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Transplantation of insulin-secreting tissue represents a physiologic approach to reverse diabetes mellitus.
Pancreas transplants yield a remarkable enhancement in quality of life and appear to modify the devastating
neurovascular complications of diabetes. A more attractive approach is transplantation of insulin-secreting
cells, a procedure of low invasiveness with the exciting prospect of modulating graft immunogenicity be-
fore transplantation, so as to minimize requirements for toxic immunosuppressive drugs. The Surgical-
Medical Research Institute at the University of Alberta in Edmonton, and several others centres through-
out the world, has demonstrated that islet cell transplants can reverse insulin dependence and induce
remarkable glycemic stability for several years. However, widespread success has been denied because of in-
sufficient donor tissue, early failures to reverse insulin dependence and the loss of graft function with time.
Promising new research approaches to these problems are reviewed, including xenogeneic sources of cells,
engineering islet cells with genes that induce expression of immunoprotective molecules, and neogenesis
factors that may sustain populations of transplanted β cells.

La transplantation de tissus sécréteurs d’insuline constitue un moyen physiologique de contrer le diabète.
Les transplantations de cellules pancréatiques produisent une amélioration remarquable de la qualité de vie
et semblent modifier les complications neurovasculaires dévastatrices du diabète. Une démarche plus in-
téressante consiste à transplanter des cellules sécrétrices d’insuline, intervention peu effractive qui offre des
possibilités intéressantes de moduler l’immunogénicité de la greffe avant la transplantation, de façon à ré-
duire au minimum le besoin de médicaments immunosuppresseurs toxiques. L’Institut de recherches
médico-chirurgicales de l’Université de l’Alberta à Edmonton et plusieurs autres centres du monde ont dé-
montré que les transplantations de cellules sécrétrices d’insuline peuvent inverser l’insulinodépendance et
stabiliser de façon remarquable la glycémie pendant des années. La réussite de cette intervention n’est
toutefois pas généralisée à cause du manque de tissus de donneurs, de l’échec des premiers efforts visant à
inverser l’insulinodépendance et de la perte de fonction de la greffe avec le temps. On passe en revue de
nouvelles stratégies prometteuses de recherche sur ces problèmes, y compris les sources xénogéniques de
cellules, la production de cellules sécrétrices d’insuline au moyen de gènes qui induisent l’expression de la
molécule immunoprotectrice, et des facteurs de néogénèse qui peuvent soutenir des populations de cellules
β transplantées.
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Insulin-dependent diabetes melli-
tus remains a major health prob-
lem. Approximately 200 000

people require insulin therapy for dia-
betes in Canada, and the incidence is
increasing annually. Diabetes is the

fifth most common cause of death
from chronic disease, and its devastat-
ing neurovascular complications,
which may lead to stroke, gangrene,
impotence, blindness, renal failure and
cardiac disease, have a major impact

on health care costs. Recently, data
from the Diabetes Control and Com-
plications Trial (DCCT) showed that
intensive insulin therapy could signifi-
cantly reduce the risk of neurovascular
complications.1 This encouraging



finding clearly sets the rationale for
precise control of diabetes. However,
the intense treatment used in the
DCCT may not be generalizable to
community practice and is associated
with serious hypoglycemic episodes.

Transplantation of insulin-produc-
ing tissue represents a more attractive
approach. This is because insulin-
producing beta cells of the pancreas
are restored, and they can respond to
neural and humoral mediators to pre-
cisely regulate insulin delivery in re-
sponse to daily needs. The only treat-
ment for diabetes mellitus that
normalizes circulating glucose
throughout the day, resulting in nor-
mal glycosylated hemoglobin (HbA1c)
without hypoglycemia is transplanta-
tion of the pancreas.2

PANCREAS TRANSPLANTATION

Transplantation of the pancreas as
a vascularized organ has become pop-
ular since 1966, with results of more
than 8500 grafts being reported to the
International Pancreas Transplant
Registry by 1996.3 Analysis of recent
data in pancreas transplantation re-
veals that 80% of grafts survive at 1
year. Patient survival exceeds 95% at 1
year and patient quality of life is re-
markably enhanced through freedom
from insulin therapy and dietary con-
straints. Most pancreas transplant pro-
cedures have been performed in con-
junction with renal transplantation in
patients suffering secondary complica-
tions of diabetes leading to end-stage
diabetic nephropathy.

In spite of outstanding improve-
ments in glycemic control, effects of
pancreas transplantation on diabetes
complications are not so clear. Multi-
centre, controlled trials to examine the
effects of pancreas transplantation on
the serious complications have not
been completed. Individual reports
suggest that peripheral but not auto-
nomic neuropathy is improved. When
accompanied by pancreas transplanta-

tion, the morphologic characteristics of
simultaneously transplanted kidneys are
improved, but kidney function has not
been improved, presumably because of
the immunosuppression needed for the
transplantation. Retinopathy appears to
be stabilized, but more prolonged pe-
riods of follow-up are needed to
demonstrate definite benefits. Recent
data suggest that long-term normo-
glycemia established by pancreas trans-
plantation in nonuremic patients can
reverse secondary complications.4

These encouraging results provide a
strong rationale to continue pancreas
transplantation, but long-term follow-
up studies are still needed.

Balancing the remarkable advan-
tages is the sobering morbidity asso-
ciated with simultaneous kidney and
pancreas transplantation. Compared
with kidney transplantation alone,
more bouts of infection, rejection,
hospitalization and surgical complica-
tions can be expected.5 One study re-
ported a 3-year patient survival rate of
68% compared with 90% for kidney
transplantation alone.6 These results
contrast with recent more favourable
data in the International Pancreas
Transplant Registry and highlight a
need for careful selection criteria to
offer combined pancreas and kidney
transplants. A high incidence of ma-
lignancy has also been observed after
combined pancreas and kidney trans-
plantation.7 These factors add up to
significant costs to health care sys-
tems, which are struggling with lim-
ited resources.

Advances in surgical technique
and reduced immunosuppressive
drug-induced nephrotoxicity with
tacrolimus promoted attempts at
solitary pancreas transplantation for
nonuremic patients with labile dia-
betes mellitus, recently the subject of
a retrospective review.8 Patient sur-
vival at 1 year was 90%, pancreas sur-
vival at 1 year was 80% and serious
surgical complications leading to re-
peat laparotomy were reduced to 8%.

These preliminary data were ob-
served in small numbers of recipients
and graft function appeared to de-
crease sharply after 1 year.

It appears that pancreas transplanta-
tion offers remarkable improvement in
quality of life for diabetic patients who
have end-stage diabetic nephropathy re-
quiring renal transplantation. However,
this combined procedure is associated
with significant morbidity and mortal-
ity, and the effect on the secondary
complications of diabetes remains un-
substantiated by scientifically rigorous
trials. These factors have encouraged in-
vestigations with islet cell transplants.

TRANSPLANTATION OF ISOLATED
ISLETS OF LANGERHANS

Islet cell transplantation offers the
potential of a low-level invasive proce-
dure to the recipient. Whereas long-
term immunosuppression is needed to
prevent auto- and alloimmune de-
struction of pancreas grafts, experi-
mental studies indicate that cell grafts
can be immunomodulated to reduce
the need for aggressive, toxic im-
munosuppression of recipients.9 An
overview of some recent studies
frames current challenges and contro-
versies in this emerging field.

The University of Alberta experience
in clinical islet transplantation

Six insulin-dependent diabetic pa-
tients aged 22 to 36 years who suffered
from end-stage diabetic nephropathy
received simultaneous kidney and islet
cell transplants. Results were com-
pared with a cohort of 9 patients who
received a kidney transplant only.

In 2 patients, 4000 islets/kg body
weight from one pancreas donor were
embolized to the liver through a
mesenteric vein during the kidney
transplant procedure. In the other 4,
supplements of islets, which were col-
lected from 3 to 10 additional donors,
were cryopreserved, then thawed and
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implanted, providing a total islet dose
of 10 000 islets/kg body weight. In all
instances, immunosuppression was
with polyclonal antilymphocyte serum,
cyclosporine, steroids and azathio-
prine. Prolonged follow-up has been
maintained.

Patients who received 4000
islets/kg achieved insulin production
(detected by C-peptide release from
the grafts) of 1 to 2 ng/mL during
fasting and 3 to 4 ng/mL after eating
a mixed meal. This was sufficient to
maintain glycemic control and reduce
exogenous insulin requirements, but
graft function decreased after 8 weeks.
In the remaining 4 patients who re-
ceived larger grafts of multidonor fresh
plus cryopreserved islets, enhanced in-
sulin secretion was observed. In one of
these, function was sufficient to permit
complete cessation of insulin therapy.10

Fig. 1 demonstrates the natural history
of graft function in this patient. Insulin
independence was maintained for over
2 years, during which time she had  a
normal HbA1c level. After 2 years,
glycemic control deteriorated, necessi-
tating a return to small daily doses of
insulin therapy. Renal allograft func-
tion also deteriorated due to chronic
renal rejection. Islet function persisted
with detectable C-peptide secretion at
5-year follow-up. When immunosup-
pressive drugs were stopped, prompt
loss of C-peptide secretion was ob-
served, associated with increased in-
sulin requirement.

The other recipients of multidonor
islets also demonstrated increased in-
sulin secretion with more sustained
function compared with the first 2 re-
cipients of single donor islets. In these
3 subjects, C-peptide secretion has also
persisted during prolonged follow-up.
Fig. 2 demonstrates the natural history
of graft function in a second patient
who was insulin-independent for re-
peated intervals during 5 years. This
patient also had a normal HbA1c level.
Renal allograft rejection led to a need
for repeat renal transplantation at 5

years and this was associated with de-
teriorated islet cell function.

A comparison with the renal-
transplant-alone cohort yielded the

following observations. In the cohort
group, patient survival at 1 and 5 years’
follow-up was 85% and 56%, respec-
tively. Deaths were attributable to sep-
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FIG. 1. Life and death of transplanted insulin-producing islets. Transplantation of fresh plus cryopre-
served insulin-producing islet cells restored insulin secretion in this insulin dependent diabetic pa-
tient. She had sufficient insulin production to completely stop insulin injections for over 2 years after
transplantation. This was accompanied by normal HbA1c level and normal glucose tolerance. After 2
years, graft function deteriorated resulting in a need for exogenous insulin supplements. Graft func-
tion persisted at 5-year follow-up. Rejection of a simultaneously implanted kidney led to cessation of
immunosuppressive drugs which prompted loss of insulin secretion at 5-year follow-up. For C-peptide
measurement, the dotted line = basal levels, the solid line = stimulated levels.

FIG. 2. Prolonged survival of transplanted islets. Second recipient of fresh and cryopreserved islets who had
sustained islet cell graft function during a 5-year follow-up. Remarkable stability in glycemic control led to
brief (1 to 3-week) intervals of insulin independence. However, chronic rejection of the simultaneously-
implanted kidney led to a need for repeat renal transplantation, and this has been associated with deterio-
ration in insulin secretion from the islet cells. CAPD = chronic ambulatory peritoneal dialysis.



sis (2 patients), myocardial infarction
(1 patient), and cerebrovascular acci-
dent (1 patient). In the islet cell recip-
ients, there was 1 death due to sepsis
at 3 years, with 83% survival at 5 years.
In the islet cell-kidney recipients,
HbA1c levels remained within a normal
range (less than 0.06) during the first
and second year of follow-up. Those
who received renal transplants alone,
had poor glycemic control, with
HbA1c levels consistently greater than
0.07 throughout the follow-up.

In summary, simultaneous kidney
and intraportal islet cell transplanta-
tion at the University of Alberta re-
stored insulin secretion in all 6 insulin-
dependent diabetic patients with
C-peptide levels greater than 1.0
ng/mL. Islet cell function was im-
proved when combinations of multi-
donor fresh islet cells plus cryopre-
served islet cells were implanted. No
complications occurred as a result of
the transplant procedures. Two pa-
tients completely stopped their insulin
injections but returned to supple-
ments of exogenous insulin after 2
years. The amount of insulin secreted
from the graft decreased as the dura-
tion of follow-up increased.

The worldwide effort in islet cell
transplantation

The International Islet Transplan-
tation Registry in Giessen, Germany,
has reported results of 294 grafts
completed by multiple centres
throughout the world to the end of
December 1996.11 Eleven percent of
the recipients were rendered insulin
independent for periods of more than
1 week. At 1-year follow-up, 7% re-
mained insulin independent. Detailed
analysis of 96 patients who were ini-
tially C-peptide deficient before trans-
plantation showed that detectable in-
sulin secretion was lost in 60% during
the first 2 months after transplanta-
tion. This function declined further
so that only 27% had functioning

grafts at 1-year follow-up (C-peptide
greater than 1 ng/mL). Four com-
mon characteristics were identified
among those with successful islet cell
grafts: preservation of the pancreas for
less than 8 hours before islet cell iso-
lation, an islet cell dose greater than
6000/kg body weight, embolization
of islet cells into the liver through the
portal vein and use of antilymphocyte
globulin to induce immunosuppres-
sion. When these criteria were ful-
filled, 70% of patients had C-peptide
levels greater than 1 ng/mL at 1 year
follow-up and insulin independence
was observed in 20%.

A striking result of the Registry data
is that the graft environment heavily in-
fluences the outcome. Only 6 of 15 islet
cell allografts after pancreatectomy-
diabetes resulted in insulin indepen-
dence at 1 year, but this was further re-
duced to 11 of 180 after allotransplan-
tation into insulin-dependent diabetes.
Thus, an allogenic environment is ad-
verse, but in combination with autoim-
mune insulin- dependent diabetes, the
success rate is even worse. Further, islet
cells collected from patients subjected
to total pancreatectomy for chronic
pancreatitis then autografted into the
recipient were associated with a 90%
rate of insulin independence. This poses
the following questions: Why do auto-
grafts work whereas allografts are less
successful? and Why are allografts in 
insulin-dependent diabetes even less
successful? Detailed examination of
these questions provides several hy-
potheses. One is that immunosuppres-
sive drugs are known to have diabeto-
genic side effects. Furthermore, islet cell
grafts require a critical period of several
days engraftment until a network of
new capillaries nourishes the graft. Neo-
vascularization may be impaired in
long-standing diabetes. The microenvi-
ronment in which cells are injected is
characterized by an inflammatory reac-
tion with cytokines such as interleukin-
1β, interferon-γ, and tumour necrosis
factor-α . Insulin-producing β cells of

the pancreas are extremely susceptible
to reactive oxygen metabolites induced
by such cytokines because they have low
levels of antioxidants, which buffer
these reactions. Nonspecific inflamma-
tory mediators are greatly augmented
in autoimmune diabetes, which may ex-
plain why function is rapidly lost in 60%
of grafts. Clearly, islet cell transplants
face a more difficult microenvironment
than whole pancreas transplants.

A review of data in the Registry
provokes pessimism over the future of
islet cell transplantation. In contrast,
observations presented here and pre-
viously,12,13 show that islet cells can
function for many years after implan-
tation and contribute to remarkable
stability of glycemic control. By the
rigorous standards of pancreas trans-
plantation, insulin independence is
not achieved; however, the goal of op-
timizing precise glycemic control with
minimal complications is consistent
with DCCT data. Careful selection of
recipients, immunosuppression, islet
cell mass and perioperative care can
achieve a direct benefit for the patient,
and these observations need to be re-
peated with more studies. Rigorous
comparisons of islet cell transplanta-
tion with intensive insulin therapy in
well-designed prospective multicentre
trials need to be completed. These tri-
als should consider outcomes based
upon glycemic control regardless of
whether insulin independence is
achieved.

RESEARCH PROGRESS TOWARDS
EFFECTIVE ISLET CELL
TRANSPLANTATION

The key impediments to successful
islet cell transplantation are: insuffi-
cient supply of donor tissue, autoim-
mune or alloimmune-mediated injury
of transplanted islets, and deteriora-
tion of transplanted islet function with
time. Progress has recently been
made, providing novel insight into so-
lutions to these problems.
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The supply of donor tissue

To promote trials of transplanta-
tion for diabetes in Canada, a key hur-
dle to overcome is the short supply of
donor pancreatic tissue. Statistics
show a rate of cadaver kidney trans-
plantation in Canada of 24 per million
population per year. This amounts to
about 360 pancreases expected per
year. The Canadian Organ Replace-
ment Register reported that 19 pan-
creases were transplanted in 1996.
Another 30 were subjected to isola-
tion of islet cells. The shortfall in uti-
lization of donors is obvious when
one estimates that 25% of kidney
transplants are into insulin-dependent
patients who have end-stage diabetes
and that there are 200 000 diabetic
patients taking insulin in Canada.
Only when more pancreases are re-
trieved can research be promoted to
perfect methods for the isolation and
preservation of islet cells.

Recent attention has been attracted
to xenografts of insulin-producing cells
from pig donors as a solution to insuf-
ficient donor islets. Our laboratory has
explored the preparation of mass quan-
tities of islet cell clusters from the pan-
creas of neonatal piglets.14 In this
model, growth and differentiation of
cell clusters is observed in vitro. Fol-
lowing a maturation period the islet
cells induced euglycemia after implan-
tation into diabetic mouse recipients.
This proliferating cell population opens
new possibilities for expansion of trans-
plantable cells in vitro. A major chal-
lenge is to limit the xenogenic destruc-
tion of such grafts using transgenic
technologies or retroviral-mediated
transfer of immunomodulatory genes.

Prevention of immune injury 
to transplanted islets

A key to successful islet cell replace-
ment is to reduce or eliminate require-
ments for toxic immunosuppressive
drugs. This would permit wide dissem-

ination of islet cell transplantation for
young insulin-dependent diabetics be-
fore serious secondary complications
develop. We have recently investigated
novel strategies to modulate the im-
munogenicity of islet cell tissue in vitro.
Biolistics (a technique of bombarding
tissue with microparticles of gold
coated with DNA) was used to transfer
immunomodulatory genes into intact
adult islet cells. Biolistic-treated islet
cells remained viable and restored eug-
lycemia after transplantation into dia-
betic recipients. Biolistics was used to
deliver genes encoding CTLA4Ig (a
molecule that blocks the costimulatory
molecule permitting T-cell activation)
to islet cells. Transplantation of these
islet cells reversed diabetes without im-
munosuppression in a significant num-
ber of recipients.15 This approach for in-
vitro treatment may prove useful for
islet cell protection using a variety of
strategies, for example blocking T-cell
activation, neutralizing proinflamma-
tory cytokines in the graft microenvi-
ronment and inducing apoptosis in cy-
totoxic T cells. Such strategies may also
prove useful to engineer cells to express
insulin secretion characteristics and
proximal signals that regulate insulin
release.

Induction of long-term proliferation
and survival of transplanted islet cells

As shown in the International Islet
Transplantation Registry data and our
own studies, islet cell function deteri-
orates with time. Emerging data on
islet cell differentiation and prolifera-
tion in the adult pancreas offers room
for optimism that this can be ad-
dressed. Proliferation can be induced
by ilotropin, a protein cocktail pre-
pared from the partially obstructed
adult pancreas.16 Islet cell neogenesis
gene-associated protein (INGAP) is a
novel islet cell differentiation factor
that confers bioactivity on ilotropin.17

This protein may be the essential link
needed to rescue populations of trans-

planted β cells of the pancreas. A
greater understanding of these factors
may allow successful resolution of the
problems with loss of islet function as
the duration of follow-up increases af-
ter islet transplantation.

CONCLUSIONS

Impressive progress has been made
in whole pancreas transplantation dur-
ing the past 3 decades. Concerns per-
sist that pancreas transplantation will
not be a long-term answer for diabetes
management, because of morbidity
and mortality associated with the pro-
cedure and the lack of solid outcome
data demonstrating a beneficial effect
on secondary complications of dia-
betes. Islet cell transplantation pro-
vides an attractive alternative because
of low invasiveness and reduced im-
munosuppression. Successful islet cell
transplantation remains elusive. Re-
cent data prove that some islet cell
transplant recipients enjoy years of
glycemic stability, and this should
serve as a flashpoint for further inves-
tigations. Promotion of an adequate
source of free islet cell grafts and pro-
tection of islets from molecular medi-
ators of autoimmune or alloimmune
injury deserve further emphasis. The
goal of long-term islet cell function
will be met when current research
clarifies means to sustain survival of a
transplanted β-cell population.
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