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Abstract

Diabetes mellitus prevalence is increasing worldwide. Type 1 diabetes (T1DM), which is caused mainly by autoimmune destruction of beta cells,
accounts for approximately 5-10 % of all diabetes. Intensive glycemic control has been shown to reduce complications of T1DM. However,
this has been difficult to achieve and is usually associated with frequent hypoglycemia. Islet transplantation (IT) has emerged as an acceptable
method for the treatment of patients with T1IDM who suffer for frequent severe hypoglycemia and/or glycemic lability. Although initial success
was limited, improvement in IT has been observed over the last 15 years. The 5-year insulin independence rate approaches 30-50 % in
some experienced centers. Even without achieving insulin independence, IT has significant benefits including prevention of hypoglycemia,
stabilization of glycemic control, reduction in some complications of diabetes, and improvement in quality of life. Here, we provide a brief
review on IT including its history, selection of IT candidates, description, and complications of the procedure and outcomes.
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Diabetes mellitus (DM) is a global epidemic.” In 2013, there were 382 million
people with DM, and this number is expected to rise to 592 million by
2035.2 Type 1 diabetes (T1DM), which is caused mainly by an autoimmune-
mediated destruction of beta cells within the islet of Langerhans, accounts
for 5-10 % of the total cases of diabetes worldwide.® Glycemic control is
the cornerstone of diabetes care. The Diabetes Control and Complications
Trial (DCCT) demonstrated that intensive glycemic control reduces the
long-term complications of hyperglycemia in TIDM.* However, diabetic
complications continue to be a significant burden in persons with T1DM.®
Additionally, intensive blood glucose control often comes at the cost of
increased rate of hypoglycemia.¢” The improvement in glycemic control
was associated with a two- to sixfold increase in severe hypoglycemia in
the intensive treatment arm of the DCCT.2 However, it is often challenging to
attain or sustain target hemoglobin A, (HbA, ) of less than 7 %, especially in
patients who are at risk for hypoglycemia. In the Epidemiology of Diabetes
Intervention and Complication (EDIC) study, the difference in mean HbA,,
between the two original DCCT treatment groups has become statistically
indistinguishable (around 8 %) during the most recent years of follow-up.?
Analysis of the National Health and Nutrition Examination Survey (NHANES)
data collected between 1999 and 2000 indicated that only 37.0 % of adults
with diagnosed DM in the US achieved a HbA, . below 7 %.™

Many innovations have been developed to improve the management of
T1DM, including insulin pumps, continuous glucose monitoring systems
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(CGMS), and semi-closed loop systems. However, despite these innovations,
the effective care of patients with diabetes remains challenging, with a
significant proportion still suffering from hypoglycemia and long-term
complications of diabetes. This has led to the efforts to preserve or restore
endogenous beta cell mass, which could provide better glycemic control
and help prevent long-term complications of diabetes. Whole pancreas
transplantation is a successful approach to treat TIDM. However, it is still
associated with significant morbidity and mortality, including peri-operative
infection, graft thrombosis, and pancreatitis. To overcome the need for
major surgery and its associated risks, transplantation of islet cells isolated
from human cadaveric pancreata has been developed as an alternative
therapeutic approach. In this article, we will provide an overview of clinical
islet transplantation (IT) and its advances in the last few years.

History of Islet Transplantation

Paul Langerhans first described islets of Langerhans within the pancreas
in 1869." In 1893, Williams reported the first attempt at IT,'2 in which
minced sheep'’s pancreas was transplanted into the subcutaneous tissue
of a young boy with diabetic ketoacidosis. The boy died 3 days later. The
discovery of insulin in 1922 greatly improved glucose control in patients
with T1DM, but the inconvenience arising from multiple daily insulin
injections, frequent blood sugar measurements, hypoglycemia, and the
development of diabetes complications renewed the interest in beta cell-
replacement therapy.
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In 1972, Ballinger and Lacy transplanted approximately 400-600 pancreatic
islets to the peritoneal cavity or to the thigh muscle in inbred diabetic
Lewis rats and demonstrated in vivo function.” In the 1980s and 1990s,
many groups experimented with IT, mainly in patients with T1DM, and
reported various success.? Insulin independence was reported ranging
from 22 days to 6 years in some cases. The results of IT gradually improved,
mostly due to the progress in islet isolation and purification including
the development of Ricordi chamber and the introduction of the COBE
2991 cell apheresis system for continuous density gradient purification
of human islets.?# However, optimism regarding the success of IT was
waning as insulin independence rates were reported to be less than 8 %
after more than 450 attempts.®

In 2000, great progress was seen when the Edmonton group reported
an insulin independence rate of 100 % in seven patients with T1DM after
receiving IT3' Six of those patients received two islet infusions and one
received three. The regimen, known as the “Edmonton Protocol,” included
transplantation of adequate islet cell mass (>10,000 islet equivalents [IE]
per kilogram recipient weight), immediate infusion of islets following islet
isolation, and the avoidance of corticosteroids. The promising results of
the Edmonton group heightened the interest in IT and the Edmonton
Protocol was subsequently implemented by other groups around
the world. However, the need for multiple organs to achieve insulin
independence and the reduction of insulin independence rate at 3-5 years’
follow-up raised the concern of the utility of IT as a treatment of T1DM.*
More recently reported IT results are more encouraging and will be
discussed in details in the outcome section.

Indications for Islet Transplantation

IT is associated with multiple risks, either from the procedure itself or
from the long-term immunosuppression. Therefore, the benefits from the
procedure must justify the associated risks.

The eligibility criteria for IT vary from one center to another. The patient
must be an adult (@above 18 years old) with T1DM and an undetectable
C-peptide level. The main indications for IT in most centers are T1DM with
unstable glucose control despite optimal medical treatment, including
the use of insulin pumps and CGMS, if available, “brittle diabetes,” and/
or severe recurrent hypoglycemia especially when accompanied by
impaired or absent hypoglycemia awareness. For more objectivity,
some centers used previously established scores for hypoglycemia
unawareness, such as Clark score with number >4, as an indication
for severe hypoglycemia unawareness.® Other centers developed
their own scores for hypoglycemia (HYPO score) and glycemic lability
(Lability index).** The former is based on frequency, severity, and degree
of hypoglycemia unawareness while the latter is calculated based
on the change in glucose levels over time. Patients scoring more than
90th percentile are considered candidates for IT. Control of long-term
complications of diabetes is another indication for IT, which has been
addressed by some centers.

Exclusion criteria for IT generally includes elevated body mass index
BMI (>30 kg/m?), as the number of transplanted islets may not meet the
metabolic demand; uncontrolled hypertension; severe cardiac disease;
severe concurrent illness likely to limit life or require extensive systemic
treatment; active infection or evidence of ongoing or recurrent viral disease;
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substance abuse (including tobacco); and potential inability to comply with
immunosuppression or transplantation program requirements.

Islet Transplantation Procedure

Donor Selection

Most islets are isolated from donors after brain death (DBD). However, the
use of donors after cardiac death (DCD) has yielded successful outcomes
in some centers.®*3¢ Successful transplantation of living-donor islets from
the distal pancreas of a mother to her daughter with type 1 diabetes has
been reported.” However, living donors are usually avoided because it
may predispose the donor to complications, such as pancreatic leak,
fistula, and the development of diabetes. Also, because of the need for
multiple islet infusions to achieve insulin independence, a single live
donor transplant would be considered inadequate in most cases.

The selection of donor pancreas for islet isolation is a critical factor in the
success of clinical IT. Several donor characteristics can affect not only
the number, but also the quality of the islets isolated. These characteristics
include age, BMI, and cold ischemia time. Older donors are more likely
to yield an adequate amount of islets, but at lower insulin secretory
capacity.®® The rate of streptozotocin-induced diabetes reversal in
athymic nude mice was higher in those receiving islets from younger
donors.® Although pancreata from younger donors yield more islets
with good quality, the more fibrous nature of the pancreatic substrate of
young donors may make the enzymatic digestion of the organ technically
more difficult. Higher BMI has been associated with higher islet isolation
outcome.® However, islets from donors with type 2 diabetes should be
avoided as their function tends to be poor.** Most IT centers now screen
donors for diabetes and exclude those with HbA, value of >6.5 %. Shorter
cold ischemic time is associated with better islet function.® Organs
with cold ischemia time >6-8 hours have been reported to be less optimal
than organs locally procured.*

Islets Isolation

Islet isolation begins with pancreas retrieval from a cadaveric donor that
requires meticulous surgery and minimal handling of the delicate organ
combined with rapid cooling of the lesser sac at the time of aortic cross-
clamp placement and arterial flushing. This is followed by two distinct
steps: pancreas digestion and islet purification.

Pancreatic digestion begins with trimming excess pancreatic fat following
which the pancreatic duct is canulated to allow distention of the pancreas
with collagenase, which helps separate islets from exocrine and ductal
tissue. Following distension, the pancreas is cut into several pieces and
agitated in a Ricordi chamber. They are then purified by density-gradient
centrifugation. The final product is stained with dithizone, evaluated for
purity and viability before it is transported to the angiography suite
for transplantation. Purified islets are counted as the number of IE, where
one IE is an islet of diameter 150 um. Gram-stain analysis is also performed.

Islet Infusion

Many recipient sites have been considered for IT. The vast majority of IT
have been performed percutaneously into the portal vein and the islets
lodge in the liver as they are too large to pass through the sinusoids. This
site has been used by most IT centers because it is easily accessible,
it provides a physiological release of insulin into the portal system,

71



Diabetes

and it has been associated with high level of graft function. However, it
may expose islets to a low oxygen content (compared with the native
pancreas) and to toxic blood components.

Procedure Complications

In 2011, the Collaborative Islet Transplant Registry (CITR), which collects
data from multiple transplant centers worldwide, reported nearly 50 % of
patients presented with a side effect within the first year of transplantation:
half of them were potentially life-threatening and related to the infusion;
the other half were usually minor and related to the immunosuppression.®

Procedure-related Complications

1. Hemorrhage or hematoma. This was not uncommon to be reported
early on (8 % in Edmonton series and 15 % by CITR).“*# Fortunately,
bleeding is rare due to the development of methods to eliminate the
catheter tract, including Avitene paste and coils.s

2. Portal vein thrombosis. This has been reported to be <2 % by CITR®
and 3-5 % by the Edmonton group.* This can be reduced by including
unfractionated heparin (70 units/kg) in the islet preparation and by the
administration of systemic anticoagulation after the IT procedure.

3. Other rare complications reported include bile leak, puncture site pain,
transient liver enzymes elevation, gallbladder perforation, and transient
vitreous hemorrhage related to sudden blood glucose normalization.*44

Immunosuppression-related Complications

These side effects include leukopenia, lymphopenia, anemia, opportunisitic
infections, diarrhea, and the rare developments of neoplasms, especially
skin cancers and lymphoma. Side effects mainly related to mammalian
target of rapamycin (MTOR) inhibitors include mouth ulcers, edema,
hypertension, dyslipidemia, and ovarian cysts. Hyperimmunization due to
the appearance of anti-donor-specific human leukocyte antigen antibodies
may develop, which could be a barrier to further transplants (islet, pancreas,
or kidney).® Renal failure and proteinuria has been reported by some
centers especially if a combination of calineurin inhibitors and sirolimus
are used for immunosuppression maintenance.*4”

Islet Transplantation outcomes

Insulin independence has been considered the ultimate goal of IT.
However, other outcomes can be beneficial and should be considered
when assessing islet outcome.

Insulin Independence and Partial Graft Function

Insulin independence can be defined as freedom from the need to take
exogenous insulin, with adequate glycemic control, often defined by an A,
<6.5 %, fasting blood glucose (FBG) <7.8 mmol/I (130 mg/dl), and 2-hour
postprandial glucose <10.0 mmol/I (180 mg/dl). Partial graft function can be
defined as detectable C-peptide (>0.3 ng/ml [1 nmol/I or 99 pmol/l]) and a
requirement for insulin or inadequate glycemic control. Some centers use
beta score to assess graft quality, which ranges from 0 (no graft function) to
8 (excellent graft function).®® Score >3 is necessary to prevent hypoglycemia
and score >7 is required to optimize glycemic control and graft duration.”

In the original Edmonton study, seven out of seven patients were insulin
independent at 1 year.® However, an international multicenter trial funded
by the National Institute of Health and the Immune Tolerance Network
was published in 2006 and reported an insulin independence of 36 % at
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2 years.® The success rate varied among different centers: some achieving
100 % insulin independence while other, less experienced centers, had
more limited success. A follow-up study from Edmonton group in 65
transplanted patients showed insulin independence rate of 10 % at 5 years
although around 80 % of patients had detectable C-peptide level, which
is indicative of islet graft function.® With improvement in donor selection
process, islet isolation, and purification techniques, immunosuppression
agents and posttransplantation follow-up, insulin independence rate has
improved with time. According to the most recent data from the CITR, the
insulin independence rate at 3 years posttransplantation has increased
from 27 % in the early days to 44 % most recently with a significant
detectable C-peptide rate (>0.3 ng/ml [1 nmol/I or 99 pmol/I]).* The 5-year
insulin independence rate currently varies from 25 % to 50 % depending
on experience of the transplantation site.”® The figure of 50 %, which is
similar to the results of whole pancreas transplantation, has led to medical
insurance reimbursement of IT in some countries e.g. Canada, UK, Sweden,
Switzerland, France, Italy, and Belgium.® In Vancouver, the 5-year insulin
independence rate in 2010 in 32 transplanted patients was 62 % regardless
of the number and time of IT infusions and 29 % post last IT infusion.*' The
C-peptide level was detectable in 66 % of those patients at 5 years.®

Stabilization of Glycemic Control and

Prevention of Hypoglycemia

IT is highly effective in stabilization of glycemic control, prevention of
severe hypoglycaemia, and regaining hypoglycemia awareness.®*% The
HYPO score was significantly lower in patients who received IT compared
with pretransplantation scores and scores from unselected intensively
treated patients with TIDM.* CITR data showed an absence of severe
hypoglycemia in patients who received IT as long as they maintain some
graft function.s

Glycemic Control

In most studies, HbA,. must be <6.5 % in patients who achieve insulin
independence. Patients with partial graft function, which is indicated by a
positive C-peptide level, maintained very glycemic control compared with
C-peptide-negative subjects (HbA,. 6.7 % versus 9.0 %) and significantly
lower insulin requirements than pretransplant (0.34 versus 0.66 u/kg/
day).® In the Vancouver prospective crossover cohort on IT waiting list,
HbA,.was 6.6+0.7 % 3 years after transplantation compared with 7.5+0.9 %
in patients on best medical therapy.> CITR data showed similar results.®

Long-term Complications of Diabetes

Several studies demonstrated a favorable effect of IT on the microvascular
complications of diabetes. Compared with patients on the best medical
therapy, less worsening of retinopathy accompanied by improvement in
retinal vascularization was reported.*® Qur group in Vancouver reported
excellent outcomes for retinopathy, with no subject in the transplant
group experiencing progression of retinopathy.* The Edmonton data also
suggest a benefit for retinopathy compared with T1DM controls.*

Studies in Vancouver and Edmonton showed stabilization or improvement
of diabetic neuropathy after IT.325457% This is consistent with the beneficial

effect of whole pancreas transplantation.®

Data from Vancouver showed that the rate of decline in the glomerular
filtration rate is more rapid for medically treated subjects than post IT
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(1.27 versus 2.98 ml/minute/year; p<0.0001).> We believe that this
was achieved by avoiding sirolimus in combination with tacrolimus,
which have deleterious effects on the kidneys. Certainly, this provided
reassurance since earlier results showed either stabilization or decline in
renal function after IT.¢0¢!

Few studies examined the effect of IT on macrovascular complications of
diabetes. Carotid intima-media thickness has been shown to improve after
IT compared with pretransplantation levels, and progressed more slowly
in patients who received islet after kidney transplantation compared with
patients with T1IDM who received only kidney transplantation.s2 However,
this was not replicated by a study from our center.s

Quality of Life

Unstable or brittle diabetes has been shown to be associated with lower
quality of life (QoL) scores (46 % versus 7 % in stable patients).* Long-term
improvement in QoL has been reported universally after IT.¢¢ This was
related mainly to the resolution of hypoglycemia episodes and the fear
associated with their life-threatening effects. This argues with the significant
effect of IT even if insulin independence is not achieved.

Current Status of Islet Transplantation and
Future Perspectives

While significant progress has been made in the IT field, many obstacles
remain that preclude its widespread application. These obstacles include
limited islet supply, the need for long-term immunosuppression with its
consequences, loss of graft function over time, finding the most appropriate
site for transplantation, and the difficulty of monitoring graft function.

Islet Cell Supply

Insulin independence has been reported after using islets isolated from a
single donor.¢#¢* However, this is usually achieved only after multiple islet
infusions from multiple donors.® Efforts are underway to find alternative
and sustained sources of viable islets e.g. porcine islets or embryonic/
adult stem cells.

Long-term Immunosuppression

As discussed above, long-term immunosuppression is associated with
significant side effects. Strategies to eliminate the need for chronic
immunosuppression include the use of encapsulated islets that confer
immune isolation while providing adequate exchange of nutrients to
islet cells, which may allow long-term survival after transplantation using
short-term or lower levels of immunosuppression (systemically or locally).
Modifications of immunosuppression have also been an active area of
research with the aim of improving long-term islet graft function.

Alternative Transplantation Sites

Currently, the portal circulation is the most common site for islets infusion.
However, islet grafts may be exposed to multiple stressors including
environmental toxins, particularly medications, absorbed from the
gastrointestinal tract. Additionally, transplanted islets are exposed to higher
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concentration of glucose and lipids from the portal circulation, which may
be toxic to the newly transplanted islets. Alternative sites, more suitable
for islet graft survival, have been investigated in recent years including the
omentum, brachioradialis, bone marrow, and peritoneal cavity.

Monitoring Islet Graft Function

Posttransplant monitoring of intraportal islets to help guide therapy
has been challenging. Reduction of C-peptide concentrations and/
or an increase in insulin dose requirements may be late signs of islet
graft rejection. Random biopsy sampling is only successful in 30 % of
attempts and may not provide timely answers as samples are prepared
and analyzed.” Imaging modalities may provide a more timely answer
to posttransplant islet status in the future. Magnetic resonance imaging
(MRI), using islets labeled with a paramagnetic compound, can provide
relatively high spatial resolution, but lacks long-term application and
may be limited by iron overload.”" Positron emission tomography using
18F-fluorodeoxyglucose-labeled islets may provide superior sensitivity
and specificity compared with MRI and has already elucidated the early
posttransplant loss of islets.”? However, longer-term monitoring of islets in
the portal site has remained elusive owing to islet dispersion and washout
of radiotracers. Different immunological markers to monitor for rejections
are currently being investigated.”s7¢

Other Limitations and Current Status

In addition to above limitations, financial barriers have also hindered the
widespread use of ITin the US and other countries. Until the transplantation
technology is considered successful enough to be labeled therapeutic
rather than experimental, the costs of IT must be covered by research
funds. Some patient advocates and islet researchers are advocating that
IT should be recognized as a clinical therapy. The National Institutes of
Health supports studies that are working toward obtaining US Food and
Drug Administration licensure to reclassify IT as therapeutic.

In Canada, some provinces reimburse IT as standard clinical care in carefully
selected individuals. Similarly, IT is no longer considered experimental in
countries, such as the UK, Sweden, Switzerland, France, Italy, and Belgium.

Conclusion

There has been significant progress in the IT over the last 15 years.
The success and safety of the procedure have continued to improve.
Insulin independence rates have also improved, approaching 30-50 % in
experienced centers. Even without achieving insulin independence, IT
has significant benefits including hypoglycemia prevention, stabilization
of glycemic control, reducing long-term microvascular complications of
diabetes, and improving QoL. However, many challenges remain, including
the need for long-term immunosuppression with its associated risks, the
requirements of more than one donor organto achieve insulinindependence,
and the shortage of islet supply. Until these hurdles are overcome, IT will not
be an alternative to conventional insulin therapy for the vast majority of
patients. Nevertheless, IT can be a life-changing to a subset of patients with
frequent, severe hypoglycemia and/or glycemic lability. l
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