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Human islets are subjected to a number of stresses before and during their isolation that may influence their
survival and engraftment after transplantation. Apoptosis is likely to be activated in response to these
stresses. Apoptosis due to intrinsic stresses is regulated by pro- and antiapoptotic members of the Bcl-2
family. While the role of the Bcl-2 family in apoptosis of rodent islets is becoming increasingly understood,
little is known about which of these molecules are expressed or required for apoptosis of human islets. This
study investigated the expression of the Bcl-2 family of molecules in isolated human islets. RNA and protein
lysates were extracted from human islets immediately postisolation. At the same time, standard quality
control assays including viability staining and B-cell content were performed on each islet preparation.
Microarrays, RT-PCR, and Western blotting were performed on islet RNA and protein. The prosurvival
molecules Bcl-x1 and Mcl-1, but not Bcl-2, were highly expressed. The multidomain proapoptotic effector
molecule Bax was expressed at higher levels than Bak. Proapoptotic BH3-only molecules were expressed at
low levels, with Bid being the most abundant. The proapoptotic molecules BNIP3, BNIP3L, and Beclin-1
were all highly expressed, indicating exposure of islets to oxygen and nutrient deprivation during isolation.
Our data provide a comprehensive analysis of expression levels of pro- and antiapoptotic Bcl-2 family mem-
bers in isolated human islets. Knowledge of which molecules are expressed will guide future research to
understand the apoptotic pathways activated during isolation or after transplantation. This is crucial for the

design of methods to achieve improved transplantation outcomes.
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INTRODUCTION

Type 1 diabetes (T1D) is the result of autoimmune
destruction of the insulin-producing pancreatic -cells
by cells of the immune system, resulting in lifelong
dependence on insulin injections. One approach to cor-
recting blood glucose levels in T1D is allogeneic human
islet transplantation. In this procedure pancreases obtained
from organ donors are processed to yield isolated islets
by a combination of mechanical and enzymatic digestion
followed by density gradient purification. Islets are
transplanted into the portal circulation of recipients who
receive immunosuppressive medication to inhibit rejec-
tion (60).

The requirement for islets from more than one donor
to reverse diabetes in most recipients is one limitation
to the wider application of the procedure. This is due to
losses of islets in the isolation process and following
transplantation, when many islets die prior to engraft-
ment even in syngeneic models (6). Islets are exposed
to many insults during their isolation, including mechan-
ical stress, hypoxia, and variations in temperature and
collagenase blends (3,5,31,43). After transplantation
other factors have been identified that may influence
the viability and function of transplanted islets over
the short and long term. These include an instant
blood-mediated inflammatory reaction (4,39), toxicity
of immunosuppressive drugs to the B-cells (16,24,28),
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transplant rejection, and reoccurrence of autoimmunity
(7,56,57,62).

Islet cell death during and after isolation may be at
least in part due to apoptotic mechanisms. The pro- and
antiapoptotic members of the Bcl-2 family act in a
tightly regulated manner to control cell death (58). Pro-
apoptotic BH3-only molecules (Bim, Bid, Bad, Puma,
Noxa, Bmf, Bik, and Hrk) initiate apoptosis signaling
either by binding to the prosurvival molecules (Bcl-2,
Bcl-xL, Mcl-1, Bcl-w, and Al) or by direct interaction
with the proapoptotic multidomain molecules Bax and
Bak (58). This signaling results in loss of mitochondrial
outer membrane potential, release of cytochrome c, and
activation of caspases.

We aimed to examine expression of genes associated
with cell death, with particular focus on pro- and antiap-
optotic members of the Bcl-2 family. We reasoned that
high expression of proapoptotic molecules may indicate
that islets have experienced more stress during isolation
and may therefore be less likely to survive after trans-
plantation. We have found consistent expression of
some genes in most islet preparations possibly indicating
apoptotic pathways activated by islet isolation.

MATERIALS AND METHODS
Human Islet Isolation

Human pancreata were obtained, with informed con-
sent from next-of-kin, from heart-beating, brain-dead
donors by the Australian Islet Transplant Consortium.
The project was approved by the human ethics commit-
tees of the hospitals involved and the Red Cross. Human
islets were purified as previously described (54) by
intraductal perfusion and digestion of the pancreas with
collagenase followed by purification using ficoll density
gradients. Purified islets were cultured in CMRL 1066
media (Invitrogen, Grand Island, NY, USA) supple-
mented with 10% human serum albumin, 100 U/ml
penicillin, 100 mg/ml streptomycin, and 2 mmol/l L-
glutamine (complete CMRL), in a 37°C, 5% CO,
humidified incubator. Islet purity was assessed by light
microscopy after staining with dithizone (Sigma Chemi-
cal, St. Louis, MO, USA). For assays involving mono-
dispersed islet cells, the islets were incubated in Accutase
solution (Chemicon, Billerica, MA, USA) for 10 min at
37°C, then mechanically dispersed using a pipette. Islet
cells were washed and recovered in complete CMRL for
1 h at 37°C.

Human Islet Quality Analysis

Islets were stained with dithizone (Sigma Chemical)
and analyzed by light microscopy at 40x magnification,
and purity was visually estimated. Islet viability was
quantified by fluorescence microscopy, after staining
with 254 pM ethidium bromide and 81 UM acridine
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orange (Sigma Chemical). Islet preparations were rou-
tinely assessed for viability by simultaneously staining
monodispersed islet cells for necrosis with 5 pg/ml 7-
aminoactinomycin D (7-AAD), B-cell subsets with 10
uM Newport green (NPG), and apoptosis with 1 uM
tetramethylrhodamineethylester (TMRE) (Molecular
Probes, Invitrogen, Grand Island, NY), and analyzing by
flow cytometry following the method of Ichii et al. (25).
The B-cell viability index (BCVI) was calculated by
multiplying the percentage of NPG" live cells, by the
percentage of TMRE*/NPG" cells from the flow cytome-
try histogram gates. Routine glucose-stimulated insulin
secretion assays were performed to determine the insulin
secretory capacity of the isolated islets. Islets were stim-
ulated at low (3 mM) and high (20 mM) glucose for 30
min at 37°C. Islet supernatants were collected and the
insulin content measured using an ELISA kit (Mercodia,
Uppsala, Sweden), following the manufacturer’s instruc-
tions. The stimulation index (SI) was calculated by
dividing the insulin stimulated at 20 mM glucose by the
insulin stimulated at 3 mM glucose. In vivo functional-
ity for each preparation was also tested by transplanting
2,000 human islet equivalents (IEQ) under the kidney
capsule of each of at least three diabetic nonobese
diabetic severe combined immundeficient rat insulin
promoter H-2Kb class I heavy chain overexpressing
(NOD.SCID.RIPKb) (59) mice, and monitoring blood
glucose levels for 4 weeks posttransplant. The mice
were nephrectomized and blood glucose tested to ensure
the normalization of blood glucose levels was due to the
islet graft. Mice were considered diabetic when they had
a nonfasting blood glucose concentration of = 15 mmol/
L on two consecutive measurements.

RNA Extraction and Quantification

Total cellular RNA was extracted from approxi-
mately 3,000 IEQ using the Macherey-Nagel (Duren,
Germany) NucleoSpin® RNA II kit, following the man-
ufacturer’s instructions. RNA was extracted within 12 h
of isolation. The RNA quality and relative composition
was assessed using an RNA 6000 nanochip on the
Agilent 2100 Bioanalyzer using (Agilent Technologies,
Palo Alto, CA, USA).

Microarrays

Total RNA was extracted from the postisolation
human islets from nine normal cadaveric pancreas
donors using the RNeasy Plus Mini Kit (Qiagen, CA,
USA) according to the manufacturer’s instructions.
RNA quality was assessed using an Agilent 2100 Bion-
alyzer (Agilent Technologies), and all samples had an
RNA integrity number (RIN)>8. cRNA from each
donor was hybridized onto an Affymetrix HG-U133+2
whole genome microarray (Affymetrix, Santa Clara,
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CA, USA) at the Ramaciotti Centre for Gene Function
analysis (UNSW, Sydney, Australia), according to man-
ufacturer protocols. Raw data were normalized using
robust multichip analysis (RMA) (26) on the log (base
2) scale, and probes were collapsed to unique gene sym-
bols based on the probe with the largest average expres-
sion level. Sample H43 had aberrantly low levels of
INS1 and was excluded; we present the results based
upon eight donors. Normalized expression levels for the
Bcl family genes were extracted, ranked by abundance,
and represented as a heatmap, with a global, continuous
color scheme.

Real-Time PCR

RNA (200 ng) per sample was reverse transcribed
using avian myeloblastosis virus (AMV) reverse tran-
scriptase (Promega, Madison, WI, USA). Samples were
incubated at 37°C for 1 h and 95°C for 10 min. cDNA
was diluted 1/10 in RNAse free water. Real-time PCR
reactions were prepared in a final volume of 20 ul using
cDNA derived from 200 ng of input RNA and per-
formed using AmpliTaq Gold® (Applied Biosystems,
Foster City, CA, USA). For each gene TagMan®
(Applied Biosystems) primer probes were used. The
probes contain a 6-carboxy-fluorescein phosphoramidite
(FAM dye) label at the 5" end of the gene and a minor
groove binder and nonfluorescent quencher at the 3" end
and are designed to hybridize across exon junctions.
Thermal cycling conditions comprised polymerase acti-
vation at 95°C for 8 min, then 45 cycles of denaturation
at 95°C for 10 s, and annealing and extension at 60°C
for 60 s. Reactions were performed in a Rotor-gene RG-
3000 real-time PCR machine using Rotor-gene 6 analy-
sis software (Qiagen). Each measurement was performed
in duplicate and the threshold cycle (Ct), the fractional
cycle number at which the amount of amplified target
reached a fixed threshold, was determined. ACt, the dif-
ference between the threshold cycle of a given target
cDNA and the internal standard gene 18S rRNA subunit
cDNA (55), was calculated for each sample.

Applied Biosystems TagMan® Primer/Probe Sets
Used for Real-Time PCR

TagMan® primer probe kits used are the following.
Eukaryotic 18S rRNA (Hs99999901_s1), insulin (HsOO
356618_ml), B-cell CLL/lymphoma 2 (BCL2) (Hs0023
6808_s1), BCL2-like 1 (BCL-xL) (Hs00236329_ml),
myeloid cell leukemia-1 (Mcl-1) (Hs03043899_ml),
BCL-2 antagonist/killer 1 (BAK) (Hs00832876_gl),
BCL2-associated X protein (BAX) (Hs00180269_m1),
BCL2 antagonist of cell death (BAD) (Hs001889
30_ml), BH3 interacting domain death agonist (BID)
(Hs00609630_m1), BCL2-interacting killer (BIK) (Hs00
609635_m1), BCL2-like 11 (BIM) (Hs00375807_ml),
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BCL2-modifyng factor (BMF) (Hs00372938_m1), Bcl-
2/E1B-19K interacting protein 3 (BNIP3) (Hs0096
9291_m1l), Bcl-2/E1B-19K interacting protein 3-like
protein (BNIP3L) (Hs01087963_m1), Beclin-1 (Hs00
186838_m1), Harakiri (HRK) (Hs00705213_s1), induc-
ible nitric oxde synthetase (iNOS) (Hs00167257_ml),
myeloid cell leukemia-1 (Mcl-1) (Hs00766187_ml),
monoocyte chemoattractant protein 1 (Mcp-1) (Hs00
234140_m1), NOXA (Hs00560402_m1), BCL2-binding
component (Hs00248075_m1), and tissue factor (HsOO
175225_m1).

Immunoblotting

Human islet or acinar protein lysates were made
within 1 h of isolation. Mouse thymus, splenocytes and
brain, islets from transgenic mice expressing Bcl-2
under control of the rat insulin promoter (1), and HeLa
cells were used as positive control tissues. To show
cleaved Bid, mouse splenocytes or human islets were
treated with FasL for 48 h before lysates were made.
Cells were washed three times in PBS and lysed in 10
pl of lysis buffer (20 mM Tris/HCL, pH 7.4, 135 mM
NaCl, 1.5 mM MgCl,, 1 mM EGTA, 1% Triton X-100,
1X protease inhibitor cocktail (Sigma Aldrich, St. Louis,
MO, USA), and 1x phosphatase inhibitor cocktail
(Sigma Aldrich). Samples were snap frozen and thawed
three times, before being centrifuged at 10,000 x g for 5
min. Protein was quantified using the bicinchoninic acid
(BCA) protein assay kit (Thermo Fisher Scientific,
Rockford, IL, USA). Twenty micrograms of protein per
sample was separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE; Biorad
Laboratories, Hercules, CA, USA) and transferred to
nitrocellulose membrane (GE Healthcare Biosciences,
Piscataway, NJ, USA) using standard procedures. Mem-
branes were blocked in 5% skim milk in PBS-Tween 20
overnight at 4°C, incubated with the appropriate primary
antibody, and followed by secondary antibodies made in
5% skim milk in PBS-Tween 20. Immunoreactive bands
were visualized with the ECL or ECL Plus detection
systems (GE Healthcare Biosciences). Primary antibod-
ies used in this study were: anti-human Bax (clone AC2)
1:2000, anti-rat Bid (clone AE6) 1:1000, anti-mouse
Bim (clone 3C5) 1:1000, anti-Mcl-1 (clone AA2), anti-
Bcl-2 (all gifts from Professor Andreas Strasser, Walter
and Eliza Hall Institute, Melbourne, Australia), Bcl-x1
(Cell Signalling, Danvers, MA, USA) 1:2000, BNIP3
(Sigma-Aldrich) 1:300, rabbit anti-beta actin (Abcam,
Cambridge, MA, USA) 1:1000. Anti-rabbit or rat HRP-
conjugated secondary antibodies were purchased from
Dako (Glostrup, Denmark).

Statistical and Image Analysis

Microarray analysis was performed using GenePat
tern version 3.2.3 (52) hosted at the Peter Wills
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Bioinformatics Centre (http://pwbc.garvan.unsw.edu.au/
gp). Data analysis was performed using GraphPad Prism
(GraphPad Prism Software, San Diego, CA). Data are
represented as mean = SEM and significance by Stu-
dent’s z-test. Western blot films were scanned using
Canon CanoScan Toolbox Version 4.1 and contrast uni-
formly lightened using Adobe Photoshop Elements Ver-
sion 6.

RESULTS

Gene Expression Profiles of Isolated Human Islets
Are Consistent With Hypoxia and Lack of Nutrients

Microarray analysis of eight transplant quality islet
preparations using Affymetrix whole genome arrays was
performed (Fig. 1). Analysis of Bcl-2 family molecules
revealed that Mcl-1 was the most abundant prosurvival
transcript, with levels very consistent between islet prep-
arations and approaching expression levels of insulin.
Bcl-xL was also expressed at high levels when com-
pared to the other prosurvival molecule Bcl-2. The
hypoxia-induced cell death molecules BNIP3, BNIP3L,
and Beclin-1 were highly expressed in all islet prepara-
tions. BH3-only molecules Bim and Bid were the most
abundant proapoptotic transcripts, although their expres-
sion levels were generally lower than those of the pro-
survival members of the family.

Real-time PCR using RNA from independently iso-
lated human islets from 20 pancreas donors broadly con-
firmed the transcripts found in the microarray studies
(Fig. 2). Insulin levels were measured in all prepara-
tions, and its expression did not vary widely between
donors. Expression levels of individual pro- and antiapo-
ptotic genes did not vary greatly between islet prepara-
tions. The most highly expressed BH3-only molecules
by RT-PCR were Bmf, Bid, Puma, and Noxa. Others,
including Bad, Bik, and Bim, were expressed at lower
levels, just on the limits of detection in this assay.
Although a recent report has suggested Hrk may be
involved in cytokine-induced death of islet cells (23),
we did not find evidence of its expression in human
islets by RT-PCR or gene array, which agrees with stud-
ies using a P-galactosidase reporter that found expres-
sion only in neural tissue (13). While normally
considered a prosurvival molecule, Mcl-1 has a short,
proapoptotic domain (Mcl-1s) that we detected at very
low levels by RT-PCR. Also highly expressed were the
multidomain effector Bax, and the proapoptotic BNIP3,
BNIP3L, and Beclin-1, confirming the microarray results.

Tissue factor and monocyte chemoattractant protein 1
(Mcp-1) are thought to be important in the inflammatory
response in the recipient after transplantation. They were
already highly expressed at the mRNA level after isolation
(Fig. 2C), and without contacting blood, confirming previ-
ous reports (4,27,39,44). Inducible NO synthase was
expressed at very low levels in all islet preparations tested.
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Human Islets Express Bcl-2 Family Members
at the Protein Level

Prosurvival molecules Bcl-xI and Mcl-1 were
expressed in human islets and acinar cells after isolation.
A band of 30 kDa was seen in all islet samples probed
with an antibody recognizing Bcl-x1 (Fig. 3A). Mcl-1
was detected in all islet samples as indicated by a 42-
kDa band in Figure 3A. A weaker band at 30 kDa was
also detected in some preparations corresponding to the
alternatively spliced proapoptotic Mcl-1s. When probed
with an antibody recognizing Bcl-2, a band of 26 kDa
was detected in islets from transgenic mice expressing
human Bcl-2 in their B-cells (1) (Fig. 3B). Bcl-2 protein
was not detected in islets from several human donors
(Fig. 3B), consistent with its low level of mRNA.

Bax protein expression was observed at high levels
in isolated islet preparations and acinar cells from all
donors examined (Fig. 3C). Bak protein was also
expressed, but at lower levels compared to Bax (Fig.
3D). Bid was expressed in isolated islets, but its lower
molecular weight cleaved form was not detected. This
suggests that islets are not exposed to stimuli that acti-
vate Bid during isolation such as FasL, granzyme B, and
proinflammatory cytokines. Cleaved Bid was detected
in human islets after treatment with recombinant FasL,
indicating the islets are susceptible to proapoptotic stim-
uli, and that like in mouse islets, Bid is activated by the
Fas-FasL pathway (Fig. 3E).

Other groups have reported the proapoptotic protein
BNIP3 to exist in both monomeric and dimeric forms,
and that the dimer is stable even under reducing condi-
tions (11). We detected a 60-kDa dimer in human islets
probed with an antibody to BNIP3 (Fig. 3F). The appar-
ent molecular weight of native BNIP3 has been reported
to be 21.5 kDa (11). In human islets from several differ-
ent donors we observed no bands at 21.5 kDa, suggest-
ing the unmodified protein monomer is not present.
Slower migrating, posttranslationally modified forms of
the native BNIP3 protein have been reported in cancer
cell lines (38). We observed bands at 26 and 30 kDa,
representing BNIP3 monomers, in some of the human
islet donors. We also detected anti-BNIP3 reactive
bands at around 40 kDa. Other studies using the same
antibody in cancer cell lines also demonstrated BNIP3
bands between 30 and 50 kDa that may represent
unphosphorylated forms or degradation products of the
BNIP3 homodimer. We did not find an antibody recog-
nizing BNIP3L that was able to detect protein in human
islets by Western blotting.

Expression of Bcl-2 Family Molecules Does Not
Correlate With Quality of Islet Preparations

Quality analysis of human islet preparations used for
RT-PCR and Western blot analysis were performed
(Table 1). The average percentage of viable islets as
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Figure 1. Expression of the pro- and antiapoptotic molecules of the Bcl-2 family in isolated human islets. Gene expression was
analyzed in eight independent islet donor samples by Affymetrix HG-U133+2 whole human genome microarrays. A heat map of
the B-cell CLL/lymphoma 2 (Bcl-2) family genes ranked from highest to lowest expression is shown. The average expression
level is given, with average >6 being scored as detected above the level of background noise. See Materials and Methods for

gene abbreviations.

determined by fluorescence microscopy was 77 £ 12%
(n =9 donors). An average of 78 £ 12% (n = 20 donors)
monodispersed islet cells were live cells as indicated by
absence of 7-AAD staining. Of those live cells an aver-
age of 37 £ 11% cells in the islet preparations were NPG
positive (indicating B-cells) (n = 20 donors). Of these -
cells, viability was 72 £20% (n =20 donors), as mea-
sured by NPG-positive cells with high levels of TMRE
staining. The average B-cell viability index of the islet
cells, calculated by multiplying the proportion of NPG-
positive cells by the proportion of viable cells, was
0.260 = 0.102 (n =20 donors). The average stimulation

index (SI) from low (3 mM) to high (20 mM) glucose
of islets that performed well when grafted into mice was
4.35+2.3 (Table 2). This was significantly more than
that of the islets that performed poorly in mice (mean SI
2.3+0.47, p <0.0001 unpaired z-test). This association
between islet function in vitro and in vivo has been
noted anecdotally by others.

Although the islet preparations varied a great deal in
their function and viability, we did not observe a corre-
lation of gene or protein expression with quality control
data suggesting the expression of Bcl-2 family genes in
isolated islets is similar regardless of in vitro function
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Figure 2. Human islet cells express high levels of BNIP3, BNIP3L, Beclin-1, Bax, Mcl-1, and Bcl-xl. Quantitative RT-PCR using
TaqMan primer probe sets for each gene was run in duplicate in each of three independent experiments, and the ACt was calculated
by normalizing the gene of interest to the 18S housekeeping gene. The data represent the mean ACt for between 2 and 20 different
donors for each gene. The numbers on each bar represent the number of different donors analyzed for each experiment. (A)
Prosurvival molecules, (B) proapoptotic molecules, and (C) proinflammatory molecules.

or whether they were capable of correcting blood glu-
cose levels in diabetic mice.

DISCUSSION

We examined the expression of the Bcl-2 family of
pro- and antiapoptotic molecules in human islets directly
after isolation. The prosurvival molecules Bcl-x1 and
Mcl-1 were highly expressed in isolated human islets
as was the multidomain proapoptotic effector Bax. The
proapoptotic molecules BNIP3, BNIP3L, and Beclin-1
were all highly expressed, indicating exposure of islets
to oxygen and nutrient deprivation during isolation.
While we observed expression of most genes in this

family, we did not observe a correlation of expression
of pro- or antiapoptotic molecules with transplanta-
tion outcome or other quality control criteria, suggest-
ing all human islet preparations may be exposed to
similar stresses.

Limited previous information about the expression
and function of Bcl2 family members is available in
human islets. Expression of Bcl-x1, Mcl-1, Bax, and Bad
has been demonstrated by immunohistochemistry in
human pancreas cells (20,29,30,61). Expression of Bcl-
2, Bcl-xl, Bad, Bik, and Bid in isolated human islets has
also been shown by RT-PCR (21,61). The proapoptotic
molecules BNIP3 and BNIP3L have been shown by
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microarray analysis to be upregulated in isolated human
islets (34).

The Bcl-2 family members that are more highly
expressed may provide a clue to the stresses experienced
in islet isolation. Higher levels of Bcl-xl and Mcl-1
mRNA and protein that were observed suggest they may
be more important than Bcl-2 in prosurvival responses
in islets. Physiological expression of Bcl-x may protect
B-cells from apoptosis. Mouse -cells lacking Bcl-xI are
abnormally sensitive to apoptotic stimuli including
inducers of ER stress, gamma irradiation, and proinflam-
matory cytokines (10). Mcl-1 mRNA has a short half-
life, and the protein is rapidly degraded by proteasomes,
suggesting it plays a role in control of apoptosis in
response to rapidly changing environmental stimuli (63).
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We observed the short proapoptotic Mcl-1s in isolated
human islets, consistent with islet exposure to a cyto-
toxic environment during isolation. Overexpression of
Bcl-2 provides protection from only a limited set of apo-
ptotic signals including staurosporine (1), thapsigargin
to a lesser extent (10), and minimal protection from
cytokine-mediated cell death (51), suggesting a minor
role for Bcl-2 in islet antiapoptotic responses.

Several BH3-only proteins, including Bid, Bad, and
Bmf, are relatively easy to detect in healthy cells and
require posttranslational modification to induce proapo-
ptotic activity (48). Bid and Bad have both been impli-
cated in the extrinsic apoptosis pathway (death receptors
and proinflammatory cytokines) in islets. Bid was one
of the more highly expressed transcripts in human islets

hBd-2 Islets
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Figure 3. Human islet cells express Bcl-xl, Mcl-1, Bax, Bid, and BNIP3 after isolation. Western blotting was performed with
antibodies to Bel-xl (A), Mcl-1 (A), Bcl-2 (B), Bax (C), Bak (D), Bid (E), BNIP3 (F), and B-actin as a loading control. Molecular
weight markers are shown in kDa. The results are representative of three independent experiments performed with five to seven
different islet preparations.
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and was also detected at the protein level. We did not
observe cleaved Bid (tBid) immediately after islet isola-
tion, but it was detectable after incubation of islets with
FasL. These data suggest that, like in mouse islets, Bid
is activated by death receptors but that the islets had not
been exposed to death receptor activation during isola-
tion. Bad was shown to be dephosphorylated by calcine-
urin in rodent, but not human B-cells in response to
proinflammatory cytokines (15). We observed low lev-
els of Bad in human islets in RT-PCR and microarray
studies. Bmf is normally sequestered into the cyto-
skeletal structure and is released in response to stress
stimuli such as detachment of cells or anoikis (49). Cell
detachment is a stress likely to occur in islet isola-
tion. It remains to be determined if Bmf is activated in
islet isolation.

Other BH3-only molecules, including Puma, Bim,
and Noxa, are regulated by transcription factors such as
p53 (50) or CCAAT/enhancer binding protein (CHOP)
(47). Bim and Puma are required for glucose- or ribose-
induced apoptosis in mouse islets (37), while a role for
Noxa in islets remains to be determined. In our study
Bim, Puma, and Noxa were expressed at low levels.
Without similar expression data from laser-dissected
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islets prior to isolation, we cannot conclude that these
transcripts have altered during islet isolation. However,
our data confirm the expression in human islets of mole-
cules that are known to be activated by apoptotic stimuli
in mouse islets.

Bax and Bak are multidomain proapoptotic effector
molecules downstream of the BH3-only molecules. Bax
was highly expressed in all isolated human islet prepara-
tions, whereas Bak was expressed at low levels. Previ-
ous data from our laboratory demonstrated that Bax, but
not Bak, is transcriptionally upregulated in islets by high
concentrations of glucose or ribose (37). The difference
in expression of these molecules may reflect the appar-
ent bias towards requirement for Bax over Bak in islets,
although both Bax and Bak were required for death
receptor-induced apoptosis of mouse islets (36).

BNIP3 and BNIP3L are activated by oxygen depriva-
tion or changing nutrient conditions, and together with
Beclin-1 are implicated in autophagy (14,33). Compari-
son of gene expression in isolated human islets relative
to laser dissected, B-cell-rich areas from a pancreas
biopsy of the same donor found increased expression of
hypoxia- and oxidative stress-induced genes, including
BNIP3, in isolated islets (34). High levels of BNIP3,

Table 1. Islet Quality Control Information for Pancreas Donors Used for This Study

% TAAD" % NPG* % TMRE' No.
Age % Tslet Dead 7JAAD™ NPG' 7AAD™ of Mice
Donor (Years)  Purity SI Cells B-Cells Live B-Cells BCVI  Cured
1 64 90 2.03 7.3 41.7 96.4 0.4 777
2 65 80 25.1 17.5 37.8 80.4 0.3 3/3
3 62 70 2.04 16.5 33.7 92 0.31 3/3
4 72 90 3.15 29.7 45.9 83.3 0.38 1/1*
5 63 70 1.76 46.3 30 24.6 0.074 2/3
6 18 90 1.44 11.9 21.1 67.5 0.14 2/2
7 41 90 2 33.8 28.5 97.6 0.28 3/3
8 55 80 2.57 17.8 35.1 66.4 0.23 3/3
9 67 70 1.45 333 324 76.8 0.25 3/3
10 60 85 2 34 51.7 64.1 0.33 2/2%
11 53 80 4.6 11.8 40.3 85.5 0.35 0/4
12 61 50 0.85 24 27.9 82.7 0.23 0/2%*
13 53 70 0.76 24.4 21.6 71.2 0.15 0/0
14 58 90 1.6 15.5 44.6 30 0.13 0/3*
15 46 80 3.3 12.2 21.8 68.2 0.15 0/3
16 60 50 1.8 8.71 33.6 73.1 0.25 0/2%*
17 53 95 1.04 7.3 35.8 73.7 0.26 0/6
18 64 70 n/a 41.7 66 51 0.34 0/0
19 37 70 4.09 19 513 90.6 0.46 0/4*
20 56 85 2.66 27.6 32.1 55.9 0.18 0/17

SI, stimulation index; 7AAD, 7-aminoactinomycin D; NPG, New Port Green; TMRE, tetramethylrhodaminee-

thylester; BCVI, B-cell viability index.
*One additional animal died under anesthetic.

FTwo or more additional animals died under anesthetic.
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Table 2. Summary of Expression Studies for the Pro- and Antiapoptotic Members

of the Bcl-2 Family in Human Islets

Microarray  Real-Time  Western
Level of Expression Gene Average PCR ACt Blot
High
Islet specific insulin 14.3 8.3 N
Antiapoptotic Bel-xl 8.8 12.2 +
Mcl-11 10.9 12.5 +
Proapoptotic BNIP3 11.9 14.6 +
BNIP3L 8.9 15.2 N
Beclin-1 8.4 16.7 N
Inflammatory tissue factor 7.8 14.6 N
Mcp-1 9.5 15.2 N
Low
Proapoptotic multidomain ~ Bax 5.7 15.7 +
Bak 59 21.5 +
Proapoptotic BH3-only Bad 6.0 233 N
Bid 6.4 18.7 +
Bik 6.0 21.1 N
Bim 7.8 22.0 +*
Bmf 52 17.7 N
Hrk 3.9 29.3 N
Mcl-1s N 254 +
Noxa 6.0 19.8 N
Puma 6.3 19.7 +*
Inflammatory iNOS 4.4 25.6 N
Antiapoptotic Bcl-2 5.1 21.8 -

The level of molecule expression was classed as high if both the microarray AVE was higher
than 7.0 and the real-time PCR ACt was less than 17. N: not completed; +: staining detected;
—: staining not detected. See Materials and Methods for definition of gene abbreviations.

*Data not shown.

BNIP3L, and Beclin-1 suggest that islets are exposed to
lack of oxygen and nutrients during isolation, even
though temperatures are kept low to minimize cellular
metabolism. A correlation between reduced oxygen sup-
ply, upregulation of the hypoxia-inducible factor HIF-
1o, and the occurrence of apoptosis has been shown in
isolated human and rat islets (41).

Further work is required to compare gene expression
in isolated islets with that in biopsies of the pancreas
taken without cessation of blood supply or prior to islet
isolation to confirm whether isolation stresses have led
to increased expression of these molecules. It remains
possible that expression of these molecules is activated
in the donors before pancreas retrieval, as brain death is
associated with damage that can lead to activation of
apoptotic pathways (2,12,46).

Inhibition of proapoptotic Bcl-2 family molecules
during islet isolation may reduce islet cell death and
slow or prevent initial graft loss after transplantation.
Treatment of islets with antioxidants (8,35,45) or anti-
inflammatory agents (22,53,64) promotes islet survival

and this may be in part due to prevention of activation
of proapoptotic signaling in B-cells. The iron chelator
and antioxidant desferoxamine has been used during
islet isolation and may promote vascularization of grafts
(32); however, it also targets HIF-low and thus may
induce hypoxic stress in islets (9). Targeting apoptosis
with synthetic caspase inhibitors such as zVAD-FMK
(17,19,40,42), or overexpression of the X-linked inhibi-
tor of apoptosis (XIAP) (18,24) has also been beneficial
in preventing posttransplant islet loss. Understanding the
expression of apoptotic genes and their targets is there-
fore critical for guiding strategies to improve islet qual-
ity after isolation.

ACKNOWLEDGMENTS: This study was supported by The
Australian Federal Department of Health and Ageing and the
Juvenile Diabetes Research Foundation International. We
thank the Tom Mandel Islet Transplant Program and The Cen-
tre for Transplant and Renal Research, Westmead Millennium
Institute for Medical Research for isolated human islets, Sta-
cey Fynch and Gaurang Jhala for excellent technical assis-
tance, and Professor Andreas Strasser and Dr. Lorraine
O’Reilly from the Walter and Eliza Hall Institute of Medical



58

Research for antibodies. We thank Dr. Helen Speirs from the
Ramaciotti Centre for technical assistance and advice regard-
ing microarrays. The authors declare no conflicts of interest.

10.

11.

12.

REFERENCES

. Allison, J.; Thomas, H.; Beck, D.; Brady, J. L.; Lew,

A. M.; Elefanty, A.; Kosaka, H.; Kay, T. W.; Huang,
D. C.; Strasser, A. Transgenic overexpression of human
Bcl-2 in islet beta cells inhibits apoptosis but does not
prevent autoimmune destruction. Int. Immunol. 12:9-17;
2000.

. Amado, J. A.; Lopez-Espadas, F.; Vazquez-Barquero, A.;

Salas, E.; Riancho, J. A.; Lopez-Cordovilla, J. J.; Garcia-
Unzueta, M. T. Blood levels of cytokines in brain-dead
patients: Relationship with circulating hormones and
acute-phase reactants. Metabolism 44:812—-816; 1995.

. Benhamou, P. Y.; Watt, P. C.; Mullen, Y.; Ingles, S.;

Watanabe, Y.; Nomura, Y.; Hober, C.; Miyamoto, M.;
Kenmochi, T.; Passaro, E. P.; Zinner, M. J.; Brunicardi,
F. C. Human islet isolation in 104 consecutive cases. Fac-
tors affecting isolation success. Transplantation 57:1804—
1810; 1994.

. Bennet, W.; Sundberg, B.; Groth, C. G.; Brendel, M. D.;

Brandhorst, D.; Brandhorst, H.; Bretzel, R. G.; Elgue, G.;
Larsson, R.; Nilsson, B.; Korsgren, O. Incompatibility
between human blood and isolated islets of Langerhans:
A finding with implications for clinical intraportal islet
transplantation? Diabetes 48:1907-1914; 1999.

. Bertuzzi, F.; Cainarca, S.; Marzorati, S.; Bachi, A.; Anto-

nioli, B.; Nano, R.; Verzaro, R.; Ricordi, C. Collagenase
isoforms for pancreas digestion. Cell Transplant. 18:203—
206; 2009.

. Biarnes, M.; Montolio, M.; Nacher, V.; Raurell, M.; Soler,

J.; Montanya, E. Beta-cell death and mass in syngeneic-
ally transplanted islets exposed to short- and long-term
hyperglycemia. Diabetes 51:66—72; 2002.

. Bosi, E.; Braghi, S.; Maffi, P.; Scirpoli, M.; Bertuzzi, F.;

Pozza, G.; Secchi, A.; Bonifacio, E. Autoantibody
response to islet transplantation in type 1 diabetes. Diabetes
50:2464-2471; 2001.

. Bottino, R.; Balamurugan, A. N.; Tse, H.; Thirunavukkarasu,

C.; Ge, X.; Profozich, J.; Milton, M.; Ziegenfuss, A.;
Trucco, M.; Piganelli, J. D. Response of human islets to
isolation stress and the effect of antioxidant treatment.
Diabetes 53:2559-2568; 2004.

. Cantley, J.; Selman, C.; Shukla, D.; Abramov, A. Y.;

Forstreuter, F.; Esteban, M. A.; Claret, M.; Lingard, S. J.;
Clements, M.; Harten, S. K.; Asare-Anane, H.; Batterham,
R. L.; Herrera, P. L.; Persaud, S. J.; Duchen, M. R.;
Maxwell, P. H.; Withers, D. J. Deletion of the von Hippel-
Lindau gene in pancreatic beta cells impairs glucose
homeostasis in mice. J. Clin. Invest. 119:125-135; 2009.
Carrington, E. M.; McKenzie, M. D.; Jansen, E.; Myers,
M.; Fynch, S.; Kos, C.; Strasser, A.; Kay, T. W.; Scott,
C. L.; Allison, J. Islet beta-cells deficient in Bcl-xL
develop but are abnormally sensitive to apoptotic stimuli.
Diabetes 58:2316-2323; 2009.

Chen, G.; Ray, R.; Dubik, D.; Shi, L.; Cizeau, J.;
Bleackley, R. C.; Saxena, S.; Gietz, R. D.; Greenberg,
A. H. The EIB 19K/Bcl-2-binding protein Nip3 is a
dimeric mitochondrial protein that activates apoptosis. J.
Exp. Med. 186:1975-1983; 1997.

Contreras, J. L.; Eckstein, C.; Smyth, C. A.; Sellers, M. T.;

13.

14.

17.

18.

19.

20.

21.

22.

CAMPBELL ET AL.

Vilatoba, M.; Bilbao, G.; Rahemtulla, F. G.; Young, C. J.;
Thompson, J. A.; Chaudry, I. H.; Eckhoff, D. E. Brain
death significantly reduces isolated pancreatic islet yields
and functionality in vitro and in vivo after transplantation
in rats. Diabetes 52:2935-2942; 2003.

Coultas, L.; Terzano, S.; Thomas, T.; Voss, A.; Reid, K.;
Stanley, E. G.; Scott, C. L.; Bouillet, P.; Bartlett, P.; Ham,
J.; Adams, J. M.; Strasser, A. Hrk/DP5 contributes to the
apoptosis of select neuronal populations but is dispensable
for haematopoietic cell apoptosis. J. Cell Sci. 120:2044—
2052; 2007.

Daido, S.; Kanzawa, T.; Yamamoto, A.; Takeuchi, H.;
Kondo, Y.; Kondo, S. Pivotal role of the cell death factor
BNIP3 in ceramide-induced autophagic cell death in
malignant glioma cells. Cancer Res. 64:4286—4293; 2004.

. Danial, N. N.; Walensky, L. D.; Zhang, C. Y.; Choi,

C. S.; Fisher, J. K.; Molina, A. J.; Datta, S. R.; Pitter,
K. L.; Bird, G. H.; Wikstrom, J. D.; Deeney, J. T.;
Robertson, K.; Morash, J.; Kulkarni, A.; Neschen, S.;
Kim, S.; Greenberg, M. E.; Corkey, B. E.; Shirihai, O. S.;
Shulman, G. I.; Lowell, B. B.; Korsmeyer, S. J. Dual role
of proapoptotic BAD in insulin secretion and beta cell sur-
vival. Nat. Med. 14:144—153; 2008.

. Desai, N. M.; Goss, J. A.; Deng, S.; Wolf, B. A

Markmann, E.; Palanjian, M.; Shock, A. P.; Feliciano, S.;
Brunicardi, F. C.; Barker, C. F.; Naji, A.; Markmann,
J. F. Elevated portal vein drug levels of sirolimus and
tacrolimus in islet transplant recipients: Local immuno-
suppression or islet toxicity? Transplantation 76:1623—
1625; 2003.

Emamaullee, J. A.; Davis, J.; Pawlick, R.; Toso, C.;
Merani, S.; Cai, S. X.; Tseng, B.; Shapiro, A. M. The
caspase selective inhibitor EP1013 augments human islet
graft function and longevity in marginal mass islet trans-
plantation in mice. Diabetes 57:1556—-1566; 2008.
Emamaullee, J. A.; Rajotte, R. V.; Liston, P.; Korneluk,
R. G.; Lakey, J. R.; Shapiro, A. M.; Elliott, J. F. XIAP
overexpression in human islets prevents early posttrans-
plant apoptosis and reduces the islet mass needed to treat
diabetes. Diabetes 54:2541-2548; 2005.

Emamaullee, J. A.; Stanton, L.; Schur, C.; Shapiro, A. M.
Caspase inhibitor therapy enhances marginal mass islet
graft survival and preserves long-term function in islet
transplantation. Diabetes 56:1289—-1298; 2007.

Evans, J. D.; Cornford, P. A.; Dodson, A.; Greenhalf, W_;
Foster, C. S.; Neoptolemos, J. P. Detailed tissue expres-
sion of bcl-2, bax, bak and bcl-x in the normal human
pancreas and in chronic pancreatitis, ampullary and pan-
creatic ductal adenocarcinomas. Pancreatology 1:254—
262; 2001.

Federici, M.; Hribal, M.; Perego, L.; Ranalli, M.
Caradonna, Z.; Perego, C.; Usellini, L.; Nano, R.; Bonini,
P.; Bertuzzi, F.; Marlier, L. N.; Davalli, A. M.; Carandente,
O.; Pontiroli, A. E.; Melino, G.; Marchetti, P.; Lauro, R.;
Sesti, G.; Folli, F. High glucose causes apoptosis in cul-
tured human pancreatic islets of Langerhans: A potential
role for regulation of specific Bcl family genes toward an
apoptotic cell death program. Diabetes 50:1290-1301;
2001.

Grey, S. T.; Longo, C.; Shukri, T.; Patel, V. I.; Csizmadia,
E.; Daniel, S.; Arvelo, M. B.; Tchipashvili, V.; Ferran, C.
Genetic engineering of a suboptimal islet graft with A20
preserves beta cell mass and function. J. Immunol. 170:
6250-6256; 2003.



EXPRESSION OF BCL-2 FAMILY IN HUMAN ISLETS

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Gurzov, E. N.; Ortis, F.; Cunha, D. A.; Gosset, G.; Li, M.;
Cardozo, A. K.; Eizirik, D. L. Signaling by IL-1beta+IFN-
gamma and ER stress converge on DP5/Hrk activation: A
novel mechanism for pancreatic beta-cell apoptosis. Cell
Death Differ. 16:1539-1550; 2009.

Hui, H.; Khoury, N.; Zhao, X.; Balkir, L.; D’Amico, E.;
Bullotta, A.; Nguyen, E. D.; Gambotto, A.; Perfetti, R.
Adenovirus-mediated XIAP gene transfer reverses the
negative effects of immunosuppressive drugs on insulin
secretion and cell viability of isolated human islets. Diabe-
tes 54:424-433; 2005.

Ichii, H.; Inverardi, L.; Pileggi, A.; Molano, R. D.;
Cabrera, O.; Caicedo, A.; Messinger, S.; Kuroda, Y.;
Berggren, P. O.; Ricordi, C. A novel method for the
assessment of cellular composition and beta-cell viability
in human islet preparations. Am. J. Transplant. 5:1635—
1645; 2005.

Irizarry, R. A.; Bolstad, B. M.; Collin, F.; Cope, L. M.;
Hobbs, B.; Speed, T. P. Summaries of Affymetrix Gene
Chip probe level data. Nucleic Acids Res. 31:e15; 2003.
Johansson, H.; Lukinius, A.; Moberg, L.; Lundgren, T.;
Berne, C.; Foss, A.; Felldin, M.; Kallen, R.; Salmela, K.;
Tibell, A.; Tufveson, G.; Ekdahl, K. N.; Elgue, G.; Korsgren,
O.; Nilsson, B. Tissue factor produced by the endocrine
cells of the islets of Langerhans is associated with a nega-
tive outcome of clinical islet transplantation. Diabetes 54:
1755-1762; 2005.

Johnson, J. D.; Ao, Z.; Ao, P.; Li, H.; Dai, L. J.; He, Z.;
Tee, M.; Potter, K. J.; Klimek, A. M.; Meloche, R. M.;
Thompson, D. M.; Verchere, C. B.; Warnock, G. L. Dif-
ferent effects of FK506, rapamycin, and mycophenolate
mofetil on glucose-stimulated insulin release and apopto-
sis in human islets. Cell Transplant. 18:833-845; 2009.
Kitada, S.; Krajewska, M.; Zhang, X.; Scudiero, D.;
Zapata, J. M.; Wang, H. G.; Shabaik, A.; Tudor, G.;
Krajewski, S.; Myers, T. G.; Johnson, G. S.; Sausville,
E. A;; Reed, J. C. Expression and location of pro-apopto-
tic Bcl-2 family protein BAD in normal human tissues and
tumor cell lines. Am. J. Pathol. 152:51-61; 1998.
Kobayash, H.; Doi, R.; Hosotani, R.; Miyamoto, Y.;
Koshiba, T.; Fujimoto, K.; Ida, J.; Tsuji, S.; Nakajima, S.;
Kawaguchi, M.; Shiota, K.; Imamura, M. Immunohisto-
chemical analysis of apoptosis-related proteins in human
embryonic and fetal pancreatic tissues. Int. J. Pancreatol.
27:113-122; 2000.

Lakey, J. R.; Warnock, G. L.; Rajotte, R. V.; Suarez-
Alamazor, M. E.; Ao, Z.; Shapiro, A. M.; Kneteman,
N. M. Variables in organ donors that affect the recovery
of human islets of Langerhans. Transplantation 61:1047—
1053; 1996.

Langlois, A.; Bietiger, W.; Mandes, K.; Maillard, E.;
Belcourt, A.; Pinget, M.; Kessler, L.; Sigrist, S. Over-
expression of vascular endothelial growth factor in vitro
using deferoxamine: A new drug to increase islet vascu-
larization during transplantation. Transplant. Proc. 40:
473-476; 2008.

Liang, X. H.; Kleeman, L. K.; Jiang, H. H.; Gordon, G.;
Goldman, J. E.; Berry, G.; Herman, B.; Levine, B. Protec-
tion against fatal Sindbis virus encephalitis by beclin, a
novel Bcl-2-interacting protein. J. Virol. 72:8586-8596;
1998.

Marselli, L.; Thorne, J.; Ahn, Y. B.; Omer, A.; Sgroi,
D. C.; Libermann, T.; Otu, H. H.; Sharma, A.; Bonner-
Weir, S.; Weir, G. C. Gene expression of purified

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

59

beta-cell tissue obtained from human pancreas with laser
capture microdissection. J. Clin. Endocrinol. Metab. 93:
1046-1053; 2008.

Marzorati, S.; Antonioli, B.; Nano, R.; Maffi, P.;
Piemonti, L.; Giliola, C.; Secchi, A.; Lakey, J. R
Bertuzzi, F. Culture medium modulates proinflammatory
conditions of human pancreatic islets before transplanta-
tion. Am. J. Transplant. 6:2791-2795; 2006.

McKenzie, M. D.; Carrington, E. M.; Kaufmann, T.;
Strasser, A.; Huang, D. C.; Kay, T. W.; Allison, J.;
Thomas, H. E. Proapoptotic BH3-only protein Bid is
essential for death receptor-induced apoptosis of pancre-
atic beta-cells. Diabetes 57:1284—1292; 2008.

McKenzie, M. D.; Jamieson, E.; Jansen, E. S.; Scott,
C. L.; Huang, D. C.; Bouillet, P.; Allison, J.; Kay, T. W_;
Strasser, A.; Thomas, H. E. Glucose induces pancreatic
islet cell apoptosis that requires the BH3-only proteins
Bim and Puma and multi-BH domain protein Bax. Diabetes
59:644-652; 2010.

Mellor, H. R.; Rouschop, K. M.; Wigfield, S. M.; Wouters,
B. G.; Harris, A. L. Synchronised phosphorylation of
BNIP3, Bcl-2 and Bcl-xL in response to microtubule-
active drugs is JNK-independent and requires a mitotic
kinase. Biochem. Pharmacol. 79:1562-1572; 2010.
Moberg, L.; Johansson, H.; Lukinius, A.; Berne, C.; Foss,
A.; Kallen, R.; Ostraat, O.; Salmela, K.; Tibell, A.; Tufveson,
G.; Elgue, G.; Nilsson Ekdahl, K.; Korsgren, O.; Nilsson,
B. Production of tissue factor by pancreatic islet cells as a
trigger of detrimental thrombotic reactions in clinical islet
transplantation. Lancet 360:2039-2045; 2002.

Montolio, M.; Tellez, N.; Biarnes, M.; Soler, J.; Montanya,
E. Short-term culture with the caspase inhibitor z-VAD.
fmk reduces beta cell apoptosis in transplanted islets and
improves the metabolic outcome of the graft. Cell Transplant.
14:59-65; 2005.

Moritz, W.; Meier, F.; Stroka, D. M.; Giuliani, M.;
Kugelmeier, P.; Nett, P. C.; Lehmann, R.; Candinas, D.;
Gassmann, M.; Weber, M. Apoptosis in hypoxic human
pancreatic islets correlates with HIF-lalpha expression.
FASEB J. 16:745-747; 2002.

Nakano, M.; Matsumoto, I.; Sawada, T.; Ansite, J.;
Oberbroeckling, J.; Zhang, H. J.; Kirchhof, N.; Shearer,
J.; Sutherland, D. E.; Hering, B. J. Caspase-3 inhibitor
prevents apoptosis of human islets immediately after iso-
lation and improves islet graft function. Pancreas 29:104—
109; 2004.

Nano, R.; Clissi, B.; Melzi, R.; Calori, G.; Maffi, P.;
Antonioli, B.; Marzorati, S.; Aldrighetti, L.; Freschi, M.;
Grochowiecki, T.; Socci, C.; Secchi, A.; Di Carlo, V.;
Bonifacio, E.; Bertuzzi, F. Islet isolation for allotransplan-
tation: variables associated with successful islet yield and
graft function. Diabetologia 48:906-912; 2005.

Piemonti, L.; Leone, B. E.; Nano, R.; Saccani, A.; Monti,
P.; Maffi, P.; Bianchi, G.; Sica, A.; Peri, G.; Melzi, R.;
Aldrighetti, L.; Secchi, A.; Di Carlo, V.; Allavena, P;
Bertuzzi, F. Human pancreatic islets produce and secrete
MCP-1/CCL2: Relevance in human islet transplantation.
Diabetes 51:55-65; 2002.

Pileggi, A.; Molano, R. D.; Berney, T.; Cattan, P;
Vizzardelli, C.; Oliver, R.; Fraker, C.; Ricordi, C.; Pastori,
R. L.; Bach, F. H.; Inverardi, L. Heme oxygenase-1 induc-
tion in islet cells results in protection from apoptosis and
improved in vivo function after transplantation. Diabetes
50:1983-1991; 2001.



60

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Pratschke, J.; Wilhelm, M. J.; Kusaka, M.; Basker, M.;
Cooper, D. K.; Hancock, W. W_; Tilney, N. L. Brain death
and its influence on donor organ quality and outcome after
transplantation. Transplantation 67:343-348; 1999.
Puthalakath, H.; O’Reilly, L. A.; Gunn, P.; Lee, L.; Kelly,
P. N.; Huntington, N. D.; Hughes, P. D.; Michalak, E. M.;
McKimm-Breschkin, J.; Motoyama, N.; Gotoh, T.; Akira,
S.; Bouillet, P.; Strasser, A. ER stress triggers apoptosis
by activating BH3-only protein Bim. Cell 129:1337—
1349; 2007.

Puthalakath, H.; Strasser, A. Keeping killers on a tight
leash: Transcriptional and post-translational control of the
pro-apoptotic activity of BH3-only proteins. Cell Death
Differ. 9:505-512; 2002.

Puthalakath, H.; Villunger, A.; O’Reilly, L. A.; Beaumont,
J. G.; Coultas, L.; Cheney, R. E.; Huang, D. C.; Strasser,
A. Bmf: A proapoptotic BH3-only protein regulated by
interaction with the myosin V actin motor complex, acti-
vated by anoikis. Science 293:1829-1832; 2001.

Qiu, W.; Leibowitz, B.; Zhang, L.; Yu, J. Growth factors
protect intestinal stem cells from radiation-induced apo-
ptosis by suppressing PUMA through the PI3K/AKT/p53
axis. Oncogene 29:1622-1632; 2010.

Rabinovitch, A.; Suarez-Pinzon, W.; Strynadka, K.; Ju,
Q.; Edelstein, D.; Brownlee, M.; Korbutt, G. S.; Rajotte,
R. V. Transfection of human pancreatic islets with an anti-
apoptotic gene (bcl-2) protects beta-cells from cytokine-
induced destruction. Diabetes 48:1223—1229; 1999.
Reich, M.; Liefeld, T.; Gould, J.; Lerner, J.; Tamayo, P.;
Mesirov, J. P. GenePattern 2.0. Nat. Genet. 38:500-501;
2006.

Riachy, R.; Vandewalle, B.; Belaich, S.; Kerr-Conte, J.;
Gmyr, V.; Zerimech, F.; d’Herbomez, M.; Lefebvre, J.;
Pattou, F. Beneficial effect of 1,25 dihydroxyvitamin D3
on cytokine-treated human pancreatic islets. J. Endocrinol.
169:161-168; 2001.

Ricordi, C.; Lacy, P. E.; Finke, E. H.; Olack, B. J.; Scharp,
D. W. Automated method for isolation of human pancre-
atic islets. Diabetes 37:413-420; 1988.
Rodriguez-Mulero, S.; Montanya, E. Selection of a suit-
able internal control gene for expression studies in pancre-
atic islet grafts. Transplantation 80:650—-652; 2005.

56.

57.

58.

59.

60.

61.

62.

63.

64.

CAMPBELL ET AL.

Sharma, V.; Andersen, D.; Thompson, M.; Woda, B. A;
Stoff, J. S.; Hartigan, C.; Rastellini, C.; Phillips, D.;
Mordes, J. P.; Rossini, A. A. Autoimmunity after islet-cell
allotransplantation. N. Engl. J. Med. 355:1397-1399;
2006.

Stegall, M. D.; Lafferty, K. J.; Kam, L; Gill, R. G. Evi-
dence of recurrent autoimmunity in human allogeneic islet
transplantation. Transplantation 61:1272—-1274; 1996.
Strasser, A. The role of BH3-only proteins in the immune
system. Nat. Rev. Immunol. 5:189-200; 2005.
Sutherland, R. M.; Mountford, J. N.; Allison, J.; Harrison,
L. C.; Lew, A. M. The non-immune RIP-Kb mouse is a
useful host for islet transplantation, as the diabetes is
spontaneous, mild and predictable. Int. J. Exp. Diabetes
Res. 3:37-45; 2002.

The Collaborative Islet Transplant Registry. 2007 update
on allogeneic islet transplantation from the Collaborative
Islet Transplant Registry (CITR). Cell Transplant. 18:
753-767; 2009.

Thomas, D.; Yang, H.; Boffa, D. J.; Ding, R.; Sharma,
V. K.; Lagman, M.; Li, B.; Hering, B.; Mohanakumar, T.;
Lakey, J.; Kapur, S.; Hancock, W. W.; Suthanthiran, M.
Proapoptotic Bax is hyperexpressed in isolated human
islets compared with antiapoptotic Bcl-2. Transplantation
74:1489-1496; 2002.

Velthuis, J. H.; Unger, W. W.; van der Slik, A. R;
Duinkerken, G.; Engelse, M.; Schaapherder, A. F.;
Ringers, J.; van Kooten, C.; de Koning, E. J.; Roep,
B. O. Accumulation of autoreactive effector T cells and
allo-specific regulatory T cells in the pancreas allograft of
a type 1 diabetic recipient. Diabetologia 52:494-503;
20009.

Yang, T.; Buchan, H. L.; Townsend, K. J.; Craig, R. W.
MCL-1, a member of the BLC-2 family, is induced rap-
idly in response to signals for cell differentiation or death,
but not to signals for cell proliferation. J. Cell. Physiol.
166:523-536; 1996.

Yang, Z.; Chen, M.; Ellett, J. D.; Carter, J. D.; Brayman,
K. L.; Nadler, J. L. Inflammatory blockade improves
human pancreatic islet function and viability. Am. J.
Transplant. 5:475-483; 2005.



