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Hypothesis: A local multiorgan donor pancreas pro-
curement program can provide a source for optimized
isolation of purified viable islets for transplantation into
patients with type 1 diabetes mellitus receiving best medi-
cal therapy.

Design: Prospective before-after cohort study.

Setting: Tertiary referral center.

Patients: Glycemic control was assessed in 10 patients
with diabetes-induced renal dysfunction who were en-
rolled in a best medical therapy program and then crossed
over to islet transplantation.

Interventions: Thirty human pancreata were re-
trieved from local multiorgan donors and consecutively
processed with intraductal collagenase perfusion, con-
tinuous digestion, and density gradient purification (group
1, n=9) or similarly processed but impure tissue frac-
tions cultured in vitro and then repurified to retrieve ad-
ditional islets (group 2, n=21). Islets were implanted by
percutaneous portal embolization, providing more than
10 000 islet equivalents (IE) per kilogram of body weight
(infusions from 1-3 donors per patient) under cover of
antithymocyte globulin, sirolimus, or mycophenolate
mofetil and tacrolimus.

Main Outcome Measures: Islet yields, purity, and cell
viability (caspase 3, terminal deoxynucleotidyl transferase–
mediated biotin-deoxyuridine 5-triphosphate nick-end
labeling stain, and insulin secretion in vitro) were com-

pared. In patients, monitored metabolic parameters were
C-peptide secretion, insulin requirements, glycemic ex-
cursion, and hemoglobin A1c (HbA1c).

Results: For group 1 vs group 2, no differences were ob-
served in pancreas age (43 vs 44 years), cold storage (5 vs
4 hours), or weight (73 vs 82 g). Group 2 yielded 453 690
IE vs 214 109 IE in group 1 (P=.002). Grafts contained
50% or more endocrine cells in both groups. No differ-
ence occurred in cell viability or insulin secretion. Islets
from 90% of group 2 pancreata met release criteria for trans-
plantation. C-peptide secretion was detected in all recipi-
ents and persisted with a median follow-up to 12 months
(range, 6-21 months) after full islet transplantation. Daily
insulin dependence was reversed in all patients for at least
3 months. Five patients resumed small insulin doses. Com-
pared with the best care program, all patients had im-
proved metabolic stability. The mean±SE HbA1c level at
entry into the study was 7.8%±0.5%, and this decreased
to 6.9%±0.2% after best care (P=.38) and further to
6.2%±0.2% at 6 months after transplantation (P=.002 vs
entry; P=.15 vs best care; analysis of variance).

Conclusions: Local pancreas donor retrieval with islet
isolation and culture conditioning enabled an offer of is-
lets for transplantation for 90% of consecutively pro-
cessed pancreata. Isolated islets secreted insulin during
prolonged follow-up after implantation into patients,
yielding metabolic control comparable with that achieved
by best medical therapy.
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I NTEREST HAS BEEN RENEWED IN HU-
man islet transplantation for type
1diabetesmellitus.Recentprogress
with improved islet isolation,
avoidance of glucocorticoid im-

munosuppression, and provision of ad-
equate islet mass (�10 000 islet equiva-
lents [IE] per kilogram of body weight) from
multiple donors has yielded improved is-
let function in recipients with type 1 dia-
betes with hypoglycemic unawareness.1 De-
spite this advance, significant challenges

remain to obtain sufficient islets. Where
established whole-organ pancreas trans-
plantation programs exist, significant num-
bers of pancreata do not qualify for whole-
organ transplantation, and recent data

suggest that these could be retrieved and
subjected to islet isolation to expand a trans-
plantation program for diabetes.2

CME course available at
www.archsurg.com

Author Affiliations:
Departments of Surgery
(Drs Warnock, Meloche, Ao,
Ho, He, Dai, Kim, Johnson, and
Verchere, Mss Young,
Blackburn, and Liao, and
Mr Al-Adra) and Medicine
(Drs Thompson, Shapiro, Fung,
and Elliott and Ms Kozak),
British Columbia Islet
Transplant Centre, University of
British Columbia, Vancouver.

(REPRINTED) ARCH SURG/ VOL 140, AUG 2005 WWW.ARCHSURG.COM
735

©2005 American Medical Association. All rights reserved.



We hypothesized that an effective program of islet
transplantation could be established on the strengths of
an existing pancreas procurement program that pro-
vides for whole-pancreas transplantation. This hypoth-
esis is supported by studies that show that local organ
donor procurement programs are the first strength in
achieving good-quality human islet isolation.3 Local do-
nation significantly reduces hypothermic cold storage time
that elapses before the pancreas is subjected to islet iso-
lation, thus optimizing the separation of islets from the
exocrine and ductal cells of the pancreas.

According to several investigators, more promising suc-
cess in islet transplantation has been observed in pa-
tients who received islet transplants alone.1,2,4 Many of
these recipients had received conventional medical treat-
ment for “brittle” diabetes or hypoglycemic unaware-
ness. It is unknown if transplantation of islets alone may
also be an attractive alternative for patients with type 1
diabetes who receive best medical therapy. Best medical
therapy is defined as the control of blood glucose with
intensive insulin therapy, blood lipids with statins, blood
pressure with antihypertensive agents, and renal protec-
tion with angiotensin-converting enzyme (ACE) inhibi-
tors. Despite these stringent measures for medical therapy,
progressive microvascular complications from type 1 dia-
betes still occur. In this study, we report on the initia-
tion of a novel protocol for human islet isolation from
our local pancreas organ procurement program, in which
islet isolation is optimized by repurifying impure tissue
fractions saved during the initial pancreas processing. We
also report on long-term glycemic control in a cohort of
10 patients who received pancreatic islet transplants af-
ter initial treatment in the best medical therapy pro-
gram.

METHODS

EXPERIMENTAL DESIGN

Specific aims of this research were to improve recovery of high-
quality human pancreatic islets from individual pancreata and
to compare the glycemic control in a cohort of patients with
type 1 diabetes who received best medical therapy with their
glycemic control after islet transplantation. The study was a pro-
spective before-after cohort design in which all patients were
initially enrolled in intensive medical therapy. Data in this study
were collected for the initial 10 patients, who completed a mini-
mum of 6 months in both programs. They are the first of a larger
ongoing cohort of 50 patients to investigate effects on chronic
complications. Inclusion criteria for recipients included a tar-
get population of men and women older than 20 years and
younger than 60 years with type 1 diabetes confirmed by nega-
tive C-peptide levels (�0.222 ng/mL [�0.074 nmol/L]) for more
than 5 years, who had elevated microalbuminurea, diabetic reti-
nopathy, a creatinine clearance of more than 70 mL/min (1.17
mL/s), and signed informed consent. Exclusion criteria were
body mass index (calculated as weight in kilograms divided by
the square of height in meters) greater than 30, previous or-
gan transplantation, active heart disease, planned pregnancy,
active infection, malignancy, and lack of compliance. Sample
size specification for the study was calculated based on a type
I error of .05 and a type II error of .1 for equivalence testing. A
consecutive sampling method was performed for the first pa-
tients who met inclusion and exclusion criteria. The study was

approved by the research ethics board of the University of Brit-
ish Columbia, Vancouver, in March 2003.

PANCREAS RETRIEVAL

Human pancreata were obtained (with consent) from adult heart-
beating cadaver organ donors through the organ procurement
program of the British Columbia Transplant Society, Vancou-
ver. Thirty consecutive human pancreata were retrieved using
an identical protocol to that for the whole-organ pancreas trans-
plantation. This includes en bloc dissection with the “no-
touch” technique and hypothermic in situ vascular perfusion
with University of Wisconsin (UW) solution, with care being
taken to avoid elevated portal pressure. Immediate surface cool-
ing of the pancreas was achieved with 4°C ice slush in the lesser
omental sac. Pancreata were transported at 4°C in sterile con-
tainers to the Ike Barber Human Islet Transplant Laboratory
at Vancouver General Hospital, Vancouver, British Columbia.

ISLET ISOLATION

Consecutive pancreata were subjected to islet isolation.3 The
group 1 (n=9) pancreata were processed with collagenase (Lib-
erase HI; Roche Applied Science, Indianapolis, Ind) perfused
via the ducts, continuous chamber digestion, and continuous
density gradient purification using the Ficoll-Hypaque tech-
nique. Group 2 (n=21) pancreata were similarly processed, but
additional islets were retrieved by repurifying impure tissue frac-
tions that remained after the initial purification. To accom-
plish this, the impure tissue fractions were subjected to in vitro
culture at 22°C under conditions of 95% air and 5% carbon di-
oxide in 15-cm tissue culture plates that contained 35 mL of
Connaught Medical Research Labs–based media (catalog No.
99-785-cv; MediaTech Inc, Herndon, Va). Cultures were main-
tained for 12 to 36 hours before the repurification protocol. In
all instances, purified islets were subjected to in vitro culture
for 12 to 36 hours before transplantation into humans.

ISLET CHARACTERIZATION

Islet samples were collected in duplicate, counted, and sized
for standard yields of islets equivalent to 150 µm.5 Samples were
subjected to glucose challenge in vitro to detect insulin secre-
tion, and results were expressed as a ratio of stimulated to basal
insulin release.5 Islet quality control assessment included en-
dotoxin assay by enzyme-linked immunosorbent assay, bacte-
rial cultures, characterization of purity by cell composition,6

and detection of apoptosis by assay for caspase 3 activity (Cpp32
Fluorometric Assay Kit; BioVision Inc, Mountain View, Calif )
and terminal deoxynucleotidyl transferase–mediated biotin-
deoxyuridine 5-triphosphate nick-end labeling (TUNEL) stain
(APO-BRDU Kit; BioSource International, Camarillo, Calif ).

BEST MEDICAL THERAPY
AND ISLET TRANSPLANTATION

The indication for patient enrollment in this study was some de-
gree of end-organ damage induced by type 1 diabetes, in par-
ticular, early evidence of renal dysfunction defined as elevated
microalbuminurea (�300 mg of albumin in 24 hours). The aim
was to provide some advantage to all patients with either best
medical therapy or islet transplantation. Although hypoglyce-
mic unawareness existed to some extent in 1 patient, this was
not a criterion for enrollment in the present study. Persons who
were entered into the study complied with protocols during a
3-month run-in period of participation in the University of Brit-
ish Columbia’s best medical therapy program. Best medical
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therapy included intensive blood glucose management with in-
sulin, blood pressure control, blood lipid control, and use of ACE
inhibitors or angiotensin II receptor antagonists for renal pro-
tection. Glycemic control targets were met according to guide-
lines published by the Diabetes Control and Complications Trial7

and the clinical practice recommendation of the American Dia-
betes Association.8 Patients contacted study nurses twice monthly
by telephone or fax for insulin dose adjustment. Blood pressure
was treated to targets of less than 130/80 mm Hg to prevent pro-
gression of renal disease.8 Lipid levels were checked every 6
months and treated with statins to reduce predicted 10-year risk
of coronary artery disease in diabetes.9 Elevated microalbumin-
urea was detected, and an ACE inhibitor (ramipril) was admin-
istered in doses up to 10 mg/d.10

Patients (5 men and 5 women; mean±SD age, 44.1±7.6 years;
mean±SD body mass index, 24.7±1.8) participated for a mean
±SD of 15.4±5.3 months in the best medical therapy program
and then received islet transplantation (Figure 1). The first 2
patients received islets isolated from group 1 pancreata, whereas
the subsequent 8 received islets isolated from group 2 pan-
creata. Patients were transferred to the interventional radiology
suite. With the patients under local anesthesia with 1% lido-
caine, a 4F catheter (Cook Diagnostic and Interventional Prod-
ucts, Bloomington, Ind) was advanced percutaneously into the
liver with fluoroscopic cannulation of the main portal vein. Is-
lets were infused under gravity from each donor while monitor-
ing portal pressure. Catheters were withdrawn, and the hepatic
puncture tracks were sealed with Gelfoam (Pharmacia & Up-
john, Kalamazoo, Mich). Patients were observed overnight and
discharged home after a mean±SD length of stay of 1.3±0.6 days
(range, 1-3 days). Total islet dose exceeding 10 000 IE/kg was
provided by 21 total infusions, which necessitated 1 infusion in
2 patients, 3 infusions in 3 patients, and 2 infusions in 5 pa-
tients. The final islet dose that was achieved after completed in-
fusions was 13 806±561 IE/kg (n=10). Immunosuppression con-
sisted of antithymocyte globulin induction (1 mg/kg per day for
5 days) covered with 2 doses of glucocorticoids (125 mg intra-
venously), followed by introduction of sirolimus or myco-
phenolate mofetil (n=2) and tacrolimus. Sirolimus (Rapamune;
Wyeth-Ayerst Canada Inc, Markham, Ontario) was given orally
to maintain trough blood levels at 5 to 10 ng/mL. Tacrolimus
(Fujisawa Canada Inc, Markham, Ontario) was administered to

maintain trough concentration in the blood at 5 to 10 ng/mL.
For subsequent infusions of islets, the induction was with the
interleukin 2 receptor blocker basiliximab (2 doses of 20 mg).

PATIENT MONITORING

Patients monitored their glucose levels before and after trans-
plantation using memory capillary glucose meters. The fluc-
tuations of glucose concentrations in each patient were calcu-
lated as the mean of the differences in the major fluctuations
in high and low glucose values during multiple 24-hour peri-
ods and expressed as the mean amplitude of glycemic excur-
sions (MAGE).11 C-peptide levels and insulin requirements were
compared during medical therapy and after transplantation. He-
moglobin A1c (HbA1c) concentration was assessed at entry to
best care, 6 months before transplantation (while receiving best
care), and 6 months after transplantation. Duration of fol-
low-up from transplantation in this report was defined as the
time since the full (�10 000 IE/kg) islet dose was delivered
(12±5 months; median, 12 months; range, 6-21 months). In-
tensive follow-up was provided by teams of nurses and physi-
cians in the University of British Columbia Diabetes Best Care
and Solid Organ Transplant clinical programs.

DATA ANALYSIS

Data are presented as mean±SE unless otherwise stated. Donor
variables, islet yields, insulin secretion, and caspase 3 activity were
compared with the t test for paired data. Patient follow-up data
for blood glucose, insulin requirements, and HbA1c concentra-
tions were compared using repeated-measures analysis of vari-
ance (ANOVA) with a Bonferroni adjustment of the stated level
of statistical significance for multiple comparisons of 3 groups.

RESULTS

PANCREAS DONATION AND ISLET YIELDS

Table1 gives the pancreatic donor age, cold storage time,
and pancreas weight. There were no statistically signifi-
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Figure 1. Experimental design showing study phases of best medical therapy and follow-up after transplantation of islets into patients with type 1 diabetes
mellitus, including subsequent transplantations (when necessary). ACE indicates angiotensin-converting enzyme.
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cant differences between these 2 groups of donors. A com-
parison of purified islet yields from group 1 (n=9) and
group 2 (n=21) pancreata is shown in Figure 2. A total
of 214 109±53 184 IE were obtained from the pancreata
with single-stage purification, and this was not signifi-
cantly different from the initial purification of the second
group of pancreata, which yielded 333 885±37 576 IE. The
addition of a secondary purification significantly im-
proved the overall yields for group 2 to 453 690±48 145
IE (P=.002 vs group 1). Corresponding data in IE per gram
of pancreas showed a yield of 2933 IE/g with single puri-
fication. The addition of secondary purification signifi-
cantly increased overall yields to 5533 IE/g.

GRAFT CHARACTERIZATION

The concentration of endotoxin in isolated islet prepa-
rations was 0.14±0.02 endotoxin units/mL, which was
well below the acceptable range. No instance of micro-
biologic contamination was detected. Insulin release in
vitro for the 2 groups of islets revealed a stimulation in-
dex of 2.7±0.5 for group 1 vs 3.7±0.8 for group 2 (P=.28).
Cellular composition of the grafts is given in Table 2.
The overall proportion of �-cells in group 1 was
35.8%±5.7% vs 31.1%±4.1% in group 2. A slightly greater
proportion of cells bearing ductal (cytokeratin 19) and
acinar phenotypes was observed in group 2. Islet cell
caspase 3 activity (fluorometric units) as an index of apop-
tosis was 183±35 in islets after initial purification, which
remained unchanged after secondary purification from
the same donors at 179±33 (P=.93). The TUNEL stain-
ing of purified islets showed no difference between pri-
mary vs secondary purification.

ISLET YIELD FOR TRANSPLANTATION
AFTER SECONDARY PURIFICATION

Figure 3 shows islet yields from the consecutive series
of 21 isolations performed with secondary purification. The

data demonstrate that secondary purification augmented
the islet yield in all of these 21 isolations. The threshold
for islet yield to meet release criteria for transplantation
was 250 000 IE. In 19 of the 21 isolations, this threshold
was met or exceeded, and in 7 instances this threshold was
enabled as a result of the secondary purification proto-
col. Thus, the overall offer of islets for transplantation was
90% of these consecutively processed pancreata.

INSULIN THERAPY, GLYCEMIC CONTROL,
AND C-PEPTIDE LEVEL

Figure 4 summarizes mean 24-hour blood glucose lev-
els and insulin doses during phases of best care, after ini-
tial islet transplantation, and after a full islet dose was trans-
planted. During best care, patients required 0.53±0.6 U/kg
per day of insulin. After the first transplantation, insulin
doses decreased to 0.19±0.06 U/kg per day (P�.001) and
after full islet doses, all 10 patients stopped taking insulin
completely. Glucose levels remained unchanged at 140.54±
0.54 mg/dL (7.8±0.3 mmol/L), 142.34± 7.21 mg/dL
(7.9±0.4 mmol/L), and 136.94±3.60 mg/dL (7.6±0.2
mmol/L), respectively, during these 3 phases (P=.85, .57,
and .43, respectively). Five patients (1 of the 2 who re-
ceived group 1 islets and 4 of the 8 who received group 2
islets) have continued not to take insulin for 6 to 21 months;
the other 5 returned to taking some insulin after further
follow-up periods of 3 to 9 months (0.18 U/kg per day).
Some of these latter patients preferred a lifestyle choice of
enjoying a less restricted diet, for which they compen-
sated by injecting insulin on some days.

C-peptide levels immediately rose from undetectable
levels (�0.222 ng/mL [�0.074 nmol/L] in our assay) to
levels of 0.601 to 2.40 ng/mL (0.2-0.8 nmol/L) after trans-
plantation and remained persistently elevated during the
follow-up of all 10 patients. Figure 5A demonstrates
C-peptide concentrations throughout the follow-up pe-
riod for all insulin-independent patients, and Figure 5B
demonstrates corresponding levels for all patients who
returned to some insulin therapy. There was sustained
C-peptide secretion at similar levels in both of these groups
whether or not they required insulin.

As an index of metabolic lability, the mean ampli-
tude of glycemic excursion scores was calculated, dem-
onstrating values of 7.8±0.5 for best medical care and
improving to 3.5±1.3 for the transplantation phase
(P�.001; paired t test). This improved stability was re-
flected by the observation that no patient has had prob-
lems of hypoglycemia since the transplantation.

Assessment of HbA1c levels is demonstrated inFigure6.
Comparison of HbA1c concentrations before best care
(7.8%±0.5%), during best care (6.9%±0.2%), and 6 months
after islet transplantation (6.2%±0.2%) shows signifi-
cant reduction in HbA1c levels. Islet transplantation achieved
the best results compared with entry into the study (P=.002;
ANOVA), but results between best care and transplanta-
tion were similar (P=.15; ANOVA).

COMPLICATIONS

Thirty-eight percent of the 21 infusions were followed
by minor degrees of abdominal pain and 15% by nau-

Table 1. Characteristics of Donor Pancreata
Subjected to Consecutive Islet Isolations*

Group Donor Age, y Cold Storage, h:s Pancreas Weight, g

1 (n = 9) 43.4 ± 7.6 5:19 ± 0:55 73.3 ± 7.7
2 (n = 21) 44.2 ± 3.1 4:04 ± 0.29 81.9 ± 5.4

*Data are presented as mean ± SE.
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sea. After 3 islet infusions (2 initial and 1 second), post-
procedure fluid was detected on ultrasonography, ac-
companied by a decrease in hemoglobin consistent with
bleeding. No blood transfusions and no intervention were
required. One of these patients had been receiving ace-
tylsalicylic acid, which was withdrawn until he showed
no further decrease in hemoglobin level. For all infu-
sions, portal pressures before infusion were 11.7±3.2
mm Hg, and this increased to 14.0±2.4 mm Hg after in-
fusion (P=.005; paired t test).

All patients who received islet infusions had immu-
nosuppression-related adverse effects of mouth ulcer-

ation (n=10) and neutropenia (n=10). For these pa-
tients, the mouth ulcers responded to decreased doses
or discontinuation (n=2) of sirolimus therapy with con-
version to mycophenolate mofetil. These patients re-
tained stable islet function.

COMMENT

The modification to the islet isolation protocol in the cur-
rent study appears promising. The culture-conditioning
protocol added significant islet yields without compro-

Table 2. Cellular Composition Analysis of Islet Grafts*

Group Ductal Cytokeratin 19 Acinar � � Polypeptide ��

1 (n = 6) 15.9 ± 4.7 20.7 ± 4.2 35.8 ± 5.7 13 ± 2.1 4 ± 1 3 ± 1
2 (n = 10) 24.3 ± 3.4 26.5 ± 2.7 31.1 ± 4.1 12.9 ± 3.3 2.8 ± .6 2.4 ± 0.6

*Data are presented as percentages in mean ± SE.
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mising islet viability. Although the primary purification
protocol tended to have higher yields in the group 2 pan-
creata processed, this did not appear to be due to differ-
ences in the donor characteristics. To exclude the pos-
sibility of a type II error, accounting for the (insignificant)
trend to higher yields in group 2, we examined the pre-
purification yields and identified no differences in this
parameter, suggesting that similar numbers of islets were
available for purification in both groups. This tends to
agree with the group 2 data, which demonstrate an aug-
ment ofapproximately 30% of islet yields when repuri-
fication is performed after culture conditioning.

The ability to offer more than 90% of isolated islet grafts
agrees with earlier published data that a local retrieval
program with short cold storage time is an effective pro-
gram for providing islets for transplantation. The cur-
rent data compare favorably with earlier published ob-
servations on rates for islets provided from successful

isolations that have been reported as less than 50%.12 These
data should encourage local donor programs to apply these
protocols to offer islets for clinical islet transplant pro-
grams.

Despite the improvements in islet isolation demon-
strated in these studies, patients continued to require
large doses of islets. This high islet mass requirement
exceeded published data of earlier studies13 and did not
appear to be completely mitigated by glucocorticoid-
free protocols. Contributing factors may be related to
adverse effects of immunosuppressive drugs on islet en-
graftment,14 and more recent data suggest that pro-
thrombotic activity in the portal venous system has an
adverse effect on early islet engraftment.15 One of our
recipients had detectable portal vein thrombosis on ul-
trasonography. He had initial insulin independence,
but a delayed need for intermittent insulin was ob-
served after 7 months.
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Several investigators have recently reported experi-
ence with islet transplantation. Following a report of
improved success with the Edmonton protocol in
2000,1 additional promising reports of islet transplant
alone appeared from several centers.2,4,16 A multicenter
trial of pancreatic islet transplantation in patients who
followed the Edmonton protocol has been organized
via the Immune Tolerance Network, which suggests
success at experienced centers but less success in oth-
ers, and the final data are still pending.17 Critical analy-
sis of the data from these studies reveals that significant
improvement in the rate of insulin independence after
isolated pancreatic islet transplantation is attributable
to improved islet isolation, glucocorticoid-free immu-
nosuppression, a transplant mass of more than 10 000
IE/kg, and selection of patients with brittle diabetes
who have low body mass.

Longer-term follow-up suggests that the initial rate of
insulin independence decreases after several months, par-
ticularly after the first year. Initial deterioration of func-
tion was observed in patients who followed the Edmon-
ton protocol.18 In a more recent report19 of 11 transplant
recipients with complete long-term data more than 1 year
after transplantation, 6 resumed insulin therapy more than
12 months after transplantation. Similar observations have
been made by other groups.2,4,20 In the current study, the
islets have also been susceptible to reduced function with
time, with patients returning to insulin therapy despite
ongoing insulin secretion. The duration of graft fol-
low-up was based on time elapsed after the full dose of
islets was administered, which may account for the ap-
parent difference in success rates of insulin indepen-
dence, since the earlier reports of follow-up began with
the first transplantation.

The reasons for delayed decline of function are un-
clear but may include adverse effects of immunosuppres-
sive drugs on islet function. In the current study, we used
antithymocyte globulin, which can induce islet toxicity
from cytokine release. We also used a brief dose of cor-
ticosteroids to counteract the unpleasant cytokine re-
lease effects (fever and myalgia). Both of these agents
represent a departure from the protocol reported by Ed-
monton.1 Delayed deterioration of an initially margin-
ally engrafted islet mass may be due to an inhospitable
intraportal transplantation site. Data from a large pre-
clinical animal model previously characterized delayed
failure of pure intraportal autologous islets, which was
not observed in the splenic site.21

Results from the current study compare favorably with
collective data recently reported by other investiga-
tors.2,4,20 In a poster report at the 20th International Trans-
plantation Society Congress, September 5-10, 2004, the
Collaborative Islet Transplant Registry identified insulin
independence in 57.9% of recipients 12 months after their
last infusion (B. J. Hering, MD, oral communication, Sep-
tember 6, 2004; www.citregistry.org). The current study
contrasts with the earlier studies, since recipients had higher
body masses and hypoglycemic unawareness was not a sole
indication for transplantation. Longer follow-up will be
necessary to determine if this therapy can reduce ne-
phropathy, retinal damage, and endothelial dysfunction
better than medical therapy alone. A critical analysis of the

glucose values in the current study shows improved gly-
cemic excursions, but HbA1c remains marginally high at
6.2%, suggesting that caution must be taken to conclude
that islet transplantation will prevent microvascular com-
plications on the basis of improved glycemic control alone.

In summary, a strategy for culture conditioning of iso-
lated pancreatic tissue obtained in a local organ donor
program provides improved quantities of islets to sup-
port clinical islet transplantation. The current study dem-
onstrates that these islets function for prolonged peri-
ods after intraportal transplantation into recipients with
type 1 diabetes who entered a best medical therapy pro-
gram, including insulin independence. The long-term fol-
low-up data of the recipients demonstrate that some pa-
tients resume insulin therapy despite insulin secretion,
a challenge reported by other groups. These data stress
the need to redouble efforts to identify factors that may
induce and sustain long-term islet function so that this
therapy can be evaluated to prevent the long-term com-
plications of diabetes.
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Figure 6. Hemoglobin A1c (HbA1c) levels before and after islet
transplantation. ANOVA indicates analysis of variance; error bars, SE.
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DISCUSSION

Susan Orloff, MD, Portland, Ore: Thank you for the privilege
of opening this discussion of another fine manuscript written
by my colleague, Dr Garth Warnock, and his coworkers, as you
know, describing the results comparing islet transplantation
using multiorgan donors, either with standard collagenase per-
fusion or the standard perfusion technique plus repurification
of impure tissue fractions cultured in vitro. They looked at is-
let yield, purity, cell viability, insulin secretion, and success of
either method of islet isolation and transplantation compared
to best medical therapy.

The incidence of diabetes is predicted to increase signifi-
cantly in the next decade. It already affects 130 million people
worldwide. Despite the efficacy of insulin therapy, the devas-
tating secondary complications, including retinopathy, ne-
phropathy, cardiovascular disease, and neuropathy, can shorten
the life expectancy by as much as one third. Even though it has

been demonstrated by the Diabetes Control and Complica-
tions Trial that tight control of blood glucoses with intensive
insulin therapy significantly lowers the level of glycosylated he-
moglobin and minimizes the progression of secondary com-
plications, it does not abrogate these complications, and it also
results in a significantly higher risk of the complications of se-
vere hypoglycemic reaction, including seizure and coma.

These data underscore the importance of developing better
treatment strategies, such as islet transplantation. The concept
of transplanting extracts of pancreas in patients with diabetes is
over a century old, with the first known report occurring in 1894.
In the 1980s, reports of successful allogenic islet cell transplan-
tation in patients with type 1 diabetes with the use of conven-
tional immunosuppression and purified human islets from de-
ceased donors began to appear. But internationally, the overall
rates of success were reported to be less than 10%.

In 2000 Shapiro and his colleagues, including Dr War-
nock, in Edmonton reported 100% success in 7 patients with
modification of the immunosuppressive regimen and mul-
tiple infusions of islets from different donors to achieve nor-
mal glucose levels and independence from exogenous insulin.
However, Edmonton’s success has been tough to duplicate else-
where.

Today we heard from Dr Warnock some very promising re-
sults, and I commend you and your colleagues on your efforts
and success. However, we will anxiously await your longer-
term follow-up of your patients as the current study goes out
only 6 to 21 months posttransplantation of the full greater than
10 000–islet equivalents–per-kilogram dose.

I have a few questions. There are a number of successful
islet transplant centers, including Minnesota, Miami, and I be-
lieve your former institution, Edmonton, that use the perfluo-
rocarbon-based 2-layer method of cold storage to minimize the
effect of cold ischemia, and they report an increased islet yield
and functional success over static UW preservation. This method
has also enabled expansion from the donor pool to include longer
ischemia times greater than 10 hours, marginalized pancreata
from non–heart-beating donors, and pancreata from older aged
donors. You used the static UW solution for transport of your
pancreata to the isolation laboratory, and I am wondering if you
can comment on why you don’t use the perfluorocarbon-
based 2-layer method.

In your exclusion criteria, you exclude patients with car-
diovascular disease, and you mentioned active heart disease.
How is this defined? Do you exclude patients who have had a
recent or remote coronary bypass graft and have no symp-
toms, or are these patients included as possible candidates for
islet cell transplantation?

The experience with islet autotransplantation after total pan-
createctomy suggests that if ischemia and immune reactivity
could be circumvented, fewer islets are required to induce and
maintain normoglycemia. You report on 2 patients who only
required 1 infusion to reach the dose exceeding 10 000 islet
equivalents per kilogram. Did you note any difference in char-
acteristics of the donors, the pancreata, the procurement pro-
cedures, or the cold ischemic times in these 2 patients? In ad-
dition, you showed total yield on one of your grafts of 214 million
IE in the first purification in group 1 who undergo the stan-
dard islet cell processing and in group 2 who undergo 2 puri-
fications. In the first purification, the yield is about 334 mil-
lion IE. Although this is not statistically significant, it does appear
to represent a fairly large difference, and I am wondering how
you can account for the differences in islet yield.

In the patients who required more than 1 islet infusion to
reach the greater than 10 000 islet equivalents per kilogram,
did the timing of the next infusion affect the outcome in terms
of insulin independence? Also, other than perhaps differences
in diet, what was unique to those 5 patients who required some
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insulin at 3- to 9-months follow-up after islet cell transplanta-
tion? You did show that there were sustained C-peptide secre-
tions at similar levels in the group that did not require insulin
compared to the group that did, but at a glance it looks like
the levels were lower in the group that required insulin. Have
you looked at titers of islet cell antigens and glutamic acid de-
carboxylase (GAD) antibodies in these patients, suggesting re-
currence of the autoimmune response?

In your current protocol, which I actually didn’t see in your
slide presentation but in the manuscript, you mentioned that
there is a minor departure from the Edmonton protocol where
you give 2 doses of glucocorticoid, 125 mg. Albeit this is a very
small exposure, I am wondering if this has a negative impact
on the islets.

Can you comment on whether you think that the intrahe-
patic site is the best site for islet infusion given the 10% inci-
dence of hepatic bleeding due to the procedure reported in the
literature in addition to the high exposure of islets to toxins,
including immunosuppressive medications that enter the por-
tal vein, and the rare risk of portal vein thrombosis? Given that
the alternative sites, such as omentum or peritoneal cavity, would
avoid these issues, in addition, they would require overall less
islet mass by avoiding the roughly 50% loss of islets during the
purification process. What are your thoughts?

Finally, in this era of organ shortage, there is a significant
motivation to search for new sources of transplantable islets.
What are your thoughts about the potential for adult and em-
bryonic pluripotent adult and embryonic stem cells, which are
expandable in culture and have a potential to give rise to all
cell types in the body, including islets, to be used as islet re-
placement tissue with the possibility of unlimited quantities to
be generated? I am only aware of this in in vitro studies as well
as in mice.

This paper is another very important contribution by Dr War-
nock and his colleagues to the evolution of a treatment strat-
egy that has the potential to improve the lives of a vast num-
ber of patients and represents the efforts of a highly focused
and skilled team. This group undoubtedly has been the lead-
ing contributor to this goal, and I want to thank you for shar-
ing your excellent results with us.

William H. Marks, MD, Seattle, Wash: I just want to dove-
tail a question to Dr Orloff’s. When you look at the 5 recipi-
ents who returned to insulin therapy vs those who remained
insulin free, did you find there was a difference in the percent-
age of the rescued islets that they received? Also, in your re-
sponse, Dr Orloff, you referred to the culture being central to
an effective isolation mechanism. Other groups have also iden-
tified a culture step as being an important part of obtaining vi-
able islets. I wonder if you would briefly comment on what you
believe to be the survival advantage derived by islets from the
culture process.

Nancy L. Ascher, MD, PHD, San Francisco, Calif: I was
wondering how your group goes about distributing islets vs solid-
organ pancreas transplants. I think the audience may not be
aware that, in fact, patients who would be candidates for solid-
organ transplants are actually competing with those patients
who could be candidates for islets. I was wondering how your
group makes that distinction.

In addition, as we think about islet transplant outcome vs
best practice, I wonder if you don’t need a third group to com-
pare and that is the patients who undergo solid-organ trans-
plantations.

Dr Warnock: Thank you very much, Dr Orloff, and thanks
to the other discussants for your very thoughtful comments.
Dr Orloff, that was a very thoughtful review of some of the as-
pects of islet transplantation that I think helps us to really un-
derstand this area much more thoroughly. I will take your com-
ments and questions in order.

You have asked us about comparison with the groups who
are using a perfluorochemical, 2-layer pancreas storage. We
didn’t embark upon this at the time this study started, since
the data were just beginning to emerge from the research at that
time. Since our short cold storage time here is 4 to 5 hours,
our laboratory team is available on call, the retrievals come from
within the province, and the pancreas gets delivered to the labo-
ratory right away, we didn’t believe that we needed to really
set this up. However, I agree with your comment that if one
wants to optimize the situation where the logistics of trans-
port require storage for over 8 hours, the data seem to suggest
that perfluorochemical, 2-layer storage would be helpful.

You asked about exclusion of patients with active heart dis-
ease: this is defined as those persons with symptomatic angina
pectoris who have positive MIBI [technetium Tc 99m ses-
tamibi] scanning and certainly when they enter the best medi-
cal therapy program, they do receive clinical and MIBI screen-
ing, and if medical care can be optimized or stabilized with
intervention or coronary artery bypass grafting, then they can
become candidates for islet transplants.

You asked about the situation where 2 patients only re-
quired a single infusion, and we have indeed had a positive ex-
perience of being able to offer single-donor islets. I think that
when we look at the dose of islets, one has to keep in mind
that many programs select individuals for very lean body mass.
They may get a lower islet dose, but it allows them to offer the
critical islet mass much more effectively. We don’t do that be-
cause these individuals have come forward through a screened
best medical program and so we take all comers, providing the
body mass index is not over 30.

In terms of the question you had about some differences you
observed in the number of islets in group 1 and group 2 with a
solitary purification, it’s a good point. There can be differences
incollagenaselots,eventhoughinvestigatorshaveseenmoreprom-
ising uniformity of lots, reducing variability. There was a shift in
thecollagenaseusedatthattime.Buttoaddressthis,wehavelooked
at the prepurification islet yields and certainly didn’t see any dif-
ference there, so I think our data really do reflect the augmented
improvement from the repurification as demonstrated with the
consecutive series processed with repurification.

In terms of the patients who had more than one infusion,
to get more than 10 000 per kilogram body weight, we have
not observed the increment of C-peptide secretion after mul-
tiple infusions that was expected. So there is no question in our
minds that if you can do this right and get the right dose in
there the first time, much the better. I think any step to go to
single-donor infusion or even multidonor infusion at one time
at the very first time point is the best objective.

You have asked us about those individuals who had re-
turned back to some insulin therapy and whether that might
be due to recurrent autoimmunity. Unfortunately, we don’t have
a way of tracking immune injury. The hopes and expectations
that anti-GAD antibodies might discern autoimmunity haven’t
been proved due to lack of specificity: antibodies can increase
whether patients are on insulin or not. Other criteria that our
laboratory is evaluating are expression of tolerogenicity or mi-
croarray analysis in serum, and this might allow us to distin-
guish those subsets of individuals who have auto- or alloimmune-
mediated vs tolerogenic response.

One of your questions was why some doses of steroids were
given. We went to the T-cell–depleting regimen here, in con-
trast with the Edmonton protocol, to minimize any immune is-
let injury. These patients actually get quite an uncomfortable re-
sponse to the antithymocyte globulin (ATG), and we felt the
steroids gave them very good symptomatic relief of that. It is pos-
sible that those small doses may have had an effect, but in argu-
ment with that, some who have had the best long-term function
had steroids. To minimize this, now we like to pretreat the re-
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cipients before the islet infusion goes in, providing the ATG along
with a small dose of steroids before the infusion.

You have wondered if the intrahepatic site is best for islet
infusion. It has allowed our radiology interventionalists to come
in and do this on an elective basis because of a culture period
rather than calling them in at night. But the intraportal site may
not be optimal. When you look at preclinical studies in out-
bred animals, it’s very clear that islets in the intraportal site show
decline with time in function, and we don’t see that in the in-
trasplenic site. Similarly, the omental pouch works, but unfor-
tunately the islet doses are still quite high.

As far as the growth and development of islets, undoubt-
edly there is in the pancreas a stem cell, and in some of our
preparations there are ductal elements that go in with the
graft. Our analysis cannot yet discern if that might be a subset
where there is better long-term function, but suffice to say it is
extremely controversial in the basic biology literature as to
what constitutes a pancreatic stem cell in adult pancreas. We
have been very interested in having a developmental biologist
work with us to look at the potential that a duct cell in the
pancreas with these islets can contribute to better long-term
function.

Dr Marks had asked us about the 5 patients who returned
to insulin. Was there a difference in the outcome of these be-
cause of rescued islets? No, there were no differences in the
rescued islets in those groups, but, as I have mentioned, the
augment of C-peptide with the additional infusion was not what
we expected it to be. What we surmise in that group is that per-
haps a reinfusion into the portal circulation might increase the

thrombogenic response with that augmented graft, and in fact
there are data now to suggest that.

You have also wondered if culture affects the survival. Cer-
tainly, looking at insulin secretion and caspase apoptotic ex-
pression in the grafts, it seems that short-term culture does not
adversely affect viability. There is a reduced islet number, but
that’s because the islets do shrink up after culture, and by our
standard islet count protocols, would appear to be a reduction
in islet mass.

Finally, Dr Ascher has asked us how we allocate organs where
there may be a solid-organ or whole-organ pancreas program vs
an islet program. Our program does offer whole-organ pan-
creas transplants to those individuals who have gone on to end-
stage diabetic nephropathy, needing a kidney transplant. Those
individuals are waitlisted and enter that program. This current
study I have shown you is part of an ongoing 50-patient cohort
study of patients who have entered best medical therapy with
the aim of determining if we can prevent renal failure with a pri-
mary outcome of renal function. So there are 2 very separate
groups. The 2 programs are complementary, not in competi-
tion, which agrees with previous data from the Philadelphia group.
Whole-organ transplantation might well be an area that could
be a third arm of such a study. I think that at this stage, with the
immunosuppressive regimens, the use of calcineurin inhibi-
tors, it makes it very difficult to get those patients into such a
treatment protocol because one does need obligate use of those
agents at bigger doses and that may adversely affect renal func-
tion. So certainly I think in the future, if our immunosuppres-
sion would be friendlier, it could be an excellent third arm.
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