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Abstract

The main goal of treatment for type 1 diabetes is to control glycaemia with insulin therapy to
reduce disease complications. For some patients, technological approaches to insulin delivery are
inadequate, and allogeneic islet transplantation is a safe alternative for those patients who have had
severe hypoglycaemia complicated by impaired hypoglycaemia awareness or glycaemic lability, or
who already receive immunosuppressive drugs for a kidney transplant. Since 2000, intrahepatic
islet transplantation has proven efficacious in alleviating the burden of labile diabetes and
preventing complications related to diabetes, whether or not a previous kidney transplant is
present. Age, body-mass index, renal status, and cardiopulmonary status affect the choice between
pancreas or islet transplantation. Access to transplantation is limited by the number of deceased
donors and the necessity of immunosuppression. Future approaches might include alternative
sources of islets (eg, xenogeneic tissue or human stem cells), extrahepatic sites of implantation
(eg, omental, subcutaneous, or intramuscular), and induction of immune tolerance or
encapsulation of islets.
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Introduction

The main goal of treatment for type 1 diabetes is to maintain blood glucose close to the
normal range to reduce complications associated with the disease. Many patients can reach
this goal with intensive insulin therapy, but have frequent hypoglycaemia episodes
associated with exogenous insulin treatment.1~# By contrast, B-cell replacement therapy
aims to maintain normoglycaemia by restoring endogenous and regulated secretion of
insulin and other hormones from the islets of Langerhans (figure 1). The proof-of-concept of
this approach was shown in the late 1960s by pancreas transplantation. In patients with type
1 diabetes, the transplantation of a pancreas, obtained from a donor without diabetes, can
normalise blood glucose. Normoglycaemia is then generally sustained if alloimmune and
autoimmune responses can be prevented by immunosuppression. Pancreas transplantation
has been associated with improvement in diabetic microangiopathy and macroangiopathy,
quality of life, and probably patient survival.> However, pancreas transplantation carries a
substantial risk for surgical complications, most of which are related to the exocrine tissue.
A less invasive alternative is islet transplantation, whereby the isolation of islets allows for
ectopic transplantation of cells that secrete insulin and glucagon, within only a few
millilitres of tissue volume. The efficacy of allogeneic, intrahepatic transplantation of islets
to treat diabetes was first shown in patients following pancreatectomy or with type 1
diabetes.57 The potential for using islet transplantation as an alternative to insulin therapy
for treating type 1 diabetes was shown in 2000, with the consistent achievement of 1-year
insulin independence in seven patients.8 Since then, more than 1000 patients with type 1
diabetes have been treated with islet transplantation, alone or after kidney transplantation,
for severe hypoglycaemia or poorly controlled glycaemia.® This worldwide practice has
confirmed the overall favourable safety profile of islet transplantation.19-12 The
improvement in metabolic outcomes for islet transplantation versus optimised insulin
therapy has been confirmed in a randomised clinical trial, 13 and these outcomes now
approach those of pancreas transplantation.14

This Series paper focuses on the most up-to-date allogeneic islet transplantation, on its
indications and limitations, and on the potential ways to overcome the problem of the small
numbers of islets and to avoid lifelong immunosuppression.

What is islet transplantation?

Allogeneic islet transplantation aims to restore appropriate insulin, glucagon, and other islet-
hormone secretion through the engraftment of pancreatic islets in recipients with insulin-
deficient diabetes, most often in patients with type 1 diabetes. Islets are isolated from a
deceased-donor pancreas, then infused via the portal vein for delivery to the liver under
immunosuppression. Insulin independence might require the infusion of two to three islet
preparations (with a goal of at least 9000 islets per kg recipient bodyweight), although a few
centres have reported a high proportion of patients gaining insulin independence with islets

transplanted from a single donor pancreas when at least 6000 islets per kg were transplanted.
15,16
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Islet transplantation requires a close collaboration between national regulatory authorities,
organ-procurement organisations, tissue-typing laboratories, islet-isolation facilities, and
transplant surgery, endocrinology, and interventional radiology departments.

Islet isolation

Islets are isolated from the pancreas of a deceased donor (brain dead or whose heart was not
beating), procured through anonymous multi-organ donation. In rare cases, islets have been
isolated following partial pancreatectomy from a living, related donorl’ but, because of high
surgical and metabolic risks, this technique is not used routinely. More than 40% of living,
related donors who were initially healthy will develop glucose intolerance following partial
pancreatectomy, especially if they gain weight.18

Islets are isolated according to a standardised technique based on enzymatic and mechanical
digestion, followed by density gradient purification.1® The resulting product is usually
released for transplantation if more than 200 000 islets are obtained, with favourable
qualitative assessment of viability, purity, tissue volume, and sterility. However, the number
of islets required varies by centre release criteria, patient characteristics, such as
bodyweight, and whether it is a first or subsequent infusion.

Islet isolation is done routinely by few institutions worldwide (mainly in North America,
Europe, and Australia). Considering the necessary 24 h availability of islet-isolation teams
and the complex coordination involved in transplantation, a few highly specialised facilities
seem more appropriate than many smaller units. Pancreas procurement and transport should
minimise cold ischaemia time, and islet facilities can ship islets to regional centres for
transplantation.

Who benefits from islet transplantation?

Allogeneic islet transplantation alone is an established therapeutic alternative for patients
with type 1 diabetes who have experienced severe hypoglycaemia complicated by impaired
hypoglycaemia awareness or excessive glycaemic lability, as defined by current practice
recommendations and consensus reports (figure 2).2921 Addressable causes of
hypoglycaemia and glycaemic lability (eg, malabsorption, adrenal insufficiency, and alcohol
misuse) should be ruled out, and technological approaches should be attempted before islet
transplantation (figure 1).20 Once a decision for transplantation has been made, the choice
between islet and pancreas transplantation should be informed on the basis of the patient’s
age, body-mass index, renal status, and cardiopulmonary status (figure 2). Islet
transplantation alone is usually proposed in cases of insulin-deficient diabetes without
clinically relevant insufficient kidney function that are complicated with glycaemic lability,
impaired hypoglycaemia awareness, or both.

When renal insufficiency is present, simultaneous pancreas—kidney transplantation is the
reference treatment in patients without cardiovascular morbidity, most of whom are aged up
to 55 years. In patients with severe comorbidities, islet transplantation after (or simultaneous
to) kidney transplantation might be proposed even if the diabetes is not unstable, because the
patient will already be receiving immunosuppressive drugs. Islet-after-kidney transplantation
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can be proposed in cases of living-donor or deceased-donor kidney transplantation, or after
the loss of a pancreas transplant after simultaneous pancreas—kidney transplantation or
pancreas-after-kidney transplantation. Pancreas transplantation alone or pancreas-after-
kidney transplantation can also be considered in patients aged up to 55 years without
cardiovascular morbidity.23

The stages of islet transplantation

Timetable and constraints for the patient

As for all transplantations, islet transplantation first requires a pretransplantation patient
evaluation to assess the benefit—risk ratio and ensure that the patient is well informed and
provides consent. The patient is then added to the transplantation waiting list, and eventually
has an islet transplantation and repeated visits to the transplantation team for safety and
efficacy monitoring.

The pretransplantation evaluation includes an assessment for impaired hypoglycaemia
awareness and glycaemic lability, diabetes-related complications, the presence of kidney or
liver disease, malignancies, and chronic infection. Losing excess bodyweight, with a
reduction of insulin requirement (in some studies, a cutoff value of <60 units per day is
used), discontinuation of smoking, and lowering the level of glycated haemoglobin (HbA1.)
below 9% (<75 mmol/mol) are required to ensure the efficacy of the islet transplantation and
to minimise the risk for deterioration of retinopathic or neuropathic complications when
blood glucose normalises following transplantation.

The transplantation itself

When an ABO-compatible and crossmatch-negative islet preparation of sufficient quantity is
available, a wait-listed patient has either image-guided surgical transmesenteric islet infusion
(under a general anaesthetic) or image-guided percutaneous transhepatic islet infusion (with
a local anaesthetic), into the main portal circulation with heparinisation.8:24 Islets can be
transplanted freshly or after culture. Islet culture means that the transplantation can be
planned within a period of 12—72 h after the induction of immunosuppression. Islet culture
might result in a modest decrease in islet numbers, but probably enhances the quality and
might reduce the immunogenicity of the preparation.

Patency of the main portal vein is assessed by monitoring portal pressure during each
infusion of islets, and doppler ultrasonography after each infusion. 1-2 days after the islet
infusion, intravenous insulin instituted during the transplantation is transitioned back to a
subcutaneous route, before tapering the insulin dose to keep blood glucose concentrations in
the normal range. The immunosuppressive drug regimen is also adjusted.

Immunosuppression

Immunosuppression includes an induction phase at each islet infusion, then a maintenance
phase during the entire lifespan of the islet transplant. Glucocorticoids are not usually used.

The first clinically successful protocol for islet transplantation, the so-called Edmonton
protocol, includes an anti-interleukin-2 (IL-2)-receptor antibody (a T-cell activation
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inhibitor) before each islet infusion, combined with sirolimus (an mTOR inhibitor) and low-
dose tacrolimus (a calcineurin inhibitor).8 Variants of this protocol have been published
since 2000. These variants include using different induction agents, such as T-cell depleting
agents (eg, antilymphocyte immunoglobulins, alemtuzumab, or teplizumab) or lymphocyte-
tracking inhibitors (eg, efalizumab);%:12:15.25-28 sing other combinations of maintenance
therapy (eg, mycophenolate, everolimus, ciclosporin, azathioprine, belatacept, or abatacept);
and adding steroids, or, most often, steroid-sparing anti-inflammatory agents that inhibit
TNF-a (eg, etanercept or infliximab), or IL-1p (eg, anakinra or gusperimus hydrochloride
[also known as deoxyspergualin]).2:15:29

The Edmonton protocol is often replaced by an immunosuppressive drug regimen that
includes antithymocyte immunoglobulin with the first dose, and is premedicated with 1
mg/kg methylprednisolone to mitigate any side-effects from cytokines released from the
lysed T cells.11 Subsequent islet infusions are supported with an anti-1L-2-receptor antibody,
with all infusions including an etanercept course. Maintenance therapy combines tacrolimus
with either sirolimus or mycophenolate. No randomised trial has assessed the superiority of
one protocol over the other.

Transplant monitoring

The aim of monitoring is to detect rejection of the transplant and the recurrence of
autoimmunity using a minimal immunosuppressive drug regimen; to screen for
complications related to diabetes or immunosuppression, especially opportunistic infections
and neoplasia; and to assess the effectiveness of the islet transplant for restoring metabolic
balance. Consistent post-transplantation monitoring is essential, with weekly then monthly
visits, and regular visits or contact with the patient thereafter. In contrast with a pancreas
transplant, islets are not accessible for biopsy. Therefore, islet rejection is indicated mainly
by a decrease in C-peptide concentration, which is associated with a deterioration in
metabolic control. Treatment of acute rejection is difficult, although steroids and rituximab
have been attempted.30:31 Rejection can be difficult to distinguish from recurrent
autoimmunity, although monitoring of donor-specific alloantibodies and islet-specific
autoantibodies might be helpful.32 T-cell auto reactivity and alloreactivity assays are not
readily available in the clinical setting.33

What can be expected from islet transplantation?

Patient survival and insulin independence

5-year patient survival after islet transplantation is close to 100%.%10 Survival tends to be
higher in islet transplantation alone than in islet-after-kidney transplantation, but there is no
significant difference in survival up to 10 years after transplantation, even though recipients
of islet-after-kidney transplants generally have more severe pre-existing diabetes-related
complications than recipients of islet transplants alone.14 By comparison, mortality from
hypoglycaemic events of patients on waiting lists for islet transplantation is almost 4%.22

We reviewed 22 studies11-16:25.33-47 (taple 1) in which transplant function, insulin
independence, or the composite criteria of good metabolic balance with HbA 1 less than 7%
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(53 mmol/mol) associated with elimination of severe hypoglycaemia events were clearly
reported, with at least 1-year (and up to 5-year) follow-up. 15 of these
studies!1:12:15,16,25,33,34,37-44 reported data only from recipients of an islet transplant alone:
Ryan and colleagues® included a subgroup analysis on patients who completed the islet
transplantation procedure; Froud and colleagues®! included a subgroup analysis on patients
who completed the islet transplantation procedure and five out of 14 patients were
retransplanted; in the Edmonton international trial 38 insulin independence was associated
with HbA.; of less than 6:5% (48 mmol/mol); in Matsumoto and colleagues’ study,*3 one of
three patients from the anakinra group was retransplanted; in Maffi and colleagues’ study,3’
18 of 33 patients had pretransplantation treatment with sirolimus and a subgroup analysis of
patients who achieved insulin independence (19 of 33) was done with Kaplan-Meier
estimates; in Qi and colleagues’ study,3* three of six patients from the etanercept and
exenatide group were retransplanted. Three of the studies3®4546 reported data from
recipients of islet-after-kidney transplants or simultaneous islet and kidney transplants, and
four of the studies314:36:47 reported data from both recipients of islet transplants alone and
islet-after-kidney transplants: Deng and colleagues*’ included a subgroup analysis on
patients who completed the islet transplantation procedure. All trials were phase 1 or 2,
interventional, non-randomised, single arm, open label studies, except those by Froud and
colleagues*! (phase 2, randomised, parallel assignment, open label), Hering and
colleagues?! (phase 3, non-randomised, single arm, open label), and Lablanche and
colleagues®? (phase 3, randomised, parallel assignment, open label). After islet
transplantation, 5-year insulin independence might be as high as 50% (table 1).
9.14,34-36,48.49 A quarter of patients can remain insulin independent, with HbA 1.
concentrations of less than or equal to 6-5% (48 mmol/mol), for at least 10 years, with either
islet transplantation alone or islet-after-kidney transplantation.

Metabolic control and hypoglycaemia

The main goal of islet transplantation has changed from having insulin independence to
eliminating hypoglycaemia and restoring the patient’s awareness of hypoglycaemia. Even if
insulin independence can be reached, transplant function progressively declines over time,
which nevertheless allows long-term satisfactory metabolic control.

The 5-year persistence of transplant function is around 60-70% when T-cell depletion, TNF-
a inhibition, mTOR inhibition, and sufficient islet mass are used, and is 40% in other
recipients of islet transplants (table 1).° 10-year transplant function, maintaining both a
clinically and statistically significant reduction in hypoglycaemia compared with before
transplantation, can reach 75% in the intention-to-treat population.143% This decrease of
severe hypoglycaemia and reduction of time spent in hypoglycaemia is the earliest and most
sustained benefit observed after islet transplantation, and is directly and inversely correlated
to C-peptide concentrations, in parallel to the restoration of counter-regulatory hormone
responses.?14:50-52 Several non-randomised studies have also shown better metabolic results
with islet transplantation compared with multiple daily injections of insulin,33:54
subcutaneous or intraperitoneal insulin pumps without glucose sensors,24:35:55 and pancreas
transplantation (table 2).37:56:57 A randomised study!2 has confirmed these results at 6
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months after transplantation. A similar study () with a long-term follow-up and comparison
with sensor-augmented insulin-pump therapy is ongoing.

Diabetes complications

The prevention or delay of diabetes-related complications is an important long-term
outcome of islet transplantation. The Diabetes Control and Complications Trial® showed that
in patients with type 1 diabetes on a basal-bolus insulin regimen, a degree of sustained
residual p-cell function was not only associated with fewer hypoglycaemic episodes but also
with reduced risk of microvascular complications compared with no residual p-cell function.
These observations led to the rationale that a degree of endogenous insulin secretion,
whether from eutopic or transplanted p cells, would reduce the occurrence or progression of
diabetes-related complications in the presence of optimised insulin therapy.

With regard to the risk of nephropathy, the long-term benefits of improved glycaemia
outweigh the potential nephrotoxic effects of calcineurin inhibitors.1# In a study®®
comparing patients on optimised insulin therapy who were on the waiting list for an islet
transplantation alone with patients who had already had islet transplantation alone, the islet-
transplant recipients experienced less reduction of glomerular filtration rate. In islet-after-
kidney transplantation, there was either no change or an improvement in kidney-transplant
function,14:35 and no detriment to kidney function has been observed long term after loss of
islet function.5® Most of the adverse effects of islet transplantation on kidney function
appear to be transient and related to the initiation of calcineurin inhibitors. Close monitoring
of the regimen of immunosuppressive drugs is therefore necessary to minimise adverse
kidney events.

Compared with patients on optimised insulin therapy, patients who have had islet
transplantation alone have a reduced risk for progression of retinopathy.#8:49 Nevertheless, in
patients with high HbA ;. concentrations before islet transplantation, rapid improvement in
glycaemic control poses a risk for early vitreal haemorrhage after transplantation. Several
studies®9:61 have shown stabilisation or improvement of diabetic peripheral sensory
neuropathy after islet transplantation compared with before islet transplantation.

In cross-sectional studies comparing patients with type 1 diabetes with a functioning kidney-
and-islet transplant with patients with islet-transplant loss, or with patients with a kidney-
only transplant with optimised insulin therapy, the overall survival and cardiovascular
mortality were significantly better in patients with a functional islet transplant during the 7
years following transplantation.®2 Islet transplantation alone is associated with stabilisation
of macroangiopathy, or even with improvement of different cardiovascular risk markers,
such as carotid intima-media thickness and coronary calcifications, compared with before
transplantation.®:63 A 10-year retrospective study suggests the importance of systematic
screening of silent ischaemic cardiopathy, especially in patients who received their islet-
after-kidney transplant more than 5 years earlier.14

Quality of life

Islet transplantation is associated with long-term improvement in quality of life, especially
after islet transplantation alone, largely owing to the resolution of hypoglycaemic events.
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Chronic diabetic complications, side-effects of immunosuppression, and non-achievement or
loss of insulin independence might attenuate this otherwise positive effect on quality of life.
64 Of note are reports of successful pregnancies after islet transplantation, although the
possible side-effects of immunosuppressive drugs must be taken into account.%®

To summarise what can be expected from islet transplantation, in selected patients with type
1 diabetes, this treatment is associated with long-term improvement in metabolic control,
with less frequent hypoglycaemia and stabilised, improved, or delayed chronic
microvascular complications of diabetes compared with intensive insulin therapy.

The main risks of islet transplantation are related to the procedure, the immunosuppressive
drugs, and hypersensitisation.38:66 The procedural risks of percutaneous transhepatic-portal-
vein catheterisation followed by islet infusion include bleeding and portal-vein thrombosis.
Although peritransplant heparin is used to reduce the risk of thrombosis and increase islet
survival, heparin increases the risk of hepatic bleeding. Hepatic bleeding is estimated to
happen in less than 10% of procedures and includes perihepatic haematomas and intra-
abdominal or, rarely, intrapleural haemorrhages. When severe, these events might require
blood transfusion or, occasionally, surgical interventions.

The use of different types of haemostatic plugs in the catheter tracts has reduced the
bleeding risk.8” Some centres do laparoscopic or minisurgical procedures using mesenterial
veins to infuse the islets in the portal system.®8 Portal-vein thrombosis is a rare
complication, and branch-vein clot occurs with an incidence of less than 5%, possibly
related to an increased cumulative tissue volume. When portal-branch-vein thrombosis is
detected during routine follow-up soon after islet transplantation, longer-term
anticoagulation is indicated. Long-term follow-up by ultrasonography of islet-transplant
recipients can show patchy hepatic steatosis that is probably related to locally high insulin
concentrations.

One of the main barriers to islet transplantation is the requirement for immunosuppressive
drugs over the life of the transplant. The most serious risks of immunosuppression are
uncommon, but include potentially severe infections and malignancies, including
lymphoproliferative disorders induced by the Epstein-Barr virus. The use of T-cell depleting
agents leading to more pronounced immunosuppression might increase these risks.
Prophylaxis against cytomegalovirus disease is commonly used, as is co-trimoxazole for the
prevention of pneumocystis. Preventive measures against malignancies include the
avoidance of sun exposure and adherence to routine (especially skin) cancer screening.
Individual immunosuppressive drugs can each cause uncommon, severe side-effects.

The generation of donor-specific antibodies bears a theoretical risk of sensitisation, and
might be a barrier against future transplantation. Nevertheless, the risk of sensitisation after
multiple transplantations does not appear to be greater than that of a single transplantation
(10% of cases), bearing in mind that alloreactivity with respect to successive mismatches
seems to subside with their repetition.®9 The maintenance of immunosuppression protects
against sensitisation, and it is probably important to withdraw immunosuppressive drugs
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gradually in cases of islet-transplant failure, unless they are still indicated to support a
functioning kidney transplant.

Prognostic factors

Prolonged insulin independence after islet transplantation has been shown in many studies.
However, like in all other allogeneic transplantations, islet-transplant function often declines
with time, resulting in the progressive deterioration of glucose control and reintroduction of
antidiabetic agents or small doses of insulin. Many factors can, in theory, affect the
outcomes of islet transplantation, including those factors related to the recipient baseline
characteristics, but also to the donors, the techniques used for preparing and administering
the islets, as well as to immunosuppression, rejection, and recurrent autoimmunity.

Data from the Collaborative Islet Transplant Registry® show that the 5-year outcomes of islet
transplantation are similar when done alone or after a kidney transplantation, and better
results are observed when the recipient is older than 35 years, female, with a low baseline
insulin requirement and HbA . concentration, and has no pre-existing islet-cell
autoantibodies. Among the transplant characteristics, a high number of transplanted islets,
often in two or three separate infusions, as well as a short period of islet culture before
transplantation appear to have favourable outcomes. Long-term islet-transplantation
outcomes also appear to be related to the type of immunosuppressive drugs that are
administered, with regimens combining induction therapy with T-cell depletion, TNF-a
inhibitors, or both, and maintenance therapy with an mTOR inhibitor, calcineurin inhibitors,
or both, being the most favourable. In recipients combining all these favourable factors, 5-
year transplant survival was 69% and 5-year insulin independence was 47%, both
approaching the proportions reported after pancreas transplantation alone.23

Islet transplantation in patients with type 1 diabetes triggers immune reactions that are innate
and specific, autoimmune and alloimmune, as well as humoral or cellular.8” Donor-specific
antibodies are frequently detected in patients with poor transplant survival, and have been
associated with HLA-DR mismatches and pre-existing panel-reactive antibodies.”® However,
de-novo donor-specific antibodies in recipients of islet transplants might not directly affect
transplant survival.’?

As well as their number, qualitative characteristics of the transplanted islets also matter, and
various in-vitro’2 or invivo’3 assays have been proposed to estimate islet function. However,
none of these tests is available at point of care, and whether their results indicate clinical
outcomes remains to be established. Although islet purification is required to decrease the
risk of portal-vein thrombosis after islet transplantation, the persistence of small amounts of
non-endocrine cells*8 and the presence of trapped islets® are associated with better 5-year
metabolic outcomes compared with transplantation with highly purified islets.

The initial transplant function, which can be estimated with various biological proxies or by
the initial decrease of insulin requirement, appears highly predictive of later metabolic
outcomes.? Likewise, optimal primary transplant function, as documented by a near-normal
beta-score (a composite index based on C-peptide, fasting glucose, HbA 1 and insulin
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requirements) 1 month after the last islet infusion, is an excellent predictor of long-term
transplant survival and insulin independence.”®

Approximately less than 10% of recipients of islet transplants have procedure-related
complications, which, even when fully reversible, have a clear negative effect on later
metabolic outcomes.®:8 Collectively, these results suggest that, when allogeneic and
autoimmune reactions can be efficiently prevented with immunosuppressive drugs, the main
determinant of long-term islet transplantation outcomes is the overall functional mass of
islets that initially survived the transplantation procedure.14

Current limitations and future directions

Alternative islet sources

Although allogeneic islet transplantation is an established therapeutic alternative to insulin
therapy, access to the procedure is limited by the availability of deceased-donor pancreases
for islet isolation and the accessibility of regional isolation facilities to transplantation
programmes. The development of an islet source that makes on-demand, limitless
manufacturing of cell products possible would substantially expand access to p-cell
replacement therapy (figure 3). Nevertheless, this islet source must still overcome important
safety concerns and inefficiencies in production.

Porcine islets are the most advanced xenogeneic source of islets for transplantation,’® being
available from established pathogen-free herds and physiologically maintaining a similar
blood glucose concentration to that in humans. However, transplantation of xenogeneic
tissue presents a greater immunological barrier than transplantation of allogeneic tissue, with
a risk for hyperacute rejection requiring intensive immunosuppression. Xenogeneic
transplantation also introduces the potential for transmission of zoonotic infections, such as
porcine endogenous retroviruses. Novel genome editing approaches are attempting to
engineer porcine islets with lower immunogenicity and retroviral burden than at present,
which could enhance the potential efficacy and safety of this cell source.”

The differentiation of human stem cells to insulin-producing islets provides another
potentially unlimited cell source for islet transplantation.”® Stem cells from human embryos
can be differentiated in vitro to a pancreatic endoderm progenitor stage, which, following
transplantation in mouse models, further differentiates in vivo into insulin-producing islet
tissue that is capable of reversing diabetes.”®:80 However, off-target differentiation of
pancreatic ductal structures has been observed with longer-term follow-up of mice that have
received transplants.81 Therefore, the uncertain potential for neoplastic transformation
requires transplantation in sites where the cells can be readily monitored and retrieved if
necessary. Stem cells from human embryos can be further differentiated in vitro to a
pancreatic-islet-cell stage, characterised by the capacity for glucose-dependent insulin
secretion before transplantation, that might also reverse diabetes in mouse models.82:83 More
research is required to determine whether further in-vitro differentiation can lower neoplastic
potential and risk for developing non-islet tissue structures with products of embryonic stem
cells, as well as to ensure the reproducibility and efficiency of this approach. Islets that are
derived from human embryonic stem cells are like islets from deceased donors in that they
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are allogeneic and require immunoprotection. Islets derived from stem cells have also been
differentiated from patients with type 1 diabetes using inducible, pluripotent stem cells84 and
somatic-cell nuclear transfer8® that might abrogate alloimmunity. However, autoimmune
recurrence is an obstacle faced by any human-tissue source.

Alternative implantation sites

The liver is the most efficient site for islet engraftment as has been established for allogeneic
islet transplantation, and this site is successful in preclinical large-animal models of porcine
islet transplantation. For such mature islet-cell products, access for monitoring cellular
identity is not necessary, but an alternative site where it is possible to monitor immune
responses is desirable. The only case of successful islet engraftment outside of the liver in a
patient with type 1 diabetes involved an omental pocket created with a bioartificial thrombin
scaffold,”® which might be useful for patients with contraindications to intraportal islet
delivery. However, the omental site is no more accessible than is the liver for biopsy
monitoring or retrieval that might be required for islets derived from stem cells. Cases of
intramuscular transplantation using the brachioradialis muscle in the forearm have shown
islet survival for autologous islets.86:87 The development of bioscaffolds capable of
inhibiting islet-cell death from hypoxia and of facilitating rapid revascularisation for oxygen
delivery will be necessary to support more efficient islet survival in either an intramuscular
or a subcutaneous site. Creation of a subcutaneous, so-called device-less space has been
successful in mouse models using islets from a deceased donor®8 and using pancreatic
endoderm cells derived from human embryonic stem cells,81 and requires further testing of
diabetes reversal in large animal models.

Alternatives to immunosuppression

The requirement for chronic immunosuppression has limited the current indication for islet
transplantation to mainly adult patients who have had a severe hypoglycaemia event
complicated by impaired hypoglycaemia awareness; these patients represent less than 10%
of the population with type 1 diabetes.8°

The incorporation of antibodies that block costimulatory leucocyte functional antigen-1 (ie,
efalizumab, now withdrawn from the market in the USA and in Europe) or CD28 on T
lymphocytes (eg, belatacept) has allowed for the elimination of calcineurin inhibitors so
there is no risk for immunosuppression-related nephrotoxicity.% The long-term maintenance
of insulin independence with minimal and, in one case, no maintenance immunosuppressive
drugs supports the possibility of achieving operational islet-transplant tolerance.

Until the induction of immunological tolerance to alloantigens and autoantigens can be
consistently established for cellular therapy to treat type 1 diabetes, immunoisolation of
islet-cell products is being pursued with encapsulation devices. Pancreatic endoderm cells,
derived from human embryonic stem cells, placed subcutaneously in a cell-impermeable
device in patients with type 1 diabetes, showed that survival of these cells was substantially
reduced by a fibrotic foreign-body response.9 Immunoisolation via macroencapsulation has
only maintained human-islet survival in a patient with type 1 diabetes when a refillable
oxygen chamber has been incorporated within the device.92
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Conclusion

Islet transplantation has proven its long-term efficacy during the last 20 years, both in
alleviating the immediate burden of labile diabetes and in preventing long-term diabetes-
related complications, whether or not a previous kidney transplant is present. Allogeneic
islet transplantation is a safe therapeutic alternative for patients with type 1 diabetes who
have had a severe hypoglycaemia event complicated by reduced hypoglycaemia awareness
or excessive glycaemic lability. Access to islet transplantation is limited by the availability
of deceased-donor pancreases for islet isolation and the necessity of immunosuppression.
Future approaches might include alternative sources of islets, extrahepatic sites of
implantation, and immunotolerance or immunoisolation, but these approaches still require
more advanced phase clinical testing.
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Search strategy and selection criteria

Data for this review were identified by searching MEDLINE, PubMed, PubMed Clinical
Trials, and references from relevant articles using the search terms “islet transplantation”,
“clinical”, “type 1 diabetes”, “B cell”, “stem cell”, “xenotransplantation”, and “immune
tolerance”. Articles published in English between Jan 1, 1990, and March 3, 2019, were
included. We mostly selected publications from the past 5 years but did not exclude
commonly referenced and highly regarded older publications. We also searched the
reference lists of articles identified by this search and selected those we judged relevant.
Review articles are cited to provide readers with more details. Pancreas transplantation

and islet autotransplantation were excluded from this review.
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Figure 1: Innovating treatments for type 1 diabetes
Three approaches for treatment of type 1 diabetes: technological improvement of insulin

delivery progressively evolving towards a closed loop system; p-cell replacement therapy
either with islet transplantation or with pancreas transplantation; and preservation and
regeneration of residual native B cells. *Potential future approaches.
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Patient with type 1 diabetes receiving
intensive insulin therapy

« Negative or very low C-peptide

« No substance misuse or tobacco use

+ HbA, <9% (75 mmol/mol)

« Body-mass index <28-30 kg/m?

« Treated diabetes-related complications
« No malignancies
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y
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v

Preserved kidney function

« Age >25-35 years

« Labile diabetes or impaired hypoglycaemia
awareness

« 21 severe hypoglycaemic event per year

Presence of a kidney graft with stable function
+ eGFR >30 mL/min (ideally >50 mL/min)
« Albuminuria <0-3 g per day

End-stage renal disease

« eGFR <30 mL/min

« Simultaneous pancreas—kidney transplantation
not desired or indicated

A

A

i—‘—¢

Islet transplantation alone

Islet-after-kidney transplantation

« Possible after deceased-donor or living-donor
kidney transplantation, or after loss of a
pancreas transplant after simultaneous
pancreas-kidney or pancreas-after-kidney
transplantation

Kidney Simultaneous
transplantation islet-kidney
alone transplantation

Figure 2: Indicationsfor allogeneic islet B-cell replacement therapy in type 1 diabetes
Pancreas transplantation alone or pancreas-after-kidney transplantation might be indicated in

patients aged up to 55 years without cardiovascular morbidity. A threshold for C-peptide of
<0-3 ng/mL (100 pmol/L) is often considered but it might vary according to kidney function
and the technique of measurement. In some centres, an insulin requirement of <60 units per
day is used as a cutoff point. HbA;c=glycated haemoglobin. eGFR=estimated glomerular

filtration rate.
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B-cell source Transplant site Immunoprotection
Allogeneic islets isolated Intrahepatic via portal-vein Induction and maintenance
from a deceased donor infusion immunosuppression
Xenogeneic islets isolated from Intraomental via thrombin Induction immunomodulation
a pathogen-free porcine herd bioscaffold with operational immune
tolerance

Allogeneic islets derived from Intramuscular Immunoisolation via
an embryonic stem-cell line macroencapsulation device
Autologous islets derived from Subcutaneous via a device-less
an inducible, pluripotent space or cell-permeable or
stem-cell line impermeable device

Figure 3: Current and future approachesto p-cell replacement therapy in type 1 diabetes
Green=the current clinical approach, which uses allogeneic islets isolated from a deceased

donor as the p-cell source, delivery via portal vein infusion for intrahepatic engraftment, and
standard T-lymphocyte directed induction and maintenance immunosuppression. Yellow=a
case of successful transplantation of allogeneic islets into an omental pouch created with a
thrombin bioscaffold has been reported’® and a case of successful intrahepatic
transplantation of allogeneic islets has operational islet-transplant tolerance following
withdrawal of maintenance immunosuppression (Stock P G, University of California San
Francisco, USA, personal communication). These provide proof of concept for the
possibility of extrahepatic and immunosuppression-free islet transplantation in humans.
Blue=mainly preclinical approaches, with some case studies or phase 1 and 2 studies that do
not show reversal of diabetes.
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