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Introduction

Islet transplantation is a growing therapeutic option for patients 
with labile type 1 diabetes mellitus. As observed in the early 
Edmonton series1 and later in a multi-center trial,2 there is con-
cern that initial transplant success has followed by partial graft 
failure over time.3 The attrition of β-cell mass and function may 
be due to the combined effects of allorejection, autoimmune dia-
betes recurrence and toxicity of immunosuppressive agents on the 
islet cell; but the relative contribution of these factors remains 
incompletely defined. The optimal immunosuppressive protocol 
for islets has yet to be defined that can provide both complete 
protection from allo- and autoimmune injury while avoiding spe-
cific β-cell toxicity.

The use of sirolimus, tacrolimus in islet transplantation 
have been associated with insulin resistance4 and reduced insu-
lin secretion.5 The selective protein kinase C (PKC) inhibitor, 
AEB071 (AEB, international nonproprietary name: sotrastau-
rin), which targets the conventional (PKCα, PKCβI, PKCβII, 
PKCγ) and novel (PKCδ, PKCε, PKCη, PKCθ), but not atypical 

AEB071 (AEB, sotrastaurin), a specific inhibitor of protein kinase C, reduces T lymphocyte activation and cytokine 
release. AEB delays islet allograft rejection in rats and prevents rejection when combined with cyclosporine. Since many 
immunosuppressive agents have toxic effects on the function of transplanted islets, we investigated whether this was 
also the case with AEB. Human islets were transplanted into Rag-knockout mice randomly assigned to vehicle control, 
AEB or sirolimus treatment groups. Non-fasting blood glucose levels, body weight and glucose tolerance was measured 
in recipients. In a separate experiment, human islets were cultured in the presence of AEB and assayed for glucose 
dependent insulin secretion and level of β-cell apoptosis. Eighty-six percent of the AEB-treated recipients achieved 
normoglycemia following transplant (compared with none in sirolimus-treated group, p < 0.05). AEB-treated recipients 
exhibited similar glucose homeostasis as vehicle-treated controls, which was better than in sirolimus-treated recipients. 
Human islets cultured with AEB showed similar rates of β-cell apoptosis (p = 0.98 by one-way ANOVA) and glucose 
stimulated insulin secretion (p = 0.15) as those cultured with vehicle. These results suggest that AEB is not associated 
with toxic effects on islet engraftment or function. AEB appears to be an appropriate immunosuppressive candidate for 
clinical trials in islet transplantation.
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(PKCι, PKCζ, PK-N1, PK-N2) isoforms of PKCs,6-9 may poten-
tially avoid risk of islet toxicity. Unlike other kinase inhibitors, 
AEB is specific for PKC rather than other tyrosine or serine/
threonine kinases.6,7,9 AEB has been investigated for its ability to 
delay whole organ10,11 and cell transplant rejection12 among other 
indications.13

PKCθ is involved in the signaling cascade leading to activa-
tion of T-cells and works downstream to both signal 1 (through 
T-cell receptor) and signal 2 (CD28 and other co-stimulation).14 
PKC and calcineurin (the target of calcineurin inhibitor tacro-
limus and cyclosporine) work synergistically to increase NFAT 
activation, while PKC also acts to increase NFκB mediated tran-
scription. PKC and calcineurin show synergistic activation of 
NFAT and IL-2 production in vitro and in vivo,15-17 and we have 
shown complementary immunosuppressive function between 
their inhibitors AEB and CsA in rodents after islet transplan-
tation.12 Furthermore, AEB can delay the onset of autoimmune 
diabetes in the NOD mouse.18

We have previously demonstrated that AEB is not toxic to 
β-cell function or glucose homeostasis in naïve rodents.12 Here, 
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with human islets was to investigate the engraftment and func-
tion in a rejection-free environment.19 Recipients were randomly 
assigned to either of an AEB, sirolimus or vehicle control treat-
ment group. A sirolimus treatment group was chosen as a positive 
control of drug induced toxicity on β-cell engraftment based on 
previous reports of this phenomenon.20,21

The first day following transplant on which recipeints began 
to maintain non-fasting blood glucose less than 12.0 mM, 
defined as normoglycemia, was no different between AEB and 
vehicle treated controls (Fig. 2A and p = 0.40). With a median 
time of 19 d following transplant, 85.7% (5 of 7) AEB treated 
recipients achieved normoglycemia;  and 57.1% (4 of 7) of con-
trols achieved normoglycemia with a median time of 30 d. None 
of the seven sirolimus treated recipients achieved normoglycemia 
(p = 0.0055 vs. AEB treated animals). Correspondingly, blood 
glucose levels among sirolimus treated animals were higher than 
those of both vehicle and AEB treated recipients (Fig. 2B and  
p < 0.0001 for treatment effect by two-way ANOVA).

Body weight of transplants recipients increased to 102.9 ± 
3.2% of pre-transplant weight in AEB treated and 101.0 ± 3.2% 
in vehicle treated control animals (p = 0.63) by 3 weeks following 
transplant. Conversely, a decline in body weight to 86.3 ± 3.5% 
was observed in sirolimus treated transplant recipients (p = 0.009 
vs. vehicle).

To further investigate the level of β-cell reserve among recipi-
ents who achieved normoglycemia, these animals were subject 
to a 3 g/kg dextrose bolus challenge (Fig. 3A and B). The area 
under the curve was used as a cumulative measure of glucose 

we explored potential AEB toxicity on human islets, particularly 
those undergoing the delicate processes of tissue culture, trans-
plantation and engraftment. The present study used freshly iso-
lated human islets and investigated the effect of AEB in vitro 
on β-cell glucose stimulated insulin secretion and spontaneous 
β-cell apoptosis known to occur in culture. In the second part, 
diabetic immunodeficient mice transplanted with a well-defined 
marginal mass of human islets were used to determine if oral 
AEB altered engraftment and glucose homeostasis offered by the 
human islet graft.

Results

AEB does not alter stimulated insulin secretion nor apoptosis 
of human islets in vitro. Human islets cultured in the presence 
of AEB (10, 100, 1,000 and 5,000 nM) or vehicle for 48 h dem-
onstrated similar glucose stimulated insulin secretion (Fig. 1A 
and p = 0.15 by Kruskal-Wallis test). Furthermore, the rate of 
β-cell apoptosis after 48 h culture was similar between treatment 
groups and vehicle control (Fig. 1B and C, p = 0.98 by Kruskal-
Wallis test), as quantified by the proportion of apoptotic nuclei 
(TUNEL+) among insulin+ (β-cells).

AEB, unlike sirolimus, does not alter time to normogly-
cemia, glucose homeostasis or body weight in human islet 
transplant recipients. To determine the influence of therapeutic 
immunosuppressive exposure to AEB on transplanted human 
islets, a previously established model using immunodeficient 
mice incapable of human islet xenograft rejection transplanted 

Figure 1. Human islets cultured for 48 h in the presence of AEB show no perturbation in insulin secretion or β-cell apoptosis. Stimulation indexes of 
cultured human islets in the presence of AEB are similar to that of islets cultured in vehicle control (A, data from three separate islet isolation experi-
ments). Rates of spontaneous apoptosis among β-cells when cultured in AEB were similar with AEB and vehicle control (B). Representative photos of 
immunohistochemistry staining of islets cultured in presence of AEB, colors represent insulin (red), apoptosis (by TUNEL method, green) and nuclei 
(blue) (C, 0 nM; D, 10 nM; E, 100 nM; and F, 1,000 nM).
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detectable in engraftment and function of human pancreatic islets 
undergoing transplantation. The implications of the findings are 
important to both pancreatic islet transplantation, as well as all 
emerging therapeutic indications for AEB such as whole organ 
transplantation (renal and liver), psoriasis, ulcerative colitis and 
uveitis. In these settings, one can extrapolate that β-cell function 
should not be altered by AEB dependent mechanisms, and that 
incidence of post-treatment diabetes will not increase.

Others have shown AEB to be a suitable immunosuppressive 
agent in both pre-clinical and clinical trials.6,7,9-11,13 Here, we show 
that it also does not have toxic effects on glucose homeostasis. 
In clinical pancreatic islet transplant, sirolimus is a commonly 
used immunosuppressive agent and has been shown to have nega-
tive effects on β-cell function and be diabetogenic in some,4,5,20 
but not all, animal models of β-cell function.27,28 Our findings 
support continued investigation into AEB as an alternate immu-
nosuppressive agent since it provides clear benefit over current 
immunosuppressive agents insofar as it has no detectable toxicity 
on β-cells nor glucose homeostasis.

Overall, this study demonstrates that human islets both in 
culture and undergoing transplantation in a marginal mass set-
ting, which are exposed to a therapeutic range of AEB, do not 
experience reduced engraftment. Rather, AEB treated animals 
show better engraftment and function when compared with 
those treated with the current clinical immunosuppressive agent 
sirolimus. This study admittedly does not study the engraftment 
of islets in the setting of a human recipient environment, which 
may reveal the interaction of PKC inhibition in the host as well 
as on transplanted tissue. Furthermore, although our data here 
complements our previous investigations in allograft rejection12 
and autoimmune dysfunction;18 it does not employ an experimen-
tal model which combines these mechanism. Perhaps the clinical 
allograft islet transplant model in patients with autoimmune dia-
betes would be most definitive toward this understanding.

Ongoing Phase I and II clinical trials of AEB are currently 
underway, and will undoubtedly better define the toxicity pro-
file of AEB in humans. An ideal agent in clinical islet transplant 

homeostasis during this tolerance 
test, and found to be significantly 
higher in sirolimus treated recipients 
vs. AEB treated and vehicle control 
recipients (p < 0.05 in both compari-
sons, Fig. 3B).

Islet grafts were assayed by his-
tology for insulin at the time of 
experimental end point (Fig. 4). All 
recipients showed insulin-positive 
staining regardless of treatment 
group.

AEB and sirolimus blood levels. 
One hour peak AEB levels among 
treated recipients was 423.2 ±  
60.1 ng/ml and AEE-800 was 666.6 
± 184 ng/ml, which correspond to 
the therapeutic range of AEB pre-
viously reported in pancreatic islet 
transplantation in rodent islet allotransplant.12 A sirolimus dose 
of 0.2 mg/kg ip daily was initially chosen based on our previ-
ous experience in Balb/c mice where this dose corresponded to 
a trough levels of 5.93 ± 3.1 ng/ml.22 Therapeutic maintenance 
trough level in human pancreatic islet transplant is considered 
to be 7–12 ng/ml.1,2 In these B6 background mice, 24 h through 
sirolimus levels was observed to be 1.7 ± 0.25 ng/ml, which is 
below the therapeutic window.

Discussion

AEB, a protein kinase C inhibitory immunosuppressant, has 
shown early promise in clinical and experimental renal trans-
plantation.23,24 When human islets were challenged in vitro and 
in vivo after transplantation in immunodeficient mice, we could 
find no evidence for β-cell toxicity or impairment of function 
when exposed to AEB at therapeutic dosing. In a marginal islet 
transplant mass model using 1,500 IE human islets, neither the 
fraction of transplant recipients achieving normoglycemia, the 
time taken for recipients to achieve normoglycemia, nor the 
maintenance of glucose homeostatic function out to 6 weeks was 
compromised by treatment of recipients with AEB. Conversely, 
even a small dose of sirolimus, which is below the therapeutic 
level target, was found to reduce glucose homeostatic outcomes 
offered by transplantation of human islets.

We have previously reported that AEB does not have a dia-
betogenic effect on naïve rodents treated with a therapeutic level 
dose for 6 weeks.12 Here, we expand these findings by investi-
gating the impact of AEB on human islets. The nature of these 
investigations is particularly important since the target of AEB, 
protein kinase c, is known to be a widely used signaling molecule 
in endocrine cells including β-cells.25 Others have suggested that 
inhibition of PKC function may reduce diabetic complications 
by reducing oxidative stress and endothelial cell destruction in 
diabetes.26 Either way, there is suspicion of deleterious effects of 
PKC inhibition by AEB on β-cell engraftment and function. We 
have shown in our models that no detectable benefit or toxicity 

Figure 2. AEB-treated human islet transplant recipients show better engraftment and glucose homeo-
stasis than sirolimus treated recipients. STZ-diabetic immunodeficient mice transplanted with a mar-
ginal mass human pancreatic islet transplant show improved reversal of hyperglycemia (A) and glucose 
homeostasis (B) in AEB and vehicle control treated groups vs. sirolimus. Reversal of hyperglycemia is 
statistically significant between vehicle vs. sirolimus and AEB vs. sirolimus (both p < 0.001, ANOVA).
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Sciences Animal Care and Use Committee. All chemicals were 
purchased from Sigma-Aldrich unless otherwise noted. AEB 
(MW = 438.49) was provided by Novartis and was dissolved in 
polyethylene glycol 400 and distilled water for in vivo experi-
ments. Sirolimus (Rapamune) was purchased from the University 
of Alberta Hospital Pharmacy.

Human islets. Research ethics approval for the use of human 
islets was obtained through the University of Alberta Human 
Research Ethics Board. Human islets from the Clinical Islet 
Laboratory at the University of Alberta designated for research 
purposes were enumerated by microscopy and cultured at a den-
sity of 1,000 islet equivalents (IE)/ml in CMRL-1066 supple-
mented with 10% FBS. For in vitro studies, islets were cultured 
in non-treated tissue culture flasks for 48 h in media containing 
0, 10, 100, 1,000 or 5,000 nM of AEB (corresponding to 0, 4.38, 
43.8, 438 and 2,190 ng/ml respectively) at 37°C and 5% CO

2
. 

AEB was dissolved in 0.1% DMSO for culture and 0.1% DMSO 
was used as vehicle control. Three separate islet isolates were used 
in the in vitro experiments and two additional isolates for the in 
vivo experiments.

Glucose stimulated insulin secretion static incubation assay. 
Triplicate aliquots of five hundred IE per treatment group, in 
each experiment, were cultured in 5 ml RPMI-1640 supple-
mented with low concentration glucose (2.8 mM) in a 6-well 
plate within a 40-micron cell strainer at 37°C and 5% CO

2
. 

Following 30 min incubation, the same islet aliquot was trans-
ferred to a well containing 5 ml RPMI-1640 supplemented with 
high concentration glucose (25 mM) for an additional 30 min. 

would preserve the transplanted β-cells through mechanisms of 
allograft rejection, prevent autoimmune disease recurrence, and 
have minimal to no toxic effects on glucose homeostasis. Our 
findings demonstrate that, in animal models at least, AEB has 
all three properties, and therefore, support continued exploration 
of AEB as an immunosuppressive agent in islet transplantation.

Materials and Methods

Animals and reagents. Female C57Bl6-Rag-/- mice were pur-
chased at 6 weeks of age from Jackson Laboratory. All animals 
were housed using conventional methods following Canadian 
Council on Animal Care guidelines, and experiments were 
conducted under approval of the University of Alberta Health 

Figure 3. AEB-treated human islet transplant recipients better glucose homeostasis at 2- and 4-weeks post-transplantation compared with sirolimus 
treated recipients. Glucose tolerance test of human islet recipients shown at 2 weeks (A) and 4 weeks (B). Area under the glucose curve of cumulative 
data (C) illustrates similar glycemic control among marginal mass transplant recipients in vehicle and AEB treatment groups, vs. poor glycemic homeo-
stasis in sirolimus treated recipients.

Figure 4. All transplant recipients showed insulin-positive staining 
of their islet grafts on histological investigation. Transplant recipients 
had their islet-graft bearing kidney assayed for insulin using histology. 
Representative samples of (A) vehicle control, (B) AEB and (C) sirolimus 
treated recipients show that all animals showed insulin staining grafts. 
Insulin stains brown, hematoxylin and eosin were used as counter-
stains.
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120 min. Absolute area under the glucose curve was calculated 
using the trapezoidal method.

Blood concentration of immunosuppressive drugs. At the 
experimental endpoint of 6 weeks, terminal blood collections 
were conducted by cardiac puncture at either 1 h (peak level for 
AEB) or 24 h (trough level for sirolimus) after drug administra-
tion. Whole blood samples were assayed by Novartis Bioanalytics 
for AEB and its chief metabolite (AEE-800) or by the University 
of Alberta Hospital Clinical Trails Laboratory for sirolimus.

Histology. At experimental end point, transplant recipients 
had their islet-bearing kidney harvested, fixed in formalin and 
prepared in paraffin-embedded blocks for sectioning. Guinea 
pig anti-insulin antibody (Dako) at a dilution of 1:500 was used 
for insulin staining. Secondary biotinylated goat anti-guinea pig 
antibody visualized with avidin-binding complex with diamino-
benzidine as a chromagen (Jackson ImmunoResearch) was used 
for detection of the primary antibody. Hematoxylin/Eosin were 
used as counter-stains.

Statistical analysis. Data was analyzed using GraphPad Prism 
(GraphPad Software, version 4.0a). Kaplan-Meyer survival func-
tion curves were compared using the log-rank statistical method. 
Non-parametric one-way or two-way ANOVA and appropriate 
post hoc tests were used for analysis of data as described in the 
results section. Statistical significance was considered to be a 
p-value less than 0.05. All graphical representation of data are 
as mean ± standard error of the mean (SEM) indicated by error 
bars.
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Insulin content was quantified in supernatants from each incuba-
tion phase, in triplicate, by the Special Investigations Laboratory 
at the University of Alberta Hospital using ELISA (Roche 
Diagnostics). Insulin stimulation indices (SI) were calculated as 
insulin content in the high glucose media after culture divided by 
that in low glucose media.

Apoptosis assay. Human islets in culture were prepared for 
histology by fixing in formalin, followed by embedding within 
agar and subsequent preparation in paraffin-embedded blocks. 
Using the method described by Emamaullee et al. islets were 
stained for insulin and apoptotic cells concurrently to quantify 
the ratio of apoptotic to non-apoptotic β-cell.29 Guinea pig anti-
insulin antibody (Dako) at a dilution of 1:500 was used for insu-
lin staining. Secondary TRITC-conjugated goat anti-guinea pig 
antibody (Jackson ImmunoResearch) was used for detection of 
the primary antibody. 4',6-Diamidino-2-phenylindole (DAPI) or 
Hematoxylin/Eosin were used as counter-stains for immunofluo-
rescence and light microscopy respectively. DeadEndTM fluoro-
metric TUNEL kit (Promega) was used as per manufacturer’s 
instructions to detect apoptotic cells. A minimum of 100 insulin-
staining cells per slide was counted for each treatment group in 
each islet isolation experiment.

Diabetes induction, islet transplantation and post- 
operative monitoring. Streptozotocin (190 mg/kg i.p.) was 
administered to induce diabetes in mice at least 3 d prior to trans-
plant. Transplantation was performed when non-fasting blood 
glucose level was ≥20.0 mM for two or more consecutive days. 
Under isoflurane anesthesia, the left kidney of the recipients was 
exposed. The renal capsule was incised with the tip of a 27 gauge 
needle and kept moist with saline. A glass rod was inserted under 
the capsule to allow transplantation of 1,500 IE of human islets 
per diabetic mouse through a PE90 catheter.

Recipients were treated starting on the day of transplant and 
continuously thereafter with either AEB at 30 mg/kg po bid, 
sirolimus 0.2 mg/kg ip daily or vehicle (saline 100 ul po bid). 
Non-fasting blood glucose of recipients was monitored daily fol-
lowing islet transplantation for two weeks, and on alternate days 
thereafter using a One Touch Ultra (LifeScan Inc.,) glucometer. 
Primary graft function (a return to normoglycemia after trans-
plantation) was defined as a minimum of 3 d of blood glucose 
levels less than 12.0 mM. Animals were investigated for six post-
operative weeks, at which time their islet graft was retrieved by 
nephrectomy and their return to hyperglycemia used to confirm 
graft dependent normoglycemic status vs. spontaneous remis-
sion. No animals showed spontaneous remission from diabetes.

Oral glucose tolerance test. At post-operative week two and 
four, islet transplant recipients who exhibited a non-fasting blood 
glucose less than 20 mM were challenged with a 3 g/kg body 
weight oral dextrose bolus following an 18 h fast. Blood glucose 
was monitored before glucose bolus and after 5, 15, 30, 60 and 
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