absolute Excessive cardiovascular risk (significant non-correctable coronary artery
disease; left ventricular ejection fraction <50%; myocardial infarction
within 6 months)
Non-curable malignancy (excluding localized skin cancer)
Active sepsis or peptic ulcer
Major psychiatric history likely to result in non-adherence
Inability to withstand surgery and immunosuppression

Benefits Insulin
independence
Good pancreas
and kidney graft
outcomes

Insulin
independence
Early dialysis
independence

Insulin
independence
Cure of
hypoglycemia

Cure of
hypoglycemia
Less invasive

Risks Operative
morbidity and
mortality

Sensitization
Poorer pancreas
graft outcomes

Sensitization
Risk of graft
failure
Higher
morbidity
procedure

Sensitization
Less likely to
achieve insulin
independence
Often need
more than one
infusion

SPK simultaneous pancreas–kidney, PAK pancreas after kidney, PTA pancreas transplantation alone, ITA islet
transplantation alone, GFR glomerular filtration rate
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Current Status of Pancreas Transplantation

Surgical Technique and History of Pancreas Transplantation

Most transplant units around the world transplant the whole pancreas together with a
segment of donor duodenum (Han and Sutherland 2010). The arterial inflow is
usually from the recipient common iliac artery with venous drainage to the common
iliac vein. Pancreas transplantation was first used for the treatment of diabetes in
humans in 1966 (Kelly et al. 1967). In the 1970s the pancreas transplant develop-
ment was continued with the first urinary drainage via the ureter (Gliedman et al.
1973), segmental PTAwith end-to-side ductoenterostomy (Merkel et al. 1973), and
injection of neoprene (Dubernard et al. 1978). In the 1980s, the bladder drainage
technique was reported and developed (Cook et al. 1983; Starzl et al. 1984; Nghiem
and Corry 1987). From the mid-1980s to mid-1990s, the anastomosis of the donor
duodenum was usually to the bladder drainage and was the most common technique
worldwide (Prieto et al. 1987). This technique has the advantage of enabling urinary
amylase to be used as a biochemical marker of pancreatic function and fewer
complications with regard to contamination from enterotomy or duodenal leaks
(Sollinger et al. 2009); however, bladder drainage has the disadvantage of being
associated with metabolic and urological complications including dehydration,
metabolic acidosis, and irritation from cystitis. For this reason, the enteric drainage
became the routine method in the late 1990s (Gruessner and Sutherland 2000). This
technique is more physiological but renders the pancreas less easily monitored.
Despite this, as a result of improvements in surgical technique, radiological imaging
and antimicrobial prophylaxis, outcomes after pancreas transplantation with enteric
drainage, are equivalent to those after bladder drainage. The first large case series of
living donor segmental transplantation – a technique started in the late 1970s
(Sutherland et al. 1980) – was reported in the 1990s (Gaber et al. 1995b). The use
of portal drainage in recipients of enterically drained whole-organ pancreatico-
duodenal transplants was described in the 1990s (Rosenlof et al. 1992). This
approach, although associated with more physiological systemic levels of insulin,
is not supported by evidence of substantial benefit with respect to graft or patient
survival (Bazerbachi et al. 2012). Although there has been concern that the hyper-
insulinemia associated with systemic venous drainage may be associated with
adverse events such as an increased risk of atherosclerosis, there is no convincing
evidence that systemic venous drainage places pancreas recipients at a disadvantage
(Stadler et al. 2010).

Clinical Outcomes of Pancreas Transplantation

From 1966 to 2012, >42,000 pancreas transplants performed worldwide were
reported to the International Pancreas Transplant Registry (IPTR), the majority of
which reported diabetes as underlying disease (over 90% T1D) (Gruessner 2011;
Gruessner and Gruessner 2013a). The most frequently used modality of pancreatic
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transplant was SPK (75%), followed by PAK (12%) and PTA (7%). The number of
pancreatic transplants grew until 2004, and since then, it has gradually diminished
(Gruessner and Gruessner 2014; Kandaswamy et al. 2015).

Patient and Graft Survival
Patient survival is equivalent after SPK, PAK, and PTA (Gruessner and Gruessner
2013a). Patient survival rates have continued to improve over time in all three
categories, reaching 96% at 1 year and 80% at 5 years posttransplantation (Gruessner
and Gruessner 2013a). In all three recipient categories, cardiovascular and/or cerebro-
vascular problems and infections were the leading causes of early (<3 months post-
transplant) and late (>1 year posttransplant) death after transplant surgery (Gruessner
and Gruessner 2012). Pancreas graft survival (defined as insulin independence) rates
have also improved significantly over time in all three categories but remains higher
with SPK transplantation. Graft survival rates at 1 year were 89% (SPK), 86% (PAK),
and 82% (PTA). The figures at 5 years were 71% (SPK), 65% (PKT), and 58% (PTA).
The estimated half-life (50% function) of pancreas grafts is 14 years (SPK), 7 years
(PAK), and 7 years (PTA). In case of pancreas failure, the organ can be removed, when
necrosis or colliquation is envisaged or maintained when it becomes fibrotic, without
further risk of colliquation. In case of failure, a second pancreas transplant can be
considered. In this case immunosuppression should be maintained in order to avoid
appearance of DSA. In this case retransplantation must be done in a timely manner.
Absolute contraindications to pancreas retransplantation are poor cardiovascular con-
ditions, impairment of kidney function, and high percentage of panel reactive anti-
body (PRA) or high level of donor-specific alloantibodies (DSA).

Complications
Pancreas transplantation is a major surgical procedure associated with several
technical complications. In general, the primary complication related to pancreatic
graft loss is technical failure, followed by acute or chronic rejection. The rate of
technical failure has declined across all recipient categories and is currently about
9% (Kandaswamy et al. 2016). Considering transplants performed between 2007
and 2011, technical complications were the most common reasons for graft loss
posttransplant in all three categories (63% for SIK, 75% for PAK, and 77% for PTA).
Technical failure is understood as the loss of the graft in the first 3 months of
transplant due to vascular thrombosis (50%), pancreatitis (20%), infection (18%),
fistulas (6.5%), and hemorrhage (2.4%). The rate of graft loss owing to acute
rejection peaked between 3 and 12 months posttransplant, while the rate of graft
loss owing to chronic rejection constantly increased from time since surgery (18%
for SIK, 14% for PAK, and 36% for PTA >1 year posttransplant). Chronic rejection
(18% for SIK, 14% for PAK, and 36% for PTA) and death with a functioning graft
(38% for SIK, 18% PAK, and 13% for PTA) are the two most common causes of
long-term graft loss (>1 year posttransplant) (Gruessner and Gruessner 2012).
Pancreatic transplant presents 10–20% of surgical complications that require review
laparotomy. The risk factors for surgical complications include prolonged time in
peritoneal dialysis, donor or recipient with a body mass index >28 kg/m2, donor or
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recipient age over 45 years, cerebrovascular disease as cause of donor death,
prolonged preservation time (>20 h), retransplantation, and prior abdominal surgery
(Sutherland et al. 2001; Gruessner and Gruessner 2012, 2014). One of the most
feared complications in pancreatic transplant with enteric drainage is intestinal leak,
since it poses risks to patient’s survival (Jahansouz et al. 2011). The incidence of
intestinal leak ranges from 5% to 8%, and most occur during the immediate
postoperative period. The early leak is related to technical problems, such as
impaired blood irrigation and ischemia. The potential risk factors for the occurrence
of early intestinal leak are prolonged cold ischemia time, duodenal trauma, post-
reperfusion pancreatitis, and intra-abdominal infection. Its treatment generally leads
to the removal of the pancreatic graft (Nath et al. 2005). Pancreatic transplants with
bladder drainage imply frequent and severe urological and metabolic complications.
Approximately 10–25% of patients submitted to pancreatic transplant with bladder
drainage need to be submitted to intestinal conversion of the graft’s exogenous
drainage (Stratta 2005). The main metabolic complications are metabolic acidosis
and dehydration due to loss of water and sodium bicarbonate in the urine. These
patients should receive adequate fluid and bicarbonate replacement in the follow-up of
pancreatic transplant with bladder drainage. Despite better pancreatic transplant
results, infectious complications continue to be the primary causes of morbidity and
mortality. In fact, the use of immunosuppressant drugs in pancreas transplantation
recipients is associated with an increased incidence of infections. Infections are more
common in the first months following transplantation. The main pathogens involved
are bacterial (Staphylococcus sp., Pseudomonas aeruginosa, Clostridium difficile) and
viral (mainly Cytomegalovirus), although some fungal infections may be observed
(Candida sp.). The urinary tract and abdominal wall are the most affected sites.
Infection rates tend to decline after the first 3 months. In the long term, a retrospective
cohort study including 216 pancreas transplant recipients identified a 63% incidence of
infections (mainly of bacterial origin) requiring hospitalization during a >5-year
follow-up period resulting in an increased risk of mortality (Rostambeigi et al.
2010). Patients submitted to pancreas transplant have a high risk of developing
infection by Cytomegalovirus due to the use of antilymphocyte serum in immunosup-
pression protocols. The mean incidence is 25%. The incidence of malignancies
secondary to immunosuppression is also increased in pancreas or kidney–pancreas
transplant recipients. Data reported in the literature show similar long-term figures
compared to those reported for other solid organ transplantation recipients (Stratta
1998). A retrospective single-center study including 360 diabetic patients who had
undergone SPK transplantation reported an overall incidence of malignant tumors of
6.2% (n = 25) after a median follow-up period of 8 years posttransplant. Most
common tumor types were non-melanoma skin cancers, lymphomas and lung adeno-
carcinoma, bladder carcinoma, and peritoneal carcinoma (Girman et al. 2011).

Immunosuppression
Immunosuppressant induction and maintenance regimens to avoid graft rejection in
pancreas transplant recipients have evolved over time, resulting in improved out-
comes in terms of patient and graft survival. The majority of units use biological
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antibody induction (thymoglobulin, alemtuzumab, or basiliximab) to achieve pro-
found immune cell depletion lasting for the first 3 months when the risk of rejection
is greatest. There is no difference in patient or graft outcomes according to which
induction they received, although a tendency toward less acute rejection with
alemtuzumab was described (Hao et al. 2012). Induction is followed by a maintenance
combination of tacrolimus (a calcineurin inhibitor, CNI) and mycophenolate mofetil
(an antiproliferative agent) to block T-cell activation and expansion, respectively.
There is an increasing trend toward the use of steroid-free regimens in all areas of
transplantation, and steroids are early or delayed withdrawal or not routinely used at all
in either pancreas or islet cell transplantation (Gruessner and Gruessner 2012). The
advent of inhibitors of the mammalian target of rapamycin inhibitors (mTORI), such
as sirolimus and everolimus, provided an opportunity to reduce both the diabetogenic
and nephrotoxic potential of the immunosuppression, although it later transpired that
mTORIs do have some nephrotoxicity manifesting as proteinuria (Letavernier and
Legendre 2008), as well as a potential to cause diabetes (Johnston et al. 2008).
Tolerability of mTORI, particularly their tendency to cause mouth ulcers, rashes,
joint pain, and edema, has prevented their wider use (Campistol et al. 2010). Never-
theless, where they are tolerated, they provide a good alternative to CNI-based
immunosuppression. The mTORI have a theoretical advantage over tacrolimus for
recipients of a pancreas transplant alone (PTA), in whom preservation of renal function
is important, and latest data suggest that 18% of PTA recipients are on mTORI
(Gruessner and Gruessner 2013b). The combination of CNI and mTORI can provide
enhanced immunosuppression (McAlister et al. 2000) but was associated with a risk of
enhanced nephrotoxicity and other complications(Feldmeyer et al. 2012) and has
proved useful to rescue patients with difficult-to-manage rejection. The other area
where mTORI may have a role is in the management of transplant patients who
develop a malignancy, since mTORI have been shown to have antineoplastic proper-
ties (Hasskarl 2014). The most recent addition to the immunosuppressive armory is
belatacept, a biological agent which blocks the CD28 co-stimulatory pathway (Larsen
et al. 2005). Results of its use in pancreas transplantation are awaited, but it may be a
good alternative to mTORIs in patients with CNI nephrotoxicity (Mujtaba et al. 2014).

Life Expectancy
To this day, both ethical and practical considerations have prevented randomized
controlled trials comparing the outcomes of simultaneous pancreas and kidney
transplants versus kidney-only transplants, pancreas after kidney transplants versus
kidney-only transplants, and pancreas transplants alone versus intensive insulin
therapy. The three different modalities of pancreas transplantation (SPK, PAK, and
PTA) have been suggested to have long-term mortality benefit compared to contin-
uous insulin treatment in patients who are on waiting list for transplantation
(Gruessner et al. 2004; Siskind et al. 2014), although this benefit has been more
demonstrated in patients undergoing SPK (Smets et al. 1999; Becker et al. 2000; Ojo
et al. 2001; Reddy et al. 2003; Kleinclauss et al. 2009). The survival benefit achieved
by SPK, when compared to waiting-list patients, is 14.4 versus 3.7 years, in terms of
median survival (propensity score matching) (Rana et al. 2015). In a previous study

23 Islet Cell or Pancreas Transplantation 669



conducted in 2004 with data from the UNOS/IPTR database on 13,467 patients,
Gruessner et al. (2004) reported significantly decreased mortality after the first year
posttransplant among patients who had undergone SPK, PAK, and PTA compared
with patients who remained on the waiting lists (SPK, HR 0.04 [CI, 0.03–0.04;
p < 0.0001)]; PAK, HR, 0.18 [CI, 0.13–0.25; p < 0.0001]; PTA, 0.15 [CI,
0.08–0.29; p < 0.0001] (Gruessner et al. 2004). The patient survival rate at
10 years posttransplant is significantly higher in recipients of a SPK than of a kidney
transplant from a deceased donor. Recipients of a SPK had the greatest longevity
(23.4 years), as compared with 20.9 years for recipients of a kidney transplant from a
living donor and 12.8 years for recipients of a kidney transplant from a deceased
donor (Gruessner and Gruessner 2013a). The survival benefit of isolated pancreas
transplant (after kidney transplant and alone) is more controversial. Earlier reports
stating a survival disadvantage for recipients of solitary pancreas transplants (PAK
and PTA) compared with patients on the waiting list for a transplant (Venstrom et al.
2003) now seem to be unsubstantiated (Gruessner et al. 2004; Siskind et al. 2014).
Recently UNOS data have shown that pancreas transplantation alone, when com-
pared to waiting list patients, confers a survival benefit of 6.7 years (14.5 vs. 7.8) in
terms of median survival (propensity score matching) (Rana et al. 2015). In recip-
ients of PAK, evidence shows that the pancreas transplant improves long-term
patient and kidney graft survival rates. Also, glomerular filtration rates appear
significantly higher in the kidney graft of recipients of pancreas after kidney trans-
plants than in recipients of kidney transplants alone (Kleinclauss et al. 2009). The
survival benefit of PTA is debated. The benefit for the individual patient must be
considered by weighing the incapacities experienced with insulin-based treatments
against the risks of surgery and immunosuppression. For patients who have experi-
enced frequent and significant hypoglycemic episodes, particularly those requiring
third-party assistance, pancreas transplant can be a lifesaving procedure.

No specific quality-of-life questionnaire for use in transplantation currently
exists, and so most studies have been limited not only by size but also by the use
of generic and heterogeneous quality-of-life measures (Gross and Zehrer 1992; Dew
et al. 2000; Speight et al. 2010). A successful simultaneous pancreas and kidney
transplant with sustained graft function leads to a large improvement in quality of
life, including greater satisfaction with life and health, more feelings of control and
independence, and perceptions of better physical, mental, and social health and
functioning (Nakache et al. 1994; Isla Pera et al. 2009; Ziaja et al. 2009; Smith et
al. 2010). The effect of pancreas after kidney transplants and pancreas transplants
alone on quality of life is more difficult to determine because of the much smaller
numbers of recipients. Freedom from insulin is exchanged for the complications of
immunosuppression, and the short-term difficulties of postoperative recovery are
balanced against the long-term benefits.

Metabolic and Functional Outcomes After Pancreas Transplantation
When a segment of the pancreas is transplanted, as it was in the early period of
pancreas transplantation, mild metabolic abnormalities were observed, such as
impaired glucose tolerance and delayed insulin response to glucose (Pozza et al.
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1983). Whole-organ pancreas transplantation achieves a high degree of insulin
independence, usually with normalization of many of the frequently measured vari-
ables of metabolic function including HbA1c and appropriate insulin, C-peptide, and
glucagon responses to circulating blood glucose levels; however, the physiology of
glucose homeostasis after pancreas transplantation is not fully understood. A suc-
cessful pancreas transplant seems to more effectively lower the levels of HbA1c than
intensive insulin therapy, and even 10 years posttransplant, a successful pancreas
transplant can preserve insulin secretion and provide good glycemic control
(Dieterle et al. 2007). Restoration of β-cell secretory capacity, improvement in
glucose counter-regulation, and return to hypoglycemia awareness can all be
achieved with a successful pancreas transplant (Rickels 2012). Several studies
(White et al. 2009; Gruessner and Gruessner 2013a) have reported long-term
beneficial effects of the different types of pancreas transplantation on chronic
microvascular diabetes complications including diabetic nephropathy (Fioretto
et al. 1998, 2006; Fiorina et al. 2007), neuropathy autonomic and peripheral (Ken-
nedy et al. 1990; Martinenghi et al. 1997; Navarro et al. 1997), gastroparesis (Gaber
et al. 1991), retinopathy (Koznarova et al. 2000; Giannarelli et al. 2005, 2006),
microvascular and macrovascular disease including cerebral vasculopathy and mor-
phology (La Rocca et al. 1995, 2001; Morrissey et al. 1997; Jukema et al. 2002;
Larsen et al. 2002, 2004; Biesenbach et al. 2005), cardiac function (Gaber et al.
1995a; Fiorina et al. 2000, 2012; Coppelli et al. 2003; Folli et al. 2010), and sexual
function (Salonia et al. 2011). Despite such encouraging results, caution must be
exercised for a number of reasons. It has been acknowledged that there is a paucity of
long-term, prospective randomized studies of sufficient size to draw meaningful
conclusions and that at the present time much of the benefit is circumstantial with
most evidence limited to single-center studies. Exposure to calcineurin inhibitors
and dehydration can result in impaired kidney function (Boggi et al. 2011); as a
result, progression of retinal as well as microvascular lesions has been reported
(Ramsay et al. 1988).

Current Status of Pancreatic Islet Transplantation

History of Islet Transplantation

The real father and pioneer of modern-day islet transplantation is Paul E. Lacy. He
was the first to describe the method to isolate islets from rodent pancreata in 1969
and few years later carried out successful islet transplantations in rodents for the first
time (Ballinger and Lacy 1972). The islet isolation technique developed in the rat by
doctor Lacy prompted a surge of experimental studies in rodents. However, for
several years the attempts to extend the Lacy isolation protocol to large animal
pancreas (i.e., dog, nonhuman primate, and human) yielded poor results. A turning
point for clinical islet transplantation was the introduction of the “automated
method” of pancreas dissociation by Camillo Ricordi. The method consisted of a
mechanically enhanced enzymatic digestion based on a dissociation/filtration
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chamber allowing pancreatic fragments and islets freed from the gland to be
removed promptly from the system to avoid over-digestion while preserving cluster
integrity. The method was first published in 1988 (Ricordi et al. 1988) and has
represented ever since the gold standard for virtually all research centers working on
human (Ricordi 2003) and large animal islets (Ricordi et al. 1990), besides its
application for the isolation of other tissues (Vizzardelli et al. 2001). In 1990, the
introduction of novel techniques to improve the efficiency of the isolation techniques
resulting in high yields of pancreatic islets prompted the development of numerous
clinical islet transplantation programs around the world. The first series of patients
with sustained insulin independence was reported in nine patients undergoing
excision of the liver and pancreas (that would result in surgery-induced diabetes)
and receiving allogeneic liver and islet transplantation from the same cadaveric
donor. The first clinical case of sustained insulin independence following allogeneic
islet transplantation was a 15-year-old woman whose visceral organs were removed
for cancer and who received a multi-visceral organ (liver, small bowel, and islet)
transplantation (Tzakis et al. 1990; Ricordi et al. 1992). In 1990, doctors Scharp,
Lacy, and colleagues at Washington University reported the first case of transient
exogenous insulin independence following transplantation of 800,000 cultured
allogeneic islets (pool of two allogeneic islet preparations), isolated using the
automated method into a patient with T1D receiving Minnesota antilymphocyte
serum, azathioprine and cyclosporine (Scharp et al. 1990). Ten days after transplan-
tation, the patient achieved normoglycemia (albeit with residual glucose intolerance)
and discontinued exogenous insulin for 2 weeks (Scharp et al. 1990). Insulin
independence following islet transplantation from a single donor obtained using
the automated method was reported by Dr. Carlo Socci and colleagues at the San
Raffaele Institute in Milan (Italy) in a patient with T1D transplanted in April 1990
(Socci et al. 1991). Subsequently, insulin independence and/or consistent graft
function after islet transplantation was reported across the world using cryopreserved
(Warnock et al. 1991) along with fresh allogeneic islets, paving the way for the
clinical application of cellular therapies to restore beta-cell function in patients with
T1D (Hering et al. 1994; Secchi et al. 1997). Unfortunately, despite the advances in
this field, between 1990 and 1998, only 8% of the patients receiving and islet
transplant remained insulin-independent for more than 1 year (Bretzel 2001). A
major advance occurred in 2000, when the University of Alberta group reported that
with their protocol (known since then as the “Edmonton Protocol”), they were able
to consistently achieve long-term insulin independence�100% at the end of the first
year in seven patients with T1D (Shapiro et al. 2000). The Edmonton Protocol
included two novel key elements that contributed to those successful results. The
first consisted in the intraportal infusion of freshly isolated islets, followed by a
second and sometimes a third infusion of additional islets from different donors, to
achieve an islet mass [in their experience 10,000 islet equivalents per kilogram (IE/
Kg)] necessary to achieve insulin independence. The second was the use of a steroid-
free, rapamycin-based protocol of immunosuppression. The interest in islet trans-
plantation was once more refueled, and several centers worldwide resumed their
clinical programs (Shapiro et al. 2003). If we consider the 2007–2010 period, the
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islet graft survival (C-peptide �0.3 ng/mL) of 92% at 1 year and 83% at 3 years
compares very favorably with whole-pancreas graft survival of 80% at 1 year and
61% at 3 years. In more recent years, these graft survival rates translate to an
unconditional 44% insulin independence at 3 years, the highest long-term islet
transplant success rate observed to date (Barton et al. 2012). For more information
on the history in the field of islet cell transplantation to restore beta-cell function in
patients with diabetes, see the recent review (Piemonti and Pileggi 2013).

Process of Islet Transplantation

The process of islet transplantation includes three different stages: (1) pancreas
donation and retrieval, (2) islet isolation and culture, (3) islet transplantation.

Pancreas Donation and Retrieval
The selection of a donor pancreas for islet isolation is a key step in the transplanta-
tion procedure. Several studies have been conducted to identify the main donor
characteristics required for successful islet isolation. Multivariate analyses suggest
that donors >20 years of age, with a high body mass index (BMI) and
normoglycemic (HbA1c < 6.0%), without hypotension or cardiac arrest and with
a minimal inotropic support are optimal for islet isolation (Nano et al. 2005; Shapiro
2012; Balamurugan et al. 2014). However, the decision to allocate a pancreas to islet
isolation is generally dependent on the possibility of using the pancreas for a whole-
organ procedure, which is normally prioritized given the largest experience with this
procedure (Berney and Johnson 2010). The surgical procedure for pancreas retrieval
needs to be conducted meticulously. The maintenance of the integrity of the pan-
creatic capsule and duodenum is crucial for the digestion process later on. The
duration of cold ischemia is also critical for a successful procedure as islets are
particularly vulnerable to ischemia. It is generally recommended that cold ischemic
time should not exceed 8 h (Mittal et al. 2014).

Islet Isolation
The aim of the islet isolation process is to extract the islets of Langerhans (approx-
imately 1–2% of the pancreas) while removing the exocrine/acinar pancreatic tissue.
It remains a challenging procedure requiring large expertise and is centrally
performed by some highly specialized centers worldwide that generally provide
islets for different implanting centers. Even in leading isolation centers, transplant-
able yields are only achieved in about 50% of pancreases. Islet isolation comprises
two different steps: pancreas digestion and islet purification. Pancreas digestion is
conducted as a combination of two procedures. Initially, the pancreas is disintegrated
through enzymatic digestion by collagenase. Subsequently, a mechanical dissocia-
tion process of the already digested pancreas is performed by either manual or
automated agitation within a digestion chamber. As a result, a suspension digest
containing both the islets and the exocrine and ductal tissue is obtained. After
digestion of the pancreas, the suspension digest undergoes purification to decrease
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transplanted tissue volume and prevent the activated pancreatic enzymes from being
transplanted alongside the islet graft albeit with minimum loss of islet. This process
is performed by density gradient purification, as islets are less dense than the
exocrine and ductal tissue. Once the islets have been purified, they are counted
and assessed for overall percentage purity and percentage viability (Johnson and
Jones 2012). A minimal islet mass of 5,000 IEQ/kg is generally required for each
transplant and >8,000 IEQ/kg for single-donor success (Shapiro 2012).

Islet Transplantation
The isolated pancreatic islets are subsequently infused into the hepatic portal system
of the recipient by transhepatic cannulation of the portal vein with ultrasound and/or
fluoroscopic guidance (Gaba et al. 2012). The infusion process lasts for about 1 h,
and patients are generally discharged from the hospital within 48 h, once clinically
stable and without complications. The initial few days following the islet infusion
are critical for the final outcome of the islet transplantation process. Clinical and
animal models show that up to 75% of the graft is lost during this period. It is
suggested that islet graft loss is mainly related to an activation of the immune system
of the recipient, to the ischemia reperfusion injury of the islets, and to relative
ischemia in portal venules. Different approaches to improve engraftment are cur-
rently under investigation, including the use of anti-TNF agents, anti-IL-1 agents or
glucagon-like-peptide 1 (GLP-1) analogues like exenatide.

Clinical Outcomes of Islet Transplantation

Islet transplantation is a minimally invasive treatment that has the potential to reverse
diabetes thus resulting in an alternative to whole-pancreas transplantation in diabetic
patients. It is estimated that over 1,400 islet transplants have been performed
worldwide. Although islet transplantation is extensively considered an experimental
procedure, several countries including Canada, the United Kingdom, France, Swit-
zerland, Norway, Sweden, and other European countries fund the procedure as “non-
research” standard clinical care. In the United States, major trials funded by the
National Institutes of Health are being conducted to obtain a biological license
application (BLA) by the Food and Drug Administration (FDA) (Markmann
2016). Islet transplantation may be performed alone (ITA), in simultaneously with
renal transplantation (SIK), or following kidney transplantation (IAK). ITA is the
most commonly used approach.

Patient and Graft Survival
The main goal of islet transplantation has historically been insulin independence;
however, investigators are currently considering additional relevant outcomes, such
as the reduction in the frequency of hypoglycemic episodes and the positive effects
on complications and quality of life (Robertson 2010). Since the Edmonton Protocol
breakthrough, the endocrine outcomes of islet transplantation have substantially
improved, and according to the recent report of the Cell Islet Transplantation
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Registry, the rate of insulin independence after allogeneic islet infusion (ITA and
IAK) is around 66% at 1 year and 44% at 3 years after last infusion (Barton et al.
2012), with 5-year insulin-independent normoglycemia achieved in >50% of
patients at the most experienced centers (Bellin et al. 2008, 2012; Vantyghem et
al. 2009, 2014a; Maffi et al. 2011; Shapiro et al. 2011). However, multiple infusions
are generally required for transplant recipients to achieve insulin independence or to
regain insulin independence, as the rate of insulin independence tends to decline
over the years. Sixty-four percent of the patients included in the CITR have received
more than one islet infusion (Barton et al. 2012). Furthermore, durability of islet
graft function, as measured by fasting C-peptide �0.3 ng/mL regardless of insulin
independence, has been improving significantly over the time, and work from
several groups confirms that around 80% of islet-transplanted patients have persis-
tent graft function at 4–5 years after last infusion (Ryan et al. 2005; Barton et al.
2012). Nearly all islet recipients had significant improvements in HbA1c and fasting
blood glucose after islet transplantation. Importantly, the presence of insulin-depen-
dent islet graft survival, defined by C-peptide >0.3 ng/mL, is document to protect
from severe hypoglycemia (Johnson et al. 2004), and this effect persists even after
the islet graft is lost. Available data on severe hypoglycemic events in islet recipients,
regardless of graft function, shows that >90% of the patients remained free from
severe hypoglycemic events during 5 years of follow-up (Johnson et al. 2004; Barton
et al. 2012).

Complication
The procedure of islet transplantation has proven to be very safe, especially when
compared with whole-pancreas transplantation (Ryan et al. 2004a; Maffi et al. 2011;
Gaba et al. 2012). The incidence of (serious) adverse event related to islet infusions
has declined, and the reporting of adverse events has improved over the years. For
allogenic islet transplantation bleeding, either intraperitoneal or liver sub capsular is
the most common procedure-related complication, occurring with an incidence as
high as 13% (Villiger et al. 2005). The exact cause of bleeding in each case is often
difficult to determine; however, independent risk factors for hemorrhagic complica-
tions include the cumulative number of transplant procedures and heparin dosage of
45 U/kg or more (Villiger et al. 2005). The use of fibrin tissue sealant and emboli-
zation coils in the hepatic catheter tract seems to effectively minimize the bleeding
risk (Froud et al. 2004; Villiger et al. 2005). Partial portal vein thrombosis compli-
cates fewer than 5% of islet infusion procedures (Ryan et al. 2005), and complete
portal venous thrombosis is rare. The use of purer islet preparations, greater expertise
in portal vein catheterization, and new radiological devices (catheters medicated
with anticoagulation) will continue reducing the risk of portal vein thrombosis,
although the risk is unlikely to be completely eliminated. Other complications of
islet cell transplantation include transient liver enzyme elevation (50% incidence)
(Barshes et al. 2005a), abdominal pain (50% incidence), focal hepatic steatosis (20%
incidence) (Bhargava et al. 2004; Maffi et al. 2005), and severe hypoglycemia (<3%
incidence). Another complication related to the intrahepatic islet transplantation
procedure is portal hypertension that can occur acutely during the islet infusion,
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especially in the case of infusions other than the first one (Casey et al. 2002).The
portal pressure generally normalizes after the acute phase of the procedure. Finally,
severe hypoglycemia is a risk associated with the infusion of islets. Iatrogenic
hypoglycemia in the immediate posttransplant period is a rare event. Frequent
blood glucose monitoring immediately following islet transplantation is recommended
to avoid severe unrecognized hypoglycemia in the early posttransplant period.
Although islet allotransplantation is a relatively safe procedure, adverse events and
serious adverse events are not infrequent. The Eighth Annual Report of the Collabo-
rative Islet Transplant Registry (CITR) reported 1,878 adverse events on 496 out of
864 (57.4%) allograft recipients who underwent islet infusions between 1999 and
2014. The higher than expected incidence of adverse events is in part related to the fact
that there is close follow-up of the patients and centers abiding to the strict rules of
reporting imposed by the FDA.Moreover, many adverse events seen in this population
(30% of recipients) are unrelated to islet transplantation but not unexpected in a cohort
of older patients with T1D with significant comorbidity. In any case, many of these
events were adjudicated by the investigator as possibly to definitely relate to either the
infusion procedure or the immunosuppression. The Eighth Annual Report of the CITR
reported that in the first 30 days following islet transplantation, about 31% of
recipients experienced a reportable adverse event. Roughly half of these events were
adjudicated as possibly or definitely related to either the infusion procedure or the
immunosuppression. The vast majority was not unexpected, such as abnormal lym-
phocyte counts and increased transaminases. About 20% of all recipients experienced
a serious adverse event in the first 30 days, which occurred about equally in IAK/SIK
as in ITA, and have declined somewhat over the eras. In the first year after islet
transplantation, about 48% of all recipients have experienced a reportable adverse
event and about one-third have experienced a serious adverse event, with a significant
decline in the most recent era. Overall, 16% of all recipients failed to recover
completely from an adverse event. The incidence of life-threatening events has
declined over time (from 23.9% in 1999–2002 to 3.9% in 2011–2014), and a total
of 10.3% of the patients reporting (serious) adverse events in the 2011–2014 period
resolved with sequelae. The need to implement antirejection therapy exposes trans-
plant recipients to an increased risk of untoward side effects expected in any
immunosuppressed subjects. Opportunistic infections of the urinary tract, upper respi-
ratory tract, and skin are frequent, along with myelosuppressive and gastrointestinal
effects of the immunosuppressive drugs. In the majority of the cases, these effects are
not severe and resolve without sequelae with medical treatment. Direct organ toxicity
of immunosuppressive drugs has been recognized. Symptoms associated with neuro-
and/or nephrotoxicity are relatively frequent in subjects receiving chronic immuno-
suppressive agents currently in use in the clinical arena. In these cases, modification of
the antirejection regimen is indicated, with dose reduction or conversion to a different
combination of drugs. In the majority of cases, these changes resolve the symptoms
without compromising graft survival. The risk of transmission of CMV disease from
donor to recipient has been surprisingly low in recipients of islet allografts, particularly
in the most recent period with routine use of purified islet preparations (140–144). As
with any allogeneic transplant, islet transplant recipients may become sensitized to
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islet donor histocompatibility antigens (HLA), leading to the development of panel
reactive alloantibodies (PRA). Data on the development of cytotoxic antibodies
against donor HLA in islet allotransplant recipients with failing grafts have been
reported from several islet transplant centers (148–152). A potential consequence of
high PRA levels in recipients of a failed islet transplants is that if these individuals
develop diabetic nephropathy in the future, a high PRA may increase their time on a
transplant list for a suitable kidney graft. Nephrotoxicity from sirolimus and/or
tacrolimus has been described in patients with T1D undergoing islet transplantation,
particularly when kidney function is already impaired because of preexisting diabetic
nephropathy (Andres et al. 2005; Maffi et al. 2007; Gala-Lopez et al. 2011). CITR ITA
recipients exhibited a decline in eGFR of 12.4 � 19.2 ml/min/1.73 m2, and IAK/SIK
experienced a mean decline of 0.8 � 32.3 ml/min/1.73 m2 in 5 years from their first
islet infusion, compared to a mean decline of about 9 ml/min/1.73 m2 over the first
5 years in an age-unadjusted cohort of 1,141 patients with T1D followed by the DCCT
and then by EDIC. A total of 41 instances of neoplasm have been reported in 32 of 864
islet transplant recipients during about 5,762 person-years of observed follow-up
(0.007 neoplasms per person-year, CITR report). There were 21 instances in 17
patients of basal or squamous cell carcinoma of the skin. There were six instances
of malignant ovarian cysts, four instances of breast cancer, two instances of lung
cancer, two instances of thyroid cancer, and three instances of PTLD. Of the 14
recipients with non-skin cancer, 8 recovered, 2 recovered with sequelae, 5 have not
recovered, and 1 died. Among islet allograft recipients, there have been 25 reports of
death to the registry, i.e., a 2.4% crude mortality over a mean follow-up of 6.7 years.
Causes of death were cardiovascular (n= 5), hemorrhage (n= 3), pneumonia (n= 2),
diabetic ketoacidosis (n = 1), infection (n = 1), respiratory arrest (n = 1), acute
toxicity (n = 1), pneumopathy (n = 1), multi-organ failure of unknown etiology
(n = 1), lung carcinoma (n = 1), and viral meningitis (n = 1).

Immunosuppression
Preexisting and transplant-induced auto- and allo-specific cellular immune responses
play a crucial role in the loss of islets and islet function infused in the liver (Campbell
et al. 2007; Hilbrands et al. 2009; Piemonti et al. 2013) (Bertuzzi and Ricordi 2007)
along with nonspecific immune responses predominantly mediated by innate inflam-
matory processes related to mechanics and site (Moberg et al. 2002; Matsuoka et al.
2010; Citro et al. 2012, 2013). Islet graft rejection occurs without clinical symptoms.
Neither guidelines nor formal consensus on the “best” or “standard” immunosup-
pressive strategy for human islet transplantation is currently available. Multiple
induction and maintenance agents are administered peri- and post-every infusion
in the same recipient. According to the Collaborative Islet Transplant Registry
(CITR) data (Barton et al. 2012), a substantial shift in immunosuppression strategies
has been documented during the last 12 years. The 2000–2006 period was domi-
nated by the Edmonton Protocol, which used an interleukin-2 receptor antagonist
(e.g., daclizumab) for induction and a mammalian target of rapamycin (mTOR)
inhibitor (e.g., sirolimus), together with a calcineurin inhibitor (CNI, e.g.,
tacrolimus) for maintenance immunosuppression (Shapiro et al. 2006). In the more
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recent years, there has been a shift toward the induction with a T-cell-depleting
(TCD) antibody, with or without an inhibitor of tumor necrosis factor-α (TNF-α;
e.g., etanercept) (Pileggi et al. 2004; Frank et al. 2005; Hering et al. 2005; Marzorati
et al. 2007; Alejandro et al. 2008; Bellin et al. 2008; Froud et al. 2008; Gerber et al.
2008; Tan et al. 2008) and maintenance with an mTOR inhibitor or an inosine
monophosphate dehydrogenase inhibitor (e.g., mycophenolic acid) combined with a
CNI (Shapiro et al. 2000; Froud et al. 2005; Hering et al. 2005; Vantyghem et al.
2009). Moreover, the use of alemtuzumab induction therapy was recently reported
and associated with encouraging longer-term function (Shapiro 2011; Nijhoff et al.
2015). New biologic agents with potentially lower islet cell and organ toxicity
profiles are currently being evaluated in ongoing clinical trials. Among these are
agents that target co-stimulation pathways in immune cells and/or adhesion mole-
cules (CTLA4-Ig, LFA-1 PD-1/PD-L1 CD40) (Badell et al. 2010; Posselt et al.
2010a, b; Turgeon et al. 2010; Fotino and Pileggi 2011; Watanabe et al. 2013; Li et
al. 2015) or chemokine receptors (CXCR1/2) (Citro et al. 2012, 2015). Finally, a
calcineurin inhibitor-free immunosuppressive regimen was recently reported (Maffi
et al. 2014).

Impact of Islet Transplantation on Metabolic Control and Diabetes
Complication
Recent clinical trials demonstrated that the effects of islet transplantation on meta-
bolic control are quite reproducible in subjects with unstable type 1 diabetes (Barton
et al. 2012). Exogenous insulin requirements needed to attain optimal metabolic
control are dramatically reduced immediately after islet transplantation, with a
reduction of mean amplitude of glycemic excursions (MAGE) throughout the day
and normalization of A1c <6.5% (Shapiro et al. 2000; Froud et al. 2005). Since the
main indications for islet transplantation in subjects with type 1 diabetes are unstable
control and frequent severe hypoglycemic episodes, the most remarkable effect of
the transplant is the abrogation of severe hypoglycemia (Johnson et al. 2004;
Poggioli et al. 2006; Leitao et al. 2008; Tharavanij et al. 2008). Using HYPO
score and Lability Index to longitudinally assess islet transplant recipients, a signif-
icant reduction in the incidence of severe hypoglycemia over a 4-year follow-up
period was demonstrated, a finding suggesting that the intervention can support a
better and more physiological metabolic control than medical therapy (Ryan et al.
2004b, 2005). It is noteworthy that the prevention of severe hypoglycemia persists
long-term and even in subjects requiring exogenous insulin to maintain optimal
glycemic control (such as after implantation of a suboptimal islet mass or after
development of graft dysfunction) as far as C-peptide is measurable (Pileggi et al.
2004; Alejandro et al. 2008). Following islet transplantation, the restoration of beta-
cell responses to secretagogue stimulation is observed, with improved insulin secre-
tion (“first phase”) in response to intravenous glucose, as well as increased C-peptide
secretion in response to oral glucose. Normalization of the glycemic threshold
triggering the release of counter-regulatory hormones can be demonstrated during
hypoglycemic clamp studies, albeit without reaching normalization of the magnitude
of the vegetative response. Furthermore, quasi-normal glucagon secretion in response
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to hypoglycemia can be observed (Paty et al. 2002, 2006; Rickels et al. 2005a, b,
2007). These observations may, at least in part, explain the significant improvement in
metabolic control and recovery of hypoglycemia awareness observed after islet
transplantation, which persists after development of graft dysfunction and even several
months after graft failure (and loss of detectable C-peptide) (Johnson et al. 2004;
Barton et al. 2012). Quality of life dramatically improves after islet transplantation.
Improvements include greater satisfaction with life and health, more feelings of
control and independence, and perceptions of better physical, mental, and social health
and function. T1D patients with insulin independence or partial graft function similarly
report reduction of hypoglycemic episodes (Radosevich et al. 2013), improvement of
symptom awareness, and the rediscovering of reliability and independence (Barshes et
al. 2005b; Poggioli et al. 2006; Toso et al. 2007; Cure et al. 2008; Tharavanij et al.
2008; Benhamou et al. 2009). After transplantation of an adequate islet mass obtained
from one or more donor pancreata (estimated �10.000 islet equivalents (IEq)/kg of
recipient’s body weight), insulin independence can be reproducibly achieved. By
combining donor selection criteria with improved isolation techniques and adequate
immunomodulation of the recipient, insulin independence after single-donor islet
preparation is becoming more reproducibly possible to achieve. Islet preparations
obtained from more than one donor pancreas can be transplanted at once after pooling
them or sequentially based on the metabolic needs of each subject. Data from the
Clinical Islet Transplant Registry and independent trial reports have shown that
insulin independence at 1 year from completion of the transplant is up to 70%
with virtually 100% of the subjects maintaining graft function (C-peptide) if ade-
quately immunosuppressed (Alejandro et al. 2008; Barton et al. 2012). A progressive
loss of insulin independence with approximately 90% of subjects requiring
reintroduction of exogenous insulin at 5 years (most of them with detectable C-
peptide) has been reported in clinical trials based on the “Edmonton Protocol”
(induction with anti-IL2R antibody; maintenance with sirolimus and tacrolimus)
and some variants of it (Shapiro et al. 2000; Hering et al. 2005; Ryan et al. 2005;
Shapiro et al. 2006; Vantyghem et al. 2009). More recent trials using more potent
lymphodepletion (i.e., thymoglobulin, anti-CD3, or anti-CD52 antibodies) and/or
biologics (anti-IL2R, anti-TNF, anti-LFA-1 antibody or CTLA4Ig) have shown great
promise with approximately 50% insulin independence at 5 years after islet trans-
plantation (Bellin et al. 2008, 2012; Vantyghem et al. 2009, 2014a; Maffi et al. 2011;
Shapiro 2011), which is comparable to some of the data in whole-pancreas trans-
plantation in subjects with type 1 diabetes (Froud et al. 2008; Tan et al. 2008;
Vantyghem et al. 2009; Posselt et al. 2010a, b). In light of the results of the last
decade of clinical islet transplant trials, achievement of insulin independence,
although desirable, no longer should be considered the main goal of islet transplan-
tation. The sizable improvement of metabolic control in the absence of severe
hypoglycemic events, the amelioration of diabetes complications, and the achieve-
ment of sustained better quality of life, which are quite cumbersome to reproduce by
the means of medical treatment, justify the risks associated with the islet transplant
procedure and immunosuppression in this high-risk population of subjects with
unstable diabetes. Encouraging results have been reported in recent years on the
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multiple beneficial effects of islet transplantation on progression of diabetes com-
plications [reviewed in (Bassi and Fiorina 2011)]. Although based on non-
randomized pilot studies, which should be cautiously evaluated, they provide the
proof of concept of the importance of restoring beta-cell function in patients with
diabetes. In particular, improvement of micro- and macroangiopathy (main causes of
diabetic nephropathy) (Fiorina et al. 2003c, 2005b; Toso et al. 2006; Fung et al.
2007; Maffi et al. 2007; Senior et al. 2007; Cure et al. 2008; Gerber et al. 2008;
Leitao et al. 2009; Thompson et al. 2011; Gillard et al. 2014) and stabilization/
reduced progression of retinopathy (Lee et al. 2005; Venturini et al. 2006; Warnock
et al. 2008; Thompson et al. 2011) and neuropathy (Lee et al. 2005; Del Carro et al.
2007; D’Addio et al. 2014; Vantyghem et al. 2014b) have been described. Amelio-
ration of cardiovascular and endothelial dysfunction and reduction of atherothrombotic
profile, paralleled by reduced incidence of cardiovascular accidents and higher survival
rates, were reported in IAK recipients (Fiorina et al. 2003a, b, c, 2005a, b; Del Carro et
al. 2007; Danielson et al. 2013; D’Addio et al. 2014). Furthermore, significantly
improved longevity of a renal transplant was observed after islet transplantation (Fiorina
et al. 2005b). It is likely that these benefits are the consequence of improved metabolic
control conferred by the islet transplant. In addition, a contribution of restored C-peptide
secretion and its effects on multiple targets has been proposed (Hansen et al. 2002).

Current Challenges in Islet Transplantation

While significant progress has been made in the islet transplantation field, several
obstacles remain precluding its widespread use. The clinical experience of islet
transplantation has been developed almost exclusively using the intrahepatic infu-
sion through the portal vein (Shapiro et al. 2006). It has been suggested that the loss
of as many as 50–75% of islets during engraftment is the reason why a very large
number of islets are needed to achieve normoglycemia (Cantarelli and Piemonti
2011; Citro et al. 2013). Moreover, two additional important limitations are the
currently inadequate immunosuppression for preventing islet rejection (Piemonti et
al. 2013) and the limited oxygen supply to the islet in the engraftment site (Barkai et
al. 2013; Lo et al. 2013). Current immunosuppressive regimens are capable of
preventing islet failure for months to years, but the agents used in these treatments
may increase the risk for specific malignancies and opportunistic infections. In
addition the most commonly used agents (like calcineurin inhibitors and rapamycin)
are also known to impair normal islet function and/or insulin action. Furthermore,
like all medications, these agents have other associated toxicities, including the
harmful effect of certain widely employed immunosuppressive agents on renal
function. The second very significant factor for early and late loss of islet mass is
the critical lack of immediate vascularization and chronic hypoxygenation. Physio-
logical supply of oxygen and nutrients in native islets is maintained by a tight
capillary network, destroyed by the islet isolation procedure, restricting supply to
diffusion from the portal vein and hepatic arterial capillaries until the revasculariza-
tion process is completed. Oxygen tension in the liver parenchyma decreases from
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approximately 40 to 5 mmHg, eightfold lower compared to the intrapancreatic
levels, leading to severe hypoxia and β-cell death. Revascularization of the islet
graft in rodent transplant requires 10–14 days and much longer in nonhuman primates
and human recipients. Even after the revascularization of the islets is completed, the
capillary’ density is significantly lower compared to the physiological intrapancreatic
situation. The proof of concept for cellular replacement therapy in diabetes has been
firmly established with islet transplantation. It represents an extremely promising
therapy, but it needs to be improved and made more widely available.

Future Developments in Beta-Cell Replacement Therapies

The field of beta-cell replacement has evolved significantly over the last three
decades thanks to the incredible efforts of the research community worldwide with
continuous improvements in islet manufacturing process and pancreas transplanta-
tion techniques, coupled with better patient management and the development of
more effective induction and maintenance immunosuppressive protocols. In addi-
tion, islet transplantation represents an excellent platform toward the development of
cellular therapies aimed at the restoration of β-cell function using alternative sources
of β-cells like xenogeneic islets or insulin-producing cells derived from the differ-
entiation of stem cells. While a wide range of improvements may be implemented in
the donor selection and organ allocation scheme to increase pancreas utilization for
transplantation, there is increasing new excitement for the use of unlimited alterna-
tive sources of transplantable islets, such as xenogeneic (i.e., obtained from other
species such as porcine islets) [reviewed in (Marigliano et al. 2011)] or derived from
human stem cells (Kroon et al. 2008; Schulz et al. 2012; Pagliuca et al. 2014;
Rezania et al. 2014). Currently, the most significant advances come from the stem
cell field; in fact it has been described that human ESC and iPSC are able to generate
pancreatic progenitors and/or functional β-cells in vitro that can treat diabetic mice,
and a clinical trial with ESC-derived cells is ongoing in T1D patients. Moreover, the
stem cell approach may synergize well with other developing innovations such as the
generation of immune isolating and retrievable devices, fundamental to allow cell
therapy without immunosuppression and to overcome the safety concerns about
tumorigenic cells. It is likely that altogether, these experiences will change the way
we treat T1D and lead to new therapeutic options for patients with diabetes.
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