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Preculturing Islets With Adipose-Derived Mesenchymal Stromal Cells 
Is an Effective Strategy for Improving Transplantation Efficiency at the 

Clinically Preferred Intraportal Site
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We have recently shown that preculturing islets with kidney-derived mesenchymal stromal cells (MSCs) 
improves transplantation outcome in streptozotocin-diabetic mice implanted with a minimal mass of islets 
beneath the kidney capsule. In the present study, we have extended our previous observations to investigate 
whether preculturing islets with MSCs can also be used to enhance islet function at the clinically used intra-
portal site. We have used MSCs derived from adipose tissue, which are more readily accessible than alternative 
sources in human subjects and can be expanded to clinically efficacious numbers, to preculture islets throughout 
this study. The in vivo efficacy of grafts consisting of islets precultured alone or with MSCs was tested using a 
syngeneic streptozotocin-diabetic minimal islet mass model at the clinically relevant intraportal site. Blood glu-
cose concentrations were monitored for 1 month. The vascularization of islets precultured alone or with MSCs 
was investigated both in vitro and in vivo, using immunohistochemistry. Islet insulin content was measured by 
radioimmunoassay. The effect of preculturing islets with MSCs on islet function in vitro was investigated using 
static incubation assays. There was no beneficial angiogenic influence of MSC preculture, as demonstrated by 
the comparable vascularization of islets precultured alone or with MSCs, both in vitro after 3 days and in vivo 1 
month after islet transplantation. However, the in vitro insulin secretory capacity of MSC precultured islets was 
superior to that of islets precultured alone. In vivo, this was associated with improved glycemia at 7, 14, 21, and 
28 days posttransplantation, in recipients of MSC precultured islets compared to islets precultured alone. The 
area of individual islets within the graft-bearing liver was significantly higher in recipients of MSC precultured 
islets compared to islets precultured alone. Our experimental studies suggest that preculturing islets with MSCs 
represents a favorable strategy for improving the efficiency of clinical islet transplantation.
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INTRODUCTION

Allogeneic islet transplantation offers the possibility 
to treat selected patients with type 1 diabetes (T1D), but 
the limited availability of human islet material is a major 
obstacle preventing the widespread application of islet 
transplantation as a therapy for the majority of patients 
with T1D. This is exacerbated by the dramatic loss of islet 
cells during pretransplant culture (23,48), as well as sig-
nificant destruction of islets soon after infusion into the 
portal vein, which is largely attributed to the instant blood-
mediated inflammatory response (4). Since the majority of 
intraportally transplanted islets fail to engraft adequately 
(25), most patients require islet infusions from two to four 
donors (2,42) in order to achieve appropriate blood glu-
cose control. Strategies to reduce the loss of valuable islet 

material during the clinical islet transplantation procedure 
will contribute to the achievement of routine single-donor 
islet transplantation, thereby increasing the availability of 
transplant material for more patients.

While a number of reports have indicated that fresh 
islets produce superior transplantation outcomes to cul-
tured islets (24,35,39), it is clear that for clinical purposes, 
culturing islets is preferable for logistical reasons. A short-
term culture period allows time for quality control testing 
of islet preparations, the initiation of immunosuppressive 
regimens for transplant recipients, and the shipment of 
islets to transplant centers (23,49). However, since islet 
function declines with culture, it is important to develop 
strategies to maintain or improve the function and quality 
of islets during this period in vitro prior to transplantation.
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Mesenchymal stromal cells (MSCs) secrete an array 
of trophic factors that are likely to enhance the survival 
and function of islets during culture. Additionally, MSCs 
offer a host of immunomodulatory, anti-inflammatory, 
angiogenic, and regenerative properties that help to 
improve islet function and survival in vivo. We have 
recently reported that preculturing islets with kidney-
derived MSCs using a direct contact coculture config-
uration improves islet transplantation outcome at the 
renal subcapsular site in diabetic mice (39). Although 
our previous study and other reports (21,28,37) have 
provided important proof of concept, the experimen-
tal models differ from clinical islet transplantation in 
some important aspects. Thus, although the renal sub-
capsular site is commonly used for transplantation stud-
ies in rodents (31), the morphological remodeling of 
islets transplanted here differs from that of islets deliv-
ered by the more clinically relevant intraportal route. 
Specifically, at the renal subcapsular site, individual 
islets fuse to form an aggregated mass of endocrine 
tissue (6,8,38,40), whereas islets infused into the por-
tal vein disperse throughout the portal vasculature and 
engraft as single entities. Therefore, in the current study, 
we investigated whether preculturing islets with MSCs 
improves the transplantation outcome of islets delivered 
by the clinically relevant intraportal route. Our previ-
ous investigation demonstrated that neither preculture 
of islets in MSC-conditioned media nor Transwell islet-
MSC preculture were sufficient to enhance islet function 
in vitro, in contrast to a direct contact coculture configu-
ration, where we observed improved islet function both 
in vitro and in vivo. Thus, we have utilized this direct 
cell-contact configuration throughout the current study. 
Additionally, we have utilized murine MSCs derived 
from adipose tissue, which have good potential for clini-
cal application, as they are readily accessible and can 
be harvested following liposuction. The overall aim of 
the current study was therefore to assess the potential 
benefits of pretreating islets with a clinically accessible 
population of stromal cells derived from adipose tissue 
prior to transplantation via the clinically relevant intra-
portal route.

MATERIALS AND METHODS

Experimental Animals

Male C57Bl/6 mice (Harlan, Huntingdon, UK) aged 
8–12 weeks were used as donors and recipients. Mice were 
made diabetic by intraperitoneal streptozotocin (STZ) 
injection (180 mg/kg; Sigma-Aldrich, Poole, UK), and those 
with a nonfasting blood glucose concentration of ³360 mg/
dl were used as recipients. Blood glucose concentrations  
were determined using a blood glucose meter and strips 
(Accu-Chek; Roche, Burgess Hill, UK) with blood obtained 
from a pinprick to the tail. All animal procedures were 

approved by our institution’s Ethics Committee and carried 
out under license, in accordance with the UK Home Office 
Animals (Scientific Procedures) Act 1986.

Isolation of Adipose-Derived MSCs

Adipose-derived MSCs were isolated from male 
C57Bl/6 mice aged 8–12 weeks. Testicular fat pads were 
rinsed in Ca2+ and Mg2+-free phosphate-buffered saline 
(PBS; Sigma-Aldrich) and cut into small pieces. The 
pieces were digested with collagenase (1 mg/ml; type 
I; Sigma-Aldrich) at 37°C for 30 min with intermittent 
shaking. The resultant suspension was passed through a 
100-μm cell strainer (SLS, Nottingham, UK) to remove 
large tissue debris. Cells were pelleted by centrifugation 
for 10 min at 400 × g. The cell pellet was resuspended in 
Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich) supplemented with 1% (v/v) penicillin/strep-
tomycin solution (Gibco BRL, Gaithersburg, MD, USA) 
and 10% (v/v) fetal calf serum (FCS; Sigma-Aldrich), 
seeded in 25-cm2 Nunc cell culture flasks (Thermo Fisher 
Scientific, Loughborough, UK) and incubated at 37°C, 
5% CO

2
. Medium was changed after 24 h to remove any 

nonadherent cells and floating adipocytes. When cul-
tures reached confluence, cells were trypsinized (0.05% 
trypsin; Sigma-Aldrich) and subcultured at empirically 
determined passage ratios until spindle-shaped, adherent 
cells outgrew other cell types.

Characterization of Adipose-Derived MSCs

Adipose MSCs were analyzed for the presence of sur-
face markers by flow cytometry. MSCs at passage 8 were 
trypsinized, resuspended in PBS, and incubated with the 
following fluorescein isothiocyanate (FITC; 0.025 mg/ml)- 
or phycoerythrin (PE; 0.01 mg/ml)-conjugated antibod-
ies (1:20): cluster of differentiation 11b (CD11b), CD31, 
CD44, CD45, CD73, CD90.2, CD105, and stem cell anti-
gen-1 (Sca-1) (BD Pharmingen, San Diego, CA, USA). 
After 30-min incubation at 4°C, the cells were washed 
and resuspended in 0.5 ml PBS. Cells were analyzed in 
a FACS Canto II cytometer (BD Biosciences, San Jose, 
CA, USA).

Adipose MSCs at passage 9 were assessed for their 
differentiation capacity along the adipogenic, osteogenic, 
and chondrogenic lineages. Adipogenic and osteogenic 
differentiation was performed as previously described 
(38). Osteogenic differentiation was evaluated by aliza-
rin red (Sigma-Aldrich) detection of mineralized calcium 
nodule deposition, whereas adipogenic differentiation 
was evaluated by oil red O (Sigma-Aldrich) staining 
of lipid droplet formation. Chondrogenic differentiation 
was induced using micromass cultures before addition of 
 chondrogenic differentiation medium, comprising DMEM 
supplemented with 10 ng/ml transforming growth factor-b1 
(TGF-b1; Miltenyi, Woking, Surrey, UK), 0.1× ITS premix 
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(Invitrogen, Paisley, UK), 100 μM ascorbic acid, 1 μM 
dexamethasone, and 1.25 μg/ml bovine serum albumin 
(BSA; Sigma-Aldrich). Micromasses were cultured in 
this medium for 7 days, followed by 21 days in medium 
without FBS. Chondrogenic differentiation was evaluated 
by alcian blue (Sigma-Aldrich) detection of glycosamin-
oglycan (GAG) deposition.

Islet Isolation and MSC Coculture

Islets were isolated by collagenase digestion (1 mg/
ml; type XI; Sigma-Aldrich) followed by density gradi-
ent separation (Histopaque-1077; Sigma-Aldrich). After 
washing with Roswell Park Memorial Institute (RPMI)-
1640 medium (Sigma-Aldrich), islets were picked into 
groups of 100 for culture with or without adipose MSCs 
for 3 days. We utilized a direct contact monolayer con-
figuration to coculture islets with adipose MSCs, as pre-
viously described (39). Briefly, 200,000 adipose MSCs of 
passage 7–12 were seeded into Nunclon™ 35-mm Petri 
dishes, forming a confluent monolayer of cells within 
12 h. MSCs were cultured in DMEM supplemented with 
1% (v/v) penicillin/streptomycin solution supplemented 
with 10% (v/v) FCS and incubated at 37°C in a humidi-
fied atmosphere containing 5% CO

2
. The medium was 

changed after 24 h, with removal of nonadherent cells. 
One hundred freshly isolated islets were then added to 
each Petri dish allowing direct cell–cell contact between 
the islets and preseeded MSCs. The medium was 
replaced with RPMI-1640 [supplemented with 10% (v/v) 
FCS, 2 mmol/L glutamine (Sigma-Aldrich), and 100 U/ml 
penicillin/0.1 mg/ml streptomycin]. Control islets were 
cultured alone as groups of 100, in RPMI-1640, in non-
treated 35-mm tissue culture Petri dishes. Islets cultured 
using the direct contact monolayer configuration formed 
loose attachments with the MSCs by 3 days but were 
removed for in vitro analysis or transplantation experi-
ments by gentle pipetting.

Islet Function In Vitro

Insulin secretion in vitro was assessed using static 
incubations of isolated islets. Islets were preincubated 
for 2 h in RPMI containing 36 mg/dl glucose (Sigma-
Aldrich). Groups of three islets were transferred into 1.5-ml 
Eppendorf tubes (Star Labs, Ahrensburg, Germany) and 
incubated at 37°C in a bicarbonate-buffered physiological 
salt solution (Gey and Gey buffer) containing 2 mmol/L 
CaCl

2
 and 0.5 mg/ml BSA (components of, all from 

Sigma-Aldrich) (15) and either 36 or 360 mg/dl glucose. 
After 1 h, samples of the incubation medium were taken 
and stored at −20°C until assayed for insulin content 
using in-house radioimmunoassay (RIA), as previously 
described (7,20). For assessment of islet insulin content, 
islets were pelleted by centrifugation, washed in PBS, 
lysed in acidified ethanol, and sonicated prior to RIA.

Intraportal Transplantation of Islets

Mice were transplanted intraportally with 250 islets 
that had been precultured alone or precultured with 
adipose MSCs. The number of transplanted islets was 
chosen to act as a minimal islet mass in the control islet-
alone group, intending to reverse hyperglycemia in only 
a proportion of diabetic recipients, to enable detection of 
treatment-dependent improvements in graft function by 
increases in the rate of reversal of hyperglycemia. Islets 
were packed in a 25-gauge butterfly needle in a volume 
of £0.2 ml RPMI. An abdominal incision was made and 
islets infused into the portal vein with the 25-gauge but-
terfly needle connected to a Hamilton syringe (Fisher, 
Pittsburgh, PA, USA). Excess bleeding was prevented by 
applying a small piece of SpongostanTM film (Ethicon, 
Norderstedt, Germany) as the needle was removed from 
the portal vein. The body weight and blood glucose con-
centrations of recipient mice were monitored every 3 to 
4 days. Cure was defined as nonfasting blood glucose 
concentrations £200 mg/dl for at least two consecutive 
readings, without reverting to hyperglycemia on any sub-
sequent day. The insulin content of the pancreata from 
all transplanted mice and control nondiabetic, nontrans-
planted C57BL/6 mice was measured by using an in-house 
radioimmunoassay, as previously described (7,20).

Immunohistochemistry of Isolated Islets and Islet Grafts

Graft-bearing livers or isolated islets were fixed in 
4% (v/v) formalin (Sigma-Aldrich) and paraffin embed-
ded. Sections were stained for b-cells and microvascular 
endothelial cells (ECs). For CD31 and CD34 staining 
(detection of ECs), antigen retrieval was required [2 min 
in 10 mmol/L citric acid solution, pH 6.0 (Sigma-Aldrich) 
in a pressurized cooker]. Sections were incubated for 1 h 
at room temperature in the appropriate primary antibody 
as follows: polyclonal guinea pig anti-insulin antibody 
(1:1,000; Dako, Ely, UK), with a monoclonal rat anti-
CD34 antibody (1:500; AbD Serotec, Kidlington, UK) or 
with a monoclonal rat anti-CD31 antibody (1:80; Dianova, 
Hamburg, Germany). Slides were then incubated for 1 h 
at room temperature with either a goat biotin anti-guinea 
pig antibody (1:200; Jackson Immunolaboratories, West 
Grove, PA, USA) or a rabbit biotinylated anti-rat anti-
body (1:200; Vector Laboratories, Peterborough, UK). 
Sections were incubated with streptavidin–horseradish 
peroxidase (Dako) and diaminobenzidine (Dako).

Evaluation of Vascular Density and 
Islet Graft Morphology

Intraportally transplanted islets were evaluated for 
size (according to the area of insulin-positive tissue) and 
integrity (16). Islets were considered intact if they were 
spheroid with round boundaries or fragmented if they had 
irregularly shaped borders with uneven boundaries (16). 
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ImageJ software (NIH, Bethesda, MD, USA) was used to 
determine area and vascular density. The graft endocrine 
tissue vascular density was determined as the number 
of CD31+ or CD34+ ECs/mm2 of insulin-positive tissue 
(consecutive sections stained with insulin antibodies).

Statistical Analysis

Statistical analysis used Student’s t test or ANOVA as 
appropriate. Two-way repeated measurement ANOVA 
was used with Bonferroni’s post hoc test to analyze 
repeated measurements in the same animal at different 
time points. A Kaplan–Meier survival curve was used to 
identify differences in the time to cure between groups. A 
value of p < 0.05 was considered significant. All data are 
expressed as means ± SEM.

RESULTS

Characterization of Adipose-Derived MSCs

Murine adipose-derived MSCs were assessed for the 
expression of a panel of cell surface markers associated 
with MSC phenotype, using flow cytometry. Cells were 
positive for CD44 (>99%), Sca-1 (>41%), and CD73 
(>26%), which are characteristic of murine MSCs. The 
stromal cells did not express CD90.2 and CD105, which 
are commonly associated with human MSCs (10). Cells 
were also negative for CD11b, CD31, and CD45, which 
are markers of macrophages, ECs, and hematopoietic 
cells (Fig. 1A). The MSCs demonstrated multilineage 
differentiation potential in vitro, adopting osteogenic, 
adipogenic, and chondrogenic cell fates. Prior to differ-
entiation, cells exhibited a characteristic spindle-shaped 
morphology (Fig. 1B). In contrast to control cells shown 
in Figure 1B, punctate staining of calcium nodules by 
alizarin red can be seen in Figure 1C. Conglomerating 
immature lipid droplets (arrowhead) visualized by oil 
red O can be seen in Figure 1D, and GAGs uniformly 
deposited throughout the entire micromass culture were 
detected by alcian blue staining are shown in Figure 1E.

Preculturing Islets With Adipose-Derived MSCs 
Enhances Islet Function In Vitro

Islet function and intraislet EC number decline dur-
ing short-term culture. To determine whether preculture 
with adipose MSCs influenced islet insulin secretory 
capacity or EC number, islets were maintained in culture 

in vitro for 3 days either alone or with adipose MSCs 
using a direct contact monolayer configuration. Glucose-
stimulated insulin secretion was potentiated when islets 
were precultured on the adipose MSC monolayer com-
pared to islets precultured alone (p < 0.05), while basal 
insulin secretion was similar between culture groups 
(Fig. 2A). The beneficial influence of adipose MSCs on 
islet function in vitro was independent of any effect on 
islet insulin content, which was comparable between the 
two culture groups (Fig. 2B). In accordance, islet area 
was also similar between culture groups (11,330 ± 947 
and 13,114 ± 1,097 μm2, islets precultured alone and MSC 
precultured islets, respectively, n = 64–74 islet sections 
from four mice in each culture group, p > 0.05). There 
were very few CD31+ ECs present within islet sections 
of islets precultured alone (Fig. 2C) or in islets that had 
been precultured on the adipose MSC monolayer for 3 
days (Fig. 2D). The ECs that were observed were gener-
ally present as single cells, as opposed to contributing to 
mature intensely immunostained vascular structures, typ-
ical of native pancreatic islets, demonstrating that MSC 
preculture does not prevent the loss and/or dedifferentia-
tion of ECs during short-term culture. Quantification of 
the number of CD31+ ECs showed that adipose MSCs 
had no beneficial angiogenic effect in vitro, with a simi-
larly low vascular density observed in islet sections from 
both culture groups (Fig. 2E). Islet sections from both 
culture groups were also immunostained with CD34 anti-
bodies as an additional EC marker, which confirmed the 
lack of any significant intraislet EC survival in both cul-
ture groups (37.3 ± 15.4 and 37.1 ± 10.9 CD34+ ECs/mm2, 
islets precultured alone and islets precultured with MSCs, 
respectively, n = 64–74 islet sections from four mice in 
each culture group, p > 0.05), while indicating that a 
minor subset of intraislet ECs were CD31+, but lacked 
CD34 expression.

In Vivo Function of Islets Precultured With Adipose-
Derived MSCs Prior to Intraportal Transplantation

Preculturing islets with adipose MSCs improved graft 
function in vivo as shown in Figure 3. Average blood 
glucose concentrations were significantly lower at 7, 
14, 21, and 28 days posttransplantation in recipients of 
adipose MSC precultured islets compared with recipi-
ents of islets precultured alone (p < 0.05) (Fig. 3A). At 

FACING PAGE
Figure 1. Characterization of adipose-derived MSCs. (A) Cell surface marker expression of mouse adipose mesenchymal stromal 
cells (MSCs) at passage 9. Flow cytometry histograms show the expression levels (blue peaks) of selected markers associated with 
the characterization of murine MSCs [cluster of differentiation 44 (CD44), stem cell antigen-1 (Sca-1), CD73, CD90, CD105, CD11b, 
CD31, CD45] compared with negative isotype controls (shaded gray peaks). (B–E) Osteogenic, adipogenic, and chondrogenic dif-
ferentiation of adipose MSCs at passage 9. Adipose MSCs exhibited characteristic spindle-shaped morphology in culture prior to dif-
ferentiation (B) and stained positive for alizarin red (C), oil red O, as indicated by arrowhead (D), and alcian blue when treated with 
osteogenic, adipogenic, and chondrogenic in vitro differentiation protocols, respectively. Scale bars: 100 μm (B, E), 50 μm (C, D).
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1 month posttransplantation 5/6 mice transplanted with 
adipose MSC precultured islets had been cured compared 
to 2/7 mice transplanted with islets precultured alone 
(p < 0.05; Fig. 3B). There were no significant differences 
in the weights of mice in either transplant group on day 
0 (24.3 ± 0.9 and 22.5 ± 1.0 g for recipients of islets pre-
cultured alone or precultured with MSCs, respectively, 
n = 6–7, p > 0.2) nor at 1 month after transplantation 
(26.0 ± 0.8 and 25.5 ± 1.2 g, n = 6–7, p > 0.2). There was 
no difference in the pancreas insulin content for STZ-
diabetic mice transplanted with islets that had been pre-
cultured with MSCs or alone (1.2 ± 0.4 and 1.1 ± 0.4 μg/
pancreas, p > 0.2, n = 6–7). The insulin content of the 
STZ pancreata was approximately 1% that of pancreata 
from control nondiabetic nontransplanted C57BL/6 mice, 
which had an insulin content of 142.6 ± 24.5 μg/pancreas 
(n = 5), indicating that endogenous pancreatic b-cell 
regeneration did not contribute significantly to the main-
tenance of normoglycemia in cured mice.

Morphological Assessment of Intraportally 
Transplanted Islets

Insulin immunostaining of intraportally transplanted 
islets at 1 month posttransplantation showed that there 
were often small clusters of b-cells within the graft-
bearing livers of mice transplanted with islets that had 
been precultured alone (Fig. 4A), whereas larger islets 
were present in mice that had been transplanted with 
MSC precultured islets (Fig. 4B). Although a propor-
tion of islets in both transplant groups were considered 
intact, a large percentage of islets in both transplant 
groups had disrupted islet borders lacking the spherical 
morphology typical of endogenous islets (60% and 56% 
of islets classified as fragmented, for grafts consisting of 
islets precultured alone and islets precultured with MSCs, 
respectively). Regardless of islet integrity, the average 
islet area was approximately twofold higher in the MSC 
precultured islet grafts compared to islets precultured 
alone (p < 0.05) (Fig. 4C).

Figure 2. In vitro islet function and survival of intraislet ECs in adipose MSC precultured islets. (A) Insulin release at 36 mg/dl and 
360 mg/dl glucose of 10 replicates of triplicate islets precultured for 3 days with adipose MSCs (white bars) or without MSCs (black 
bars); *p < 0.05 versus absence of MSCs at the same glucose concentration (two-way ANOVA with Bonferroni post hoc test, n = 4). 
(B) Preculturing islets with adipose MSCs has no effect on islet insulin content. Insulin content of islets precultured alone (black bar) 
or with adipose MSCs (white bar) for 3 days; p > 0.2 (Student’s t test, n = 6). (C–E) Preculturing islets with adipose MSCs does not 
have any angiogenic effect in vitro. (C, D) Immunostaining of endothelial cells (ECs) with CD31 antibodies in islets precultured alone 
(C) or precultured with adipose MSCs (D) for 3 days. Original magnification: 400×. Scale bars: 25 μm. (E) Vascular density of islets 
precultured alone (black bar) or with adipose MSCs (white bar) for 3 days; p > 0.05 (Student’s t test, n = 64–74 islet sections from four 
mice in each culture group).
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Vascularization of Intraportally Transplanted Islets

CD31 antibodies were used to immunostain micro-
vascular endothelium in 1-month grafts consisting of 
islets precultured alone (Fig. 5A) or with adipose MSCs 
(Fig. 5B). The EC distribution was largely confined to the 
periphery of islet structures in the grafts of both transplant 
groups, with extensive areas of endocrine tissue (defined 
by insulin-positive tissue in consecutive graft sections) 
devoid of ECs. When the number of ECs was quanti-
fied, there was a comparably low vascular density in both 
transplant groups (Fig. 5C). The lack of beneficial angio-
genic effect in vivo when transplanting adipose MSC 

precultured islets compared to islets precultured alone 
was confirmed when using CD34 antibodies to immuno-
stain graft sections (740.8 ± 94.1 and 899.4 ± 54.3 CD34+ 
ECs/mm2, islet-alone and islet-MSC grafts, respectively, 
p > 0.05, Student’s t test, n = 20–25 graft sections from 
four animals in each transplant group).

DISCUSSION

In the current study, we have used a syngeneic min-
imal islet mass model to determine whether MSC pre-
treatment improves islet transplantation outcome at the 
clinically used intraportal site. We have used adipose-
derived MSCs, which are readily obtainable from human 
subjects and have a higher proliferative potential in cul-
ture compared to MSCs derived from other tissues (46), 
making their expansion to clinically efficacious numbers 
more readily achievable. Our results demonstrate for the 
first time that preculture with adipose-derived MSCs 
enhances islet function in vitro, consistent with previous 
reports utilizing alternative MSC sources (21,28,37,39). 
We have also shown, for the first time, that preculture 
with adipose MSCs improved glycemia and curative 
capacity of islets transplanted via the clinically relevant 
intraportal route.

The in vivo function of adipose MSC precultured 
islets correlated with their enhanced insulin secretory 
function in vitro. Significant reductions in blood glucose 
concentrations were observed within 7 days of implanta-
tion and were maintained for the remainder of the 28-day 
monitoring period. These rapid and maintained reduc-
tions in hyperglycemia induced by MSC precultured  
islet grafts may reduce b-cell losses in response to glu-
cotoxicity in a hyperglycemic in vivo microenvironment. 
It has been suggested that blood glucose concentration 
profiles are an indicator of the degree of islet destruction 
during the immediate posttransplantation period (41), 
with blood glucose concentrations falling immediately 
after intraportal transplantation due to extensive islet cell 
death and subsequent insulin leakage. Following this, 
blood glucose concentrations start to rise due to the loss 
of functional b-cells. A blood glucose profile similar to 
this was observed in our control mice transplanted with 
islets precultured alone, consistent with extensive islet 
cell death in the immediate posttransplantation period. In 
contrast, in mice receiving MSC precultured islets blood 
glucose levels continued to decline after 3 days, suggest-
ing that islet survival and/or function was enhanced. In 
accordance, 28 days after implantation, the islet area in 
grafts consisting of islets precultured alone was almost 
twofold lower than that of grafts consisting of MSC pre-
cultured islets.

The maintenance of functional b-cell mass in vivo by 
preculture with MSCs is unlikely to be due to the well-
documented anti-inflammatory or immunomodulatory 

Figure 3. In vivo function of islets precultured with adipose-
derived MSCs. (A) Blood glucose concentrations of mice trans-
planted intraportally with islets precultured alone for 3 days 
(continuous line) or precultured with adipose MSCs (dashed 
line); *p < 0.05 versus mice transplanted with MSC precultured 
islets (RM ANOVA with Bonferroni post hoc test, n = 6–7). 
(B) Percentage of mice remaining diabetic (blood glucose 
³200 mg/dl) after transplantation as in (A); p < 0.01 (Kaplan–
Meier, n = 6–7).
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Figure 5. Vascularization of intraportally transplanted islets. Staining of ECs with CD31 antibodies in 1-month grafts consisting of 
islets precultured alone (A) or islets precultured with adipose MSCs (B) for 3 days prior to intraportal transplantation. Images are 
representative of four animals in each transplant group. Original magnification: 400×. Scale bars: 25 μm. (C) Vascular density of grafts 
consisting of islets precultured alone (black bar) or with MSCs (white bar) for 3 days prior to transplantation; p > 0.05 (n = 20–25 graft 
sections from four animals in each transplant group).

Figure 4. Morphological assessment of intraportally transplanted islets. (A, B) Representative sections of 1-month grafts consisting 
of islets precultured alone (A) or with adipose MSCs (B) for 3 days prior to intraportal transplantation. Images are representative of 
insulin staining for four animals in each transplant group. Original magnification: 400×. Scale bars: 25 μm. (C) Average area of islet 
graft sections; n = 53–102 graft sections from four animals in each transplant group; *p < 0.05 versus grafts consisting of islets precul-
tured alone (Student’s t test).
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effects of MSCs (1), since few, if any, MSCs were cotrans-
planted with the islet graft. Similarly, although we (38) and 
others (12,17,44) have demonstrated beneficial effects of 
cotransplanted MSCs on islet graft revascularization, this 
mechanism is unlikely to account for the superior trans-
plantation outcomes demonstrated with MSC precultured 
islets in the current study. Thus, the presence of adipose 
MSCs did not prevent the loss of intraislet ECs during 
the in vitro culture period, nor was MSC preculture asso-
ciated with any significant differences in graft revascu-
larization, as assessed by the expression of EC markers 
28 days after islet implantation.

Our previous histological measurements of intraislet 
EC survival and graft revascularization at the renal sub-
capsular site utilized CD34 as an EC marker (39). While 
the majority of intraislet ECs are generally quiescent in 
adult rodents (19), a small population of remnant ECs 
with an angiogenic phenotype persist in cultured islets 
(26), and it is likely that a subset of ECs with a simi-
lar proliferative phenotype are present during the early 
revascularization process. The rate of islet graft revascu-
larization is implantation site specific, with full revas-
cularization taking approximately 1 month or 3 months 
for the renal subcapsular (29,30) or intraportal (36) sites, 
respectively. There is some evidence that CD34 is not a 
reliable marker for proliferating ECs (13), whereas CD31 
has been shown to be expressed by proliferating ECs 
(3) and by cultured islet ECs (34). Owing to the slower 
rate of revascularization at the intraportal site, we have 
therefore utilized both CD31 and CD34 as EC markers 
in the current study, to ensure that we could detect pro-
liferating ECs. Although we did detect a minor subset of 
intraislet ECs that were CD31+/CD34−, MSC preculture 
had no significant effect on any EC population during 
either in vitro culture or the in vivo engrafting period. At 
both the renal subcapsular and intraportal transplanta-
tion site, codelivery of MSCs with the islets enhances 
revascularization and maintains islet structure (17,38). 
This effect was not observed when using an MSC pre-
culture strategy in the current intraportal study, nor in our 
previous study at the renal subcapsular site (39). Thus, 
our observations suggest that the proangiogenic effect 
of MSCs on graft revascularization is dependent on the 
in vivo presence of MSCs with the transplanted islets. 
Furthermore, our finding that MSC preculture enhances 
islet function both in vitro and in vivo, in a manner that 
is independent of any beneficial angiogenic effect when 
utilizing both kidney and adipose MSCs, suggests that 
stromal cells from both tissue sources have similar func-
tional phenotypes.

The beneficial influence of MSCs in islet transplanta-
tion protocols may therefore act through independent and 
additive mechanisms. Notably, our finding that MSCs 

from different tissue sources help to improve islet func-
tion in vitro and in vivo at both the renal subcapsular and 
intraportal site strengthens an increasing body of evi-
dence to suggest that MSCs may also improve islet func-
tion in bioengineered devices. Indeed, we have recently 
shown that islets coencapsulated with MSCs in alginate 
microcapsules produced superior transplantation out-
comes to islets that are microencapsulated in the absence 
of MSCs (22). Cotransplantation of MSCs with the islet 
graft is likely to enhance islet survival and function by 
local suppression of immune or inflammatory responses 
(5,9,18,27,43,50), by enhancing the rate of revascular-
ization in a hypoxic microenvironment (12,17,38,44) 
and by maintaining islet integrity and structure (17,38). 
However, these benefits are balanced against the poten-
tial disadvantages of cotransplanting MSCs with the 
islets, including increased risk of portal/hepatic thrombus 
formation because of the procoagulant activity of MSCs 
(32,45) and the risk of pluripotent MSC populations dif-
ferentiating along inappropriate lineages (11) or becom-
ing tumorigenic (14). Additionally, although MSCs are 
generally considered “hypoimmunogenic,” expressing 
low levels of MHC class II and classical costimulatory 
molecules (47), there is some evidence to suggest that 
MSCs may be more immunogenic than was initially 
thought (33) and therefore that cotransplanting MSCs 
with the islet graft may increase antigen loading for the 
graft recipient. The current study demonstrates that pre-
culture with MSCs prior to islet-alone transplantation can 
confer marked benefits while avoiding these potential 
disadvantages. The precise mechanism(s) through which 
preculture with MSCs improves the in vitro and in vivo 
function of islets in this and previous studies (39) remains 
unclear. However, the current study extends our previous 
observations at the experimentally used renal subcapsular 
site to demonstrate that preculture of islets with MSCs 
is an efficient strategy for improving transplantation out-
come at the clinically used intraportal site.

In summary, the current study has demonstrated that 
preculturing islets with adipose MSCs enhances islet 
function in vitro and improves the outcome of islet trans-
plantation via the intraportal route. Given the logistical 
difficulties of transplanting freshly isolated human islets 
(49), short-term preculture of islets with MSCs may offer 
a relatively safe method to improve the quality of islets 
for transplantation, which would contribute to the routine 
achievement of single-donor islet transplantation.
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