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Diabetes mellitus currently affects more than 200
million people worldwide, with projections of it
affecting 5% of the world population by 2025
[1]. Type 1 diabetes mellitus (T1DM), the most
severe form of this disease, represents approxi-
mately 10% of all cases of diabetes and is char-
acterized by a progressive autoimmune disorder
resulting in the destruction of insulin-producing
b-cells within the pancreatic islets of Langerhans.
Due to progressive chronic micro- and
macrovascular complications, T1DM is a major
source of morbidity and mortality. Whilst T1DM
has become a manageable condition, largely
owing to the availability of exogenous insulin
following the discovery of insulin by Banting,
Best, Collip and McLeod [2, 3], many patients
still develop a multitude of chronic complications
of diabetes including nephropathy, neuropathy,
retinopathy, peripheral vascular disease and
coronary artery disease. Although the etiology of
these complications is multifactorial, the Dia-
betes Control and Complications Trial (DCCT)
clearly demonstrated that their development can

be reduced by tight glycemic control. This was
achieved in the trial by the use of intensive rather
than conventional insulin therapy [4–6]. How-
ever, one of the downsides of intensive insulin
was a substantial increase in life-threatening
hypoglycemia [5].

Safer and innovative means to tighten gly-
cemic control have been developed, including
the use of insulin pumps, dynamic continuous
glucose monitoring, and closed loop systems.
These have achieved improved glycemic control,
reduced hypoglycemic risk, and moderate
improved protection from secondary diabetic
complications. However, while these technolog-
ical advances offer patients improved benefit,
they continue to fall short as a definitive, robust
cure for diabetes. Indeed, these treatments all
involve the use of exogenous insulin and work
by better ‘controlling’ diabetes rather than by
‘reversing’ it. An alternative approach is to
attempt to actually restore the destroyed beta (b)-
cell mass by transplanting the insulin-producing
tissue, either in the form of a whole vascularized
pancreas transplant, or by a cellular islet
transplant.

First attempted in 1966, whole pancreas
transplantation initially showed poor clinical
outcomes [7]. However, following considerable
advances in surgical technique, immunosup-
pressive strategies, and postoperative manage-
ment, the results have improved drastically, with
80–85% of patients remaining insulin indepen-
dent for at least a year following this procedure.
However, it remains a major intra-abdominal
surgical procedure, with significant morbidity
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and a mortality rate of 4–7% in leading centers
around the world. In addition, as the pancreas
only comprises 2% endocrine tissue, it could be
argued that patients with T1DM receiving a
whole pancreas graft are receiving 98% of pan-
creatic tissue that they do not require! It is
therefore, very unlikely that this treatment will
become a routine treatment for children with
T1DM.

Conversely, pancreatic islet cell transplanta-
tion is a minimally invasive procedure, involving
only the implantation of the pancreatic endocrine
component. In addition, as a cellular transplant,
islet transplants have the real potential to be
immunomodified or immunoisolated at the time
of transplantation, meaning that in the future it
may be possible to undertake an islet transplant
without the need for immunosuppression. This,
combined with the simplicity of the procedure,
mean that this therapy has real potential for
future use in children.

In this chapter, we provide a historical per-
spective of islet transplantation; outline the
challenges of donor selection; provide an over-
view of human islet isolation; discuss the dif-
ferent aspects of the islet transplant procedure,
including some of the challenges; a review of the
current outcomes of clinical islet transplantation;
and finally, discuss the potential use of islet
transplantation in children.

Islet Transplantation: A Historical
Perspective

The work of von Mering and Minkowski in
1889, was essential for first identifying the piv-
otal link between the pancreas and elevated
blood glucose levels, when they showed that
total pancreatectomy in dogs resulted in fatal
diabetes [8]. Two decades later, Sharpey-
Shafer’s hypothesis provided insight into the
link between diabetes and insulin, a key chemical
found within pancreas. However, although the
recognition of diabetes and the hypothesis about
insulin were monumental, it was not until Bant-
ing, Best, Collip, and McLeod discovered and
isolated insulin in 1922, that diabetes became a

chronically manageable condition [2, 3]. The
introduction of intensive blood glucose moni-
toring and the frequent daily administration of
exogenous insulin improved things further, and
therapeutic efforts shifted more from the acute
phase of the disease to strategies to stabilize,
reverse, or ideally prevent the chronic compli-
cations of the disease [9]. As highlighted above,
however, focus has turned to strategies that
enable true reversal of diabetes, and currently
this can only be achieved by restoring b-cell
mass through transplantation.

One of the most important advances that
enabled clinical islet transplantation to be made
possible was the ability to isolate sufficient
numbers of human islets from a donor pancreas.
The isolation of rodent islets was first accom-
plished by Lacy in the 1960s when a number of
islets were isolated following the enzymatic
digestion of rodent pancreases from obese ani-
mals with hypertrophic islets [10]. Further
refinements by Lacy and Kostianovsky then
established the technical ability to isolate hun-
dreds of metabolically active and structurally
intact islets from the pancreas of normal rats [11].
While several authors reported the correction of
hyperglycemia in diabetic mice using varied islet
doses and success rates via the intraperitoneal
route, the work of Reckard and Barker in 1973
was the first to effectively cure diabetes in a
chemically induced model of diabetes [12]. Yet
despite these successes, the same methods of islet
isolation and purification could not be applied to
larger animals or humans, whose pancreases
contain several million islets, and whose pan-
creatic structure differs greatly from rodents
[11, 13].

Further refinements to the methods of islet
isolation and purification for islet transplantation
continued for decades (and still do continue),
with improved success in isolating greater
quantities with greater purity. Injection of colla-
genase into the pancreatic duct proved an effec-
tive method for successful islet isolation from
large animals and humans [13, 14]. However, it
was the development of the Ricordi digestion
chamber in 1988, enabling a semi-automated
process for human islet isolation, that was
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instrumental in enabling sufficient isolation and
purification of islets for clinical use [13, 15]. This
method of islet isolation is still considered the
universal ‘gold standard’, and has made clinical
islet transplantation a reality [13].

With regard to islet transplantation itself,
outcomes have progressed significantly since
clinical islet transplants were first performed.
This is partly due to improved islet manufactur-
ing processes, but has also been greatly facili-
tated by the availability of more effective
induction and maintenance immunosuppression
to protect against both auto- and alloreactivity
[16]. In subjects with poor glycemic control,
islet-alone transplantation has recently become
an accepted practice to stabilize frequent hypo-
glycemia or severe glycemic lability [17]. While
Lacy’s work established the liver as an ideal site
for islet transplantation [18], further work by
Najarian et al. in 1977 reported the first suc-
cessful clinical islet transplant paired with the
administration of azathioprine and corticos-
teroids [19]. In spite of these achievements, only
9% of the 267 islet transplant recipients since
1999 were insulin independent for >1 year [20].
It was not until 2000 that the ‘Edmonton Proto-
col’ reported insulin independence in seven
consecutive T1DM patients over a median
follow-up of 11.9 months with sustained
C-peptide [16]. Patients had received at least two
different islet transplants and a mean islet mass of
13,000 IEQ/kg. Perhaps most notably, patients
received a steroid-free immunosuppressive regi-
men of anti-interleukin (IL)-2 receptor antagonist
antibody therapy, daclizumab. These monumen-
tal results were pivotal in driving forward both
interest and activity in clinical islet transplanta-
tion over the subsequent decade, which resulted
in the expansion of islet transplantation programs
in North America and abroad through remarkable
inter-center collaboration.

The success of the Edmonton Group ignited
widespread enthusiasm. However, the initial
waning of complete insulin independence by 3–5
years post-transplantation raised further concerns
that islet transplantation could not permanently
ameliorate the diabetic state in patients. Strate-
gies to improve islet transplantation outcomes

have continued over subsequent years, including
but not limited to, improved donor selection,
optimized techniques for organ donation and
preservation and immunosuppression regimens.
Undoubtedly, such refinements will enable this
treatment to fulfill its potential in the coming
decades and expand its therapeutic benefit to
patients afflicted with this debilitating illness.

Donor Selection and Donor
Availability

The number of patients that can receive an islet
transplant is largely limited by the availability of
donor pancreases. In addition, optimal donor
selection is an important factor influencing suc-
cessful islet transplant outcome. Several
donor-related variables that may contribute to
islet isolation outcomes have been demonstrated
through single-center retrospective studies.
Variables include donor age, cause of death,
body mass index (BMI), cold ischemia time,
length of hospitalization, use of vasopressors,
and blood glucose levels [21–28]. In spite of the
observation that a larger pancreas contains a
larger b-cell mass, pancreas weight does not
appear to correlate directly with successful islet
yield [27, 29]. In a study analyzing data from 345
deceased donors, it was determined that although
BMI correlates with pancreas weight, body sur-
face area is a better predictor of pancreas weight
than BMI [29]. Several other groups have indi-
cated that BMI itself positively affects islet yield
[30], leading many to consider BMI as an
important donor predictor islet isolation outcome
[25–27]. This view, however, has led to the
misconception that an obese donor is a good
candidate for successful transplantation, whereas
it is important to distinguish between factors that
lead to a high islet yield, and those that correlate
with optimal islet physiology.

With regard to pancreas allocation, in most
countries to date, ‘optimal’ pancreases are still
prioritized for whole organ transplantation before
they are offered to islets. A review by Berney and
Johnson concluded that transplanted islet mass
does not unequivocally correlate with islet graft
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function (also see below), further arguing that
based on this premise, donor selection criteria for
islet transplantation and hence allocation rules
(pancreas for whole organ or islet transplant)
may need to be redefined [31]. A joint whole
pancreas and islet donor allocation system for
whole pancreas and islet transplantation has now
been introduced in the United Kingdom.

O’Gorman et al. developed a scoring system
based on donor characteristics that can predict
islet isolation outcomes and has been an instru-
mental tool in assessing whether a pancreas
should be processed for islet isolation [32].
Though this tool has been sufficient for deter-
mining which organs are optimal for islet isola-
tion in terms of islet yields and crude islet
function, it does not predict optimal islet trans-
plant outcome. Similarly, other published studies
investigating optimal donor factors for islet iso-
lation have not taken transplant outcome into
consideration [21, 22, 24, 25, 26, 27, 28]. Lakey
et al. retrospectively reviewed human islet isola-
tion preparations and studied the effects of donor
age on islet yield and function (insulin secretory
capabilities) [25]. Their study suggested that
older donors (51–65 years old) are more likely to
produce a transplantable yield of islets when
compared with their younger donor counterparts
(83% compared to 37% in 19–28 year old
donors). However, the secretory capabilities of
these islets were significantly reduced. Other
studies have confirmed these results and shown
higher rates of diabetes reversal in immunodefi-
cient diabetic mice receiving human islet grafts
from younger donors [23]. While this would point
to younger donors as ‘ideal’ for islet transplan-
tation, one must also realize that digestion of a
young pancreas is also technically more difficult
and hence islet yields lower. The more ‘fibrous’
nature of the pancreatic matrix within young
donors considerably reduces the success rate and
yield of islets. More recently, groups from Min-
nesota and San Francisco in the US have modified
islet isolation protocols for optimized success
with the younger human pancreas.

Prolonged cold ischemic time for the pancreas
during shipment from the donor center to the

isolation center can be injurious to human islet
isolation (both islet yield and function), with
times exceeding 6–8 h being less optimal than
locally procured donors [24]. While pancreatic
transport in University of Wisconsin (UW) solu-
tion was standard previously, most transplant
programs (at least in Canada and in parts of
the US) have switched to histidine-tryptophan-
ketoglutarate (HTK) solution, which may be less
optimal for pancreas storage [33]. The two-layer
oxygenated UW–perfluorodecalin method for
pancreas transportation initially looked promis-
ing, but with increased use, it appeared to add
little protection to the islets prior to isolation, and
has therefore been abandoned by most programs
at the present time [34].

Human Islet Isolation

One of the most important prerequisites of suc-
cessful clinical islet transplantation is an opti-
mized islet isolation process. Unquestionably,
human islet isolation requires considerable skill
and involves a significant financial cost, espe-
cially now that the regulation of human islet
isolation has become so stringent around the
world. Whereas in the 1990s, human islet isola-
tion was performed in modified research labora-
tories, this now has to be conducted in ultraclean
Good Manufacturing Practice (GMP) facilities
that meet strict national governmental oversight.
This has led over recent years to the development
of a number of ‘hub and spoke’ clinical islet
transplant networks, in which islet isolation is
only performed in one or two ‘clinical-grade’
isolation facilities that provide quality islets for a
network of different islet transplant centers.
Successful networks include the GRAGIL Net-
work in Switzerland and France [35], the NOR-
DIC network in Scandinavia, and the UK Islet
Transplant Consortium (UKITC) in Britain.
Clinical islets have also been successfully ship-
ped between centers in the US [36]. This
approach allows resources and expertise to be
centralized, making the clinical islet isolation
process much more cost-effective.
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The process of islet isolation starts at the time
of cadaveric organ donation with the need for
meticulous surgery and minimal handling of the
pancreas during procurement. This is combined
with rapid cooling of the lesser sac at the time of
aortic cross-clamp placement and arterial flush-
ing. Once procured, the pancreas is then placed
in a cold storage solution and transported to the
islet isolation facility.

The challenge of islet isolation is to produce
high yields of ‘in tact’ islets of optimal viability,
purity, and function. Human islet isolation
involves three steps, namely pancreas digestion,
density gradient purification, and islet culture.

Pancreas Digestion

The pancreas is digested by a combination of
physical and enzymatic dissociation. This stage is
intended to liberate islets from the surrounding
pancreatic exocrine matrix, producing a pancre-
atic digest in which both islets and exocrine sit.
This digestion stage is performed within a Ricordi
chamber (Fig. 14.1) and uses commercially
available collagenase enzyme produced from the
bacteria Clostridum histolyticum. An efficient
enzymatic digestion is critical for successful islet
isolation, and this is achieved by a careful balance
of enzyme composition and duration of

Fig. 14.1 Human islet isolation. a Human islet isolation
occurs in a specialized laboratory. b The pancreatic duct
is cannulated after the pancreas is trimmed. c The

sectioned pancreas is loaded into the Ricordi chamber
for digestion. d Isolated islets are stained with dithizone
and counted
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collagenase digestion [37]. Suboptimal collage-
nase composition, or insufficient collagenase
exposure, leads to incomplete liberation of islets
from the exocrine tissue resulting in low islet
yields of decreased purity. However, overactive
collagenase or increased duration of collagenase
exposure, can lead to islet fragmentation. Thus,
one of the greatest challenges for islet transplant
programs has for many years been the
‘batch-to-batch’ variability and non-
reproducibility of collagenase preparations [38,
39].

Density Gradient Purification

It was discovered a number of years ago that
islets infused into the portal vein with large
amounts of accompanying exocrine tissue can
lead to portal vein thrombosis which can be fatal
[40]. The pancreatic digest is therefore, purified
by density gradient centrifugation, enabling
‘pure’ islets to be retrieved. Islet purification
takes advantage of the fact that islets and exo-
crine tissue have different buoyant densities.
When placed in specially developed media of
known density and spun on a centrifuge, tissue
will migrate to a layer corresponding to their own
density, with the less dense islets settling at a
higher density than exocrine tissue. The intro-
duction of the COBE 2991 machine by the
Leicester Group, originally utilized for blood
component separation, has become one of the
key factors in achieving sufficient numbers of
purified islets for clinical use [41].

Islet Culture

While the islets used in the original Edmonton
Protocol were transplanted immediately after
isolation, culturing islets post-isolation is
believed to be important for their recovery from
isolation-induced damage and enables islets to be
carefully assessed before infusion. It also enables
immunomodulatory therapy to be started in the
recipient and potentially reduces the immuno-
genicity of the graft. A culture period also greatly

enhances the practicality of an islet transplant in
terms of planning for the patient’s admission and
the availability of the radiology suite. However,
this may be at the cost of impaired revascular-
ization subsequent to transplant, due to the loss
of intra-islet endothelial cells during this culture
period. Therefore, essential components of the
culture conditions for human islet preparations
are sufficient oxygen and nutrient supply. During
the culture stage, the maintenance of the tridi-
mensional islet cluster and preventing islet mass
loss should be accomplished during the culturing
phase. To date, sufficient investigation of optimal
culture conditions has occurred, yet in spite of
this, protocols have yet to be standardized and
culture conditions may vary between islet isola-
tion centers [42]. Other considerations like media
composition, seeding density, and incubation
temperature play a significant role in maintaining
viability and recovery [42].

During the 24–48 h of islet culture, 10–20%
of the islet mass is ‘lost’ due to islet disaggre-
gation and islet death. However, these ‘lost’
islets would probably not have survived in
the recipient, and a period of islet culture
enables more extensive evaluation of the graft
pre-transplantation.

The Islet Transplant Procedure

Pre-transplant Preparation

Once a patient has been placed on the waiting list
for islet transplantation, they await a suitable
donor pancreas for islet isolation and subsequent
transplantation. Once the islet yield of the mat-
ched pancreas has been confirmed to be sufficient
for transplanting into that recipient (usu-
ally � 5000 islet equivalents (IEQ) per kg, where
an IEQ is an islet count that has been adjusted to
standardize the islet diameter to 150 lm), the
patient is admitted to the transplant centre to
begin immunosuppressive induction therapy.
Prior to the introduction of the Edmonton Proto-
col in the late 1990s, corticosteroids were a
mainstay component of the immunosuppressive
protocol. It is widely known, however, that these
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medications are themselves diabetogenic and are
particularly damaging to newly transplanted
islets. The Edmonton Protocol provided a
steroid-free approach, employing sirolimus and
low-dose tacrolimus maintenance therapy after
the potent induction agent daclizumab, an
anti-CD25 (IL-2R) monoclonal antibody [16].
Since the removal of daclizumab from the market
after patent expiry, other T-cell depletional agents
have been used including thymoglobulin (an-
tithymocyte globulin), basiliximab (Il-2R anti-
body) and, more recently, some of the best results
have been used with the anti-CD52 alemtuzumab.
At some centers, sirolimus is being replaced from
post-transplant immunosuppressive protocols by
the better tolerated mycophenolate mofetil.

Many centers are employing adjuvant regi-
mens to enhance outcomes. The blockade of
tumor necrosis factor a (TNFa) as a means to
prevent its inflammatory attack on islets
post-transplantation has been used in the form of
Etanercept [43, 44] and Infliximab [45]. Exe-
natide (a GLP-1 agonist) has found use in
patients with graft dysfunction, promoting insu-
lin secretion and improving islet function [46,
47]. In fact, the combination of Etanercept and
Exenatide may enhance islet engraftment when
given in combination [48]. All patients are given
broad-spectrum prophylactic antibiotics shortly
before the procedure.

The Transplant Procedure

Today, most clinical islet transplants are per-
formed using percutaneous intrahepatic islet
infusion via the portal vein under radiological
control. However, a few centers still prefer the
surgical mesenteric cannulation approach for
additional safety.

Portal infusion offers a minimally invasive
procedure, accomplished without need for sur-
gery or general anaesthesia, with the ability to
regulate glycemic levels through portal insulin
delivery [49]. Once at the confluence of the
portal vein, islets are infused aseptically under
gravity while the portal venous pressure is
monitored. Heparin (70 units/kg) is included in

the islet preparation to minimize the chance of
portal vein thrombosis. While catheter tract
bleeding is a known complication, multiple
approaches can be used to prevent this including
D-STAT [50], coils and gelfoam or microfibril-
lary collagen (Avitene®) paste. However,
although rare, this percutaneous approach still
has some potential procedural risks, including
portal thrombosis and bleeding [51].

The surgical approach to portal venous access
is less commonly used, though it may be nec-
essary if the percutaneous approach cannot be
utilized (e.g., large right-sided liver heman-
gioma). In this instance, a mesenteric vein is
cannulated, utilizing complete surgical control to
prevent bleeding. However, this approach has the
inherent risks of laparotomy/laparoscopy
including bleeding, infection, adhesion forma-
tion, and wound breakdown/incisional hernia
(especially if on sirolimus).

The liver is the currently the preferred trans-
plant site for a number of reasons. It is easily
accessible percutaneously, it has high a vascu-
larity supplying sufficient oxygen and nutrients
during the revascularization period, and it con-
tains a sinusoidal structure that enables islets to
become trapped and engrafted. Having islets
placed within the liver also ensures a physio-
logical release of insulin into the portal vein,
although compared with the native pancreas, it
suffers from a low oxygen content. Moreover, a
significant amount of intraportal islet mass is lost
immediately post-transplant due to innate
immune pathways involving platelet and com-
plement activation.

To date, numerous alternative islet transplan-
tation sites have been proposed and tested, both
experimentally and in some cases clinically.
These include the kidney subcapsule, the spleen,
pancreas, omentum, gastrointestinal wall,
immune privileged sites such as the eye and
testis/ovary, and the subcutaneous spaces.
Though some alternative sites offer advantageous
results in experimental models, their feasibility
and translation into clinical settings have been
limited. Undoubtedly, ongoing experimental and
clinical investigation is required to elucidate an
optimal islet transplant site with efforts aimed to
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improve islet engraftment, long-term insulin
independence, and transplant outcomes from
single donors.

Post-transplant Care

To minimize stress on the newly transplanted
islets, tight glycemic control is maintained using
an insulin/glucose sliding scale. It is known that
islets engraft more readily if they are able to do
so in a euglycemic environment [52]. However,
apoptotic islets will release insulin, making the
patient susceptible to hypoglycemia. To prevent
portal vein thrombosis and combat IBMIR (in-
stant blood mediated inflammatory reaction),
unfractionated heparin is infused in the postop-
erative period. Ultrasonography is routinely
performed at day one and one week post-
transplant to rule out intraperitoneal hemor-
rhage and ensure patency of the portal vein. In
addition to immunosuppressive drugs, patients
are discharged home 1–2 days later on a range of
post-transplant medications.

Complications

Procedure-Related Complications

Portal vein thrombosis and major hepatic bleed-
ing account for two of the most serious compli-
cations associated with the percutaneous
approach to islet transplantation [53]. Portal vein
is extremely uncommon now, especially as we
now transplant purer islet preparations and use
heparin in the preparation and also systemically
in the patient. The incidence of bleeding from the
catheter tract was not uncommon in the early
incidences of clinical islet transplantation [53].
Many of these events have all but been elimi-
nated through methods to reduce the catheter
tract. The clinical islet transplantation site in
Edmonton currently utilizes Avitene® paste to
seal and abate the catheter tract. Although seg-
mental vein thrombosis can occur (5% in the
above-mentioned series), main portal vein

thrombosis is extremely rare. This risk is largely
reduced through the administration of unfrac-
tionated heparin (70 units/kg) in the islet prepa-
ration, as well as through instituting systemic
anticoagulation, post-procedure.

Immunosuppression-Related
Complications

Corticosteroids used to form the backbone of
immunosuppression regimes in early clinical islet
transplantation settings and were found to be
quite toxic to islets. The success of the
‘Edmonton Protocol’ is attributed to the
immunosuppression scheme that utilized the
combination of sirolimus, low-dose tacrolimus
and daclizumab in an effort to prevent the dele-
terious effects of calcineurin inhibitors and ster-
oids [54]. In spite of these refinements, most
patients returned to modest amounts of insulin
despite the elimination of recurrent hypo-
glycemia by 5 years post-transplant, clearly
indicating room for improvement [55]. More-
over, b-cell survival and function are also com-
promised due to the proximity of the transplanted
islets to high concentrations of these drugs in the
hepatoportal circulation [56, 57].

Due to the multiple pathways known to con-
tribute to b-cell attrition and the alloresponse to
foreign antigens, it is unlikely that a monother-
apy will optimize clinical islet transplantation
outcomes and lead to single donor recipients
[55]. The implementation of highly potent and
selective biological agents for the initiation and
maintenance of immunosuppression has made
significant progress in reducing the frequency of
acute rejection, prolonging graft survival and
minimizing the complications of these therapeu-
tic schemes [58, 59]. The University of Min-
nesota reported improvements to single donor
success rates as a result of combining anti-
inflammatory biologics to maintenance
immunosuppression [43, 60]. In addition,
peri-transplant insulin and heparin administration
greatly increased the success rate of single donor
islet transplants from 10 to 40% [61].
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Furthermore, the blockade of tumor necrosis
factor alpha with etanercept has also enhanced
single donor islet transplant outcomes [43, 61,
62, 63, 64].

The successful establishment of an immuno-
suppressive regimen that promotes self-tolerance
is critical for the long-term success of clinical
islet transplantation. A tolerizing regimen that
utilizes biologics and techniques that selectively
target donor-reactive T cells while expanding
populations of regulatory T cells, in an ‘islet
friendly’ manner will undoubtedly lead to the
definitive cure of T1DM.

Islet transplant recipients often have some
degree of renal impairment at the time of trans-
plantation, which can be exacerbated by cal-
cineurin inhibitors. This is true even with the low
doses used currently, which can be compounded
with the use of sirolimus [65, 66]. Consequently,
renal function of islet transplant recipients must
be monitored diligently. In addition, islet recipi-
ents are prone to the more generalized immuno-
suppressive complications including leucopenia,
mouth ulcers, infections, and malignancy.

Clinical Islet Transplantation
Outcomes

Since the inception of the Edmonton Protocol,
over 750 islet transplants have been performed in
over 30 International transplant centers around
the world. Unquestionably, the concept of islet
transplantation has evolved in a number of
countries from an experimental procedure to one
that recognized standard clinical therapy.

To date, 677 allogeneic islet transplants have
been reported to the Collaborative Islet Transplant
Registry (CITR). Of these, 44% were insulin
independent at three years post-transplant in the
‘new era’ of islet transplants (2007–2010), as
compared to 27% of clinical islet transplant
recipients in 1999–2002 [67, 68] (Fig. 14.2a).
Moreover, marked improvements in clinical islet
transplantation have been observed from 2007 to
2010, as evidenced by retained C-peptide levels,
reduction in HbA1c levels and reduced islet

reinfusion rates [68]. Shifts in immunosuppression
strategies can account for these success rates,
though improvements to islet engraftment and
subsequent survival are paramount to achieving
durable insulin independence.

In spite of marked improvements in clinical
islet transplantation outcomes and substantial
transplant activity in international islet transplant
centers, few centers are currently active in North
America. In the United States, islet transplanta-
tion is still classified as an experimental therapy,
and as a result immensely lacks the available
funds necessary to conduct and support
large-scale clinical trials. In an effort to support
the FDA biological license application mandate,
two pivotal Phase III clinical trials are currently
being conducted in specialized islet transplanta-
tion centers through the Clinical Islet Transplant
(CIT) Consortium (CIT-06 and CIT-07, Clinical
Trials.gov NCT00468117 and NCT00434811,
respectively). Successful licensure will inevitably
recognize islet transplantation as a clinical ther-
apy, thus expanding its therapeutic applicability
to patients with T1DM in the United States.

The University of Alberta’s Clinical Islet
Transplant Program remains an active site, and in
2013 alone, 66 islet transplants were conducted
at the Edmonton site (Fig. 14.2b). The Edmonton
Group reports that of over 200 patients trans-
planted with more than 400 intraportal islet
preparations, 79% of recipients continue to show
full or partial islet graft function [69]. Notably,
the median duration of insulin independence is
34.6 and 11 months for subjects with full or
partial graft function. Moreover, the duration of
C-peptide is 53.3 and 70.4 months, respectively,
for those same patients [70–72].

To date, the application of islet allotransplan-
tation is only suitable for patients with unstable
glycemic control that is life-threatening (e.g.,
hypoglycemia unawareness) and that cannot be
corrected by standard conventional and intensive
insulin therapies [17]. Patients who exhibit good
glycemic control, as well as children, are not cur-
rently considered for islet allotransplantation, lar-
gely owing to the need for lifelong, chronic
immunosuppression. In a recent trial by Ly et al.,
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sensor-augmented pump therapy with automated
insulin suspension reduced the rate of moderate
and severe hypoglycemia, as well as impaired
hypoglycemia awareness over a 6-month period in
trial participants. Yet, when compared to the
standard insulin pump control group, no change in
glycosylated hemoglobin (HbA1C) was observed
[72]. Conversely, in islet transplant recipients,
HbA1C levels were corrected to levels that could

predictably reverse the secondary consequences of
diabetes [73]. Moreover, a one-way crossover
study conducted by Thompson and colleagues
demonstrated that clinical islet transplantationwas
more effective in reducing progression of diabetic
retinopathy and nephropathy than intensive med-
ical therapy [74]. In this therapeutic setting, the
lifelong need for immunosuppressive therapymay
be readily justified.

Fig. 14.2 Clinical islet
transplant recipients per year.
a Number of islet transplant
recipients per year completed
in North America and
Internationally, registered by
the CITR. b Number of islet
transplant recipients
completed by the Edmonton
Clinical Islet Transplant
Program
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Indications and Patient Selection
for Islet Transplantation

As noted, the current indications for islet allo-
transplantation do not include the pediatric pop-
ulation, though the potential applicability to
children will be explored below (Table 14.1).
Indeed, islet transplantation has been carried out
in children, although most have been in the set-
ting of total pancreatectomy and islet autotrans-
plantation for hereditary pancreatitis. In this
clinical setting the necessity for immunosup-
pression is not required.

Secondary to the procedure and consequences
of the immunosuppressive therapies, there are a
number of risks associated with islet transplan-
tation. As such, adult patients selected for islet
transplantation must have T1DM with
life-threatening complications to justify these
risks. Suitable patient populations include those
with severe and recurrent hypoglycemic
unawareness and/or those with unstable glucose
control despite an optimized insulin regime
(glycemic lability). The latter includes those
requiring hospitalization for hypoglycemia or
ketoacidosis. Those with advanced secondary
complications of T1DM may also be considered.

In addition to thorough characterization of
secondary complications, patient selection also
involves the determination of metabolic status.
Typically, patients are selected provided there is
no endogenous insulin reserve, indicated by the
absence of C-peptide. Patients with elevated BMI
(>30 kg/m2) or weight > 90 kg may be excluded
since the transplanted islet tissue may not
meet metabolic demand. The evaluation of

hypoglycemia and glycemic lability is assessed
through the HYPO score and Lability Index (LI),
respectively, developed by Ryan et al. [75].
While the former is based on the frequency,
severity and degree of unawareness of the
hypoglycemia, the latter is calculated based on
the change in glucose levels over time. Patients
ranking in the 90th percentile for either score are
given consideration for islet transplantation.

Patients selected for islet transplantation
undergo a full cardiac assessment and should
have no evidence of uncontrolled hypertension,
absence of myocardial infarction in the preceding
six months and left ventricular ejection frac-
tion >30%. Since immunosuppressive therapy
(specifically tacrolimus and sirolimus) may
exacerbate renal failure, a glomerular filtration
rate of >80 ml/min/1.73 m2 and no evidence of
macroscopic proteinuria is preferred. All recipi-
ents are also screened for any evidence of early
neoplasias.

Pediatric Islet Allotransplantation—
A Real Possibility?

In the history of solid organ transplantation, it did
not take long for life-saving transplants and the
need for chronic immunosuppression in adults to
be translated to the pediatric population. Some of
the earliest successful liver transplants were
carried out in children, and today end-stage renal
failure in children is optimally managed with
renal transplantation and chronic immunosup-
pression. The risks associated with immunosup-
pression (increased rates of infection and

Table 14.1 Indications and exclusions for islet allotransplantation

Indications for islet transplantation Exclusions for islet transplantation

∙ Type 1 diabetes for >5 years
∙ Above 18 years old
∙ Negative stimulated C-peptide (<0.3 ng/ml)
∙ Despite adequate insulin therapy:
– Hypoglycemic unawarenessa

– Glycemic labilityb

– Composite score >75th percentile

∙ Uncontrolled hypertension
∙ Severe cardiac disease
∙ Macroalbuminuria
∙ Glomerular filtration rate <80 ml/min/1.73 m2

∙ Potential inability to comply with imunosuppression

aClark Score >4, HYPO score > 90th percentile
bLability index >90th
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malignancy, renal impairment and specific
drug-related side effects) are well defined in the
pediatric and adult populations. Whole pancreas
transplantation has rarely been applied to chil-
dren, largely owing to the risk associated with
surgical intervention of such magnitude, as well
as the life-threatening complications. Conse-
quently, such a procedure would be difficult to
justify in a child with T1DM without other
life-threatening complications. It is often ques-
tioned when islet transplantation would be a
suitable therapy for children. If the need for
lifelong immunosuppression could be negated
through the induction of tolerance, then islet
transplantation in children could adequately be
justified. Conversely, with today’s standard of
care treatment, the lifelong commitment to
immunosuppression represents a challenging
balance against the known, unmitigated compli-
cations associated with T1DM.

Alarmingly, the incidence of both T1DM and
type 2 diabetes mellitus (obesity-related diabetes)
is progressively rising in children globally. To
mitigate the long-term complications associated
with diabetes, tight glycemic control must be
maintained, though this is not without inherent
risks. Notably, in children, there are increased
risks of fatal hypoglycemia, behavioral and
cognitive impairment and the masking of future
episodes of hypoglycemia [4, 76, 77].

There are numerous obstacles that are asso-
ciated with the optimal care of this age group,
including accuracy of blood glucose monitors,
family commitment and the compliance of the
patient as they reach adolescence [78]. Children
occasionally face life-threatening, asymptomatic
nocturnal hypoglycemia despite adequate
exogenous insulin therapy [78]. Challenges arise
in adequately identifying these risks at an
appropriate time and improving insulin manage-
ment while ensuring the prevention of a fatal
hypoglycemic episode. Unquestionably, islet
transplantation will likely become a therapeutic
strategy in children with unstable and recalcitrant
forms of T1DM. As inroads continue to be made
in the safety of the procedure itself, as well as
improvements to the side effects associated with
acute and chronic immunosuppression therapies.

Moreover, effective control of the autoimmune
process in type 1 diabetes will be essential if
these approaches are to move forward
successfully.

In the adult population, islet transplantation
has proven effective in preventing hypoglycemic
events and enabling insulin independence. The
requirement for chronic, long-term immunosup-
pression, paired with their potential side effects,
limits its use in this population. As newer, less
toxic immunosuppressive regimens and the
potential for both steroid and calcinerin
inhibitor-free protocols are developed, islet
transplantation may be a possible therapy in very
select groups of children. These include:

• Children suffering from recurrent, severe
hypoglycemic events despite diet and insulin
alterations.

• Children who develop secondary complica-
tions of diabetes, especially retinopathy and
nephropathy, likely leading to severe deficits
in adulthood.

• Those children already on immunosuppres-
sion for a previous solid organ allograft.

From a practical perspective, the first and third
groups would derive the most benefit in light of
the risks associated with islet transplantation and
immunosuppression. However, the optimization
of diet and insulin therapy would need to be
considered in order for islet transplantation to be
implemented. For islet transplantation to be
widely implemented in children, a number of key
questions will need to be answered, including
[78]:

• Will the recipient outgrow the islet mass or
will the islet mass expand over time as the
patient develops?

• Will islets from one donor be sufficient to
promote insulin independence?

• Will adolescent patients be able to comply
with maintenance immunotherapy after suc-
cessful islet transplantation?

• How should immunosuppressive regimens be
tailored in female patients who wish to con-
ceive in early adulthood?
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Elucidating answers to these questions are
critical for the application of clinical islet trans-
plantation in children afflicted with T1DM.

Concluding Remarks

Undoubtedly, improvements in human islet iso-
lation, the introduction of the ‘Edmonton Proto-
col’, and more recent developments in anti-
inflammatory and immunosuppressive strategies
have played a major role in improving the results
and activity of clinical islet transplantation. Islet
transplantation cannot currently be defined as a
cure for T1DM, though this therapeutic treatment
can offer an improved quality of life in recipients,
evidenced by remarkable stability of glycemic
control and correction of HbA1C. Such clinical
outcomes provide an increasing number of
patients with sustained periods of complete inde-
pendence from insulin. Prevention of
life-threatening hypoglycemia is a major advance
that can often not be sustained by optimized
exogenous insulin therapy. Continued, concerted
efforts are still required to further establish islet
transplantation as a suitable treatment modality
for all patients afflicted with T1DM. The appli-
cability of whole organ allotransplantation in
children emphasizes the ongoing need to establish
less toxic immunosuppression regimes aimed to
improve all lives of those afflicted with T1DM.
This need calls for a continued rapid drive to
transition islet transplantation as a treatment for
some, to a therapy for all.
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