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■ Abstract 
Allogeneic islet transplant serves as a source for insulin-
secreting beta-cells for the maintenance of normal glucose 
levels and treatment of diabetes. However, limited availabil-
ity of islets, high rates of islet graft failure, and the need for 
life-long non-specific immunosuppressive therapy are major 
obstacles to the widespread application of this therapeutic 
approach. To overcome these problems, pancreatic islet 
transplantation was recently suggested as a potential target 
of the “therapeutic plasticity” of adult stem cells. In fact, new 
results suggest that stem/precursor cells, and mesenchymal 
stem cells in particular, co-transplanted with islets can pro-
mote tissue engraftment and beta-cell survival via bystander 
mechanisms, mainly exerted by creating a milieu of cytopro-

tective and immunomodulatory molecules. This evidence 
consistently challenges the limited view that stem/precursor 
cells work exclusively through beta-cell replacement in dia-
betes therapy. It proposes that stem cells also act as “feeder” 
cells for islets, and supporter of graft protection, tissue re-
vascularization, and immune acceptance. This article re-
views the experience of using stem cell co-transplantation as 
strategy to improve islet transplantation. It highlights that 
comprehension of the mechanisms involved will help to 
identify new molecular targets and promote development of 
new pharmacological strategies to treat type 1 and type 2 
diabetes patients. 
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Introduction  
 

 urrently, the only clinical therapy capable of 
 restoring beta-cell mass in diabetic patients 
 is the allogenic/autologous transplantation 

of beta-cells (somatic cell therapy with pancreas, 
Langherans islets, or beta-cell transplantation). 
Despite advances in recent years, allogeneic so-
matic therapy is still problematic. Immunosup-
pression therapy is necessary, and in case of islet 
transplantation, many donors are needed for a sin-
gle recipient. Also, such transplantation therapies 
have a short life, i.e. patients become diabetic 
again within a few years of transplantation. These 

limitations have led to increasing interest in al-
ternative strategies. Several investigations have 
pursued the generation of insulin-producing cells 
from other than the primary source (i.e., pancre-
atic beta-cells). They showed that insulin-
producing cells can also be derived from embry-
onic, adult, mesenchymal stem cells (MSC), and 
hematopoietic stem cells (HSC) via processes of 
proliferation, dedifferentiation, neogenesis, nu-
clear reprogramming, and transdifferentiation. 

More recently, the potential role of stem cells in 
beta-cell regeneration has been reassessed from a 
different point of view. Whilst efficient and stable 
maintenance of direct differentiation is very 
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unlikely to be achieved, experimental data suggest 
that adult stem cells, in particular those of meso-
dermal origin (i.e. HSC, MSC), are capable of fa-
cilitating the survival or endogenous regeneration 
of beta-cells. Although the mechanism is not yet 
well-defined. This is an extension of the idea of 
“therapeutic plasticity” of adult stem cell. The 
therapeutic plasticity can be viewed as “the capac-
ity of somatic stem cells to adapt their fate and 
function(s) to specific environmental needs occur-
ring as a result of different pathological condi-

tions”. This concept was first described for neural 
progenitor cells (NPC) [1]. Until recently, it was 
assumed that the replacement of lost or damaged 
cells is the prime therapeutic mechanism of NPC. 
However, it is now clear that transplanted NPC 
exert immune-like functions, including a “by-
stander” anti-inflammatory effect that is able to 
promote central nervous system (CNS) repair. 
This observation supports the concept that the 
“therapeutic plasticity”, and in particular the im-
munomodulatory activity, is a true functional sig-
nature of NPC. Nonetheless, it has been demon-
strated recently that other sources of somatic stem 
cells (in particular MSC and HSC), with very low 
capabilities of neural (trans)differentiation, may 
show equally significant bystander capacities, and 
promote CNS repair. This further proves and gen-
eralizes the relevance of somatic stem cell-
dependent alternative therapeutic mechanisms. 

Islet transplantation: an opportunity 
for “therapeutic plasticity” of adult 
stem cells 

Despite the advent of new insulin preparations 
and improved methods to monitor glycemia, ex-
ogenous insulin administration cannot avoid long-
term complications of diabetes. As such, it is not 
surprising that the life expectancy of diabetic pa-
tients is still shorter than that of the general 
population [2, 3]. Treatment of type 1 and many 
cases of type 2 diabetes relies on the possibility of 
finding a beta-cell mass substitute capable of per-
forming two essential functions: assessing blood 
sugar levels, and secreting appropriate levels of 
insulin in the vascular bed. Currently, the only 
available clinical therapies capable of restoring 
beta-cell mass in diabetic patients are pancreas 
and islet cell transplantation. 

Since the breakthrough made by Shapiro et al. 
(Edmonton Protocol), islet transplantation has 
emerged as an attractive alternative to whole pan-
creas transplantation [4]. In fact, islet transplan-
tation, in contrast to pancreas transplantation, is 
a much simpler procedure. Islets are obtained 
from the digestion of pancreas from cadaveric do-
nors, and transplantation occurs by infusion of is-
lets via microembolization into the hepatic portal 
venous system [5, 6]. This procedure involves risk, 
but its related morbidity is much less than that of 
whole pancreas transplantation. The rate of insu-
lin independence at 1 year is ~70%, with virtually 
all patients maintaining a functioning graft (posi-
tive C-peptide), while under adequate immuno-

Abbreviations: 
 

Balb/c - albino mouse strain (used for the production of 
monoclonal antibodies) 
BM - bone marrow 
CD4 - cluster of differentiation 4 (glycoprotein expressed on 
lymphocytes) 
CD25 - cluster of differentiation 25 (glycoprotein expressed 
on activated regulatory T cells) 
CD31 - cluster of differentiation 31 (expressed on neutro-
phils and macrophages, also severs as endothelial marker) 
CD34 - cluster of differentiation 34 (glycoprotein, cell-cell 
adhesion factor, expressed by stem cells) 
C57BL/6 - inbred mouse strain C57 black 6 (Th1/Th2 im-
munological response to the same pathogen often opposite 
to BALBb/c mice) 
CNS - central nervous system 
DC - dendritic cell 
EPC - endothelial progenitor cell 
FoxP3 - forkhead box P3 (transcriptional regulator protein; 
marker of natural T regulatory cells) 
GAD65 - 65 kDa isoform of glutamic acid decarboxylase 
HGF - hepatocyte growth factor 
HSC - hematopoietic stem cells 
IA-2 - islet cell antigen 2 (also called tyrosine phosphatase-
like protein) 
IFN-gamma - interferon gamma 
IL-6 - interleukin 6 
IL-10 - interleukin 10 
MMP - matrix metalloproteinases 
MMP2 - matrix metalloproteinase 2 (also known as 72kDa 
gelatinase, and 72kDa type IV collagenase; degrades pro-
teins in the extracellular matrix, proteolytically digests 
denatured collagen) 
MMP9 - matrix metalloproteinases 9 (also known as 92kDa 
gelatinase, and 92kDa type IV collagenase; degrades pro-
teins in the extracellular matrix, proteolytically digests 
denatured collagen) 
MSC - mesenchymal stem cells 
NCSC - neural crest stem cells 
NK cell - natural killer cell 
NOD - nonobese diabetic 
NPC - neural progenitor cell 
POD - postoperative day 
SCID - severe combined immunodeficiency (mouse model 
without functional T and B cells) 
STZ - streptozotocin 
TGF-alpha - transforming growth factor alpha 
TGF-beta - transforming growth factor beta 
VEGF A - vascular endothelial growth factors A 
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suppression levels [5, 7-11]. Overall, sustained 
graft survival is achieved in the majority of islet 
transplant recipients, with >70% of them retain-
ing C-peptide levels, normalized glycosylated he-
moglobin, and significantly reduced insulin re-
quirements after 5 years [7, 12]. 

Despite advances in recent years [8], allogeneic 
islet transplantation is still problematic. Insulin 
secretion capacity of transplanted recipients is 
only at ~20-40% of that of healthy persons, even if 
islets are obtained from 2 to 4 donors. In some 
studies, as many as 8 to 12 donors were used. 
Thus, it is apparent that this procedure suffers 
from low efficacy. The rate of insulin independence 
declines progressively after transplantation, and 
may reach ~10% after 5 years, despite maintain-
ing islet graft function [12]. In practical terms, two 
to three donors are necessary to obtain the mini-
mal cell mass sufficient for successful transplanta-
tion into a single recipient (i.e., ~10,000-14,000 is-
let equivalents per kilogram of recipient body 
weight) [13]. Thus, the approach is limited by the 
scarcity of donor organs. 

Several factors may contribute to progressive 
islet graft dysfunction and the observed failure 
over time. Intrahepatic islet infusion is associated 
with an immediate blood-mediated inflammatory 
reaction, thrombosis, and hepatic tissue ischemia 
with elevated blood liver enzymes. Loss of as 
many as 50-75% of islets during engraftment has 

been found the primary factor, necessitating the 
very large number of islets to achieve normogly-
cemia. Non-specific immune response mediated 
predominantly by innate inflammatory processes 
related to mechanics and site, and pre-existing 
and transplant-induced auto- and allo-specific cel-
lular immune responses, play a major role in the 
loss of islets and islet function [14-16]. Persis-
tence, or recurrence, of autoimmunity has been 
described in islet transplant recipients, and has 
been associated with lower rates of insulin inde-
pendence and shorter graft survival [17]. Corrobo-
ratively, selective destruction of beta-cells within 
islet allografts, measurable changes of autoanti-
body levels (anti-GAD65 and anti-IA2), and/or de-
tection of autoreactive cytotoxic and memory T 
cells to beta-cell-specific epitopes have been de-
scribed [18]. Consequently, these data indicate 
that the detrimental impact of innate and adap-
tive immune responses is not fully contained by 
the Edmonton protocol-associated regimen of gen-
eralized immunosuppression. For this reason, al-
ternative strategies aimed at selectively promot-
ing islet survival, or inhibiting undesired islet-
specific or non-specific immune responses, would 
be a step towards a better management and out-
come of islet transplantation in diabetic patients, 
especially when viewed in terms of withdrawal of 
generalized immune suppression and long-lasting 
insulin independence [6, 19]. In this respect, stem 
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Figure 1. Possible effects of islets plus mesenchymal stem cells co-transplantation on islet graft and immune system in dia-
betic murine models. 
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cells could contribute to improved islet transplan-
tation by 1. supporting the graft by increasing tis-
sue revascularization and favoring beta-cell repli-
cation and/or survival, and 2. modulating immune 
response (Figure 1). 

Stem cells support islet graft by in-
creasing tissue revascularization or 
favoring beta-cell replication and/or 
survival 

Pancreatic islets are well vascularized 
throughout life. This is important for their ability 
to secrete insulin swiftly in response to changes in 
blood glucose. Although pancreatic islets comprise 
only 1-2% of pancreatic mass, they receive 5-10% 
of pancreatic blood flow. Islet isolation breaks the 
connections between the islet vasculature and the 
systemic circulation. Reestablishment of blood 
flow to transplanted islets requires several days. 
Rapid and adequate revascularization of trans-
planted islets is critical for islet survival and func-
tion. Endothelial cells are involved in an interde-
pendent physical and functional relationship with 
beta-cells. They deliver oxygen and nutrients to 
endocrine cells, and provide a niche for beta-cells 
via the vascular basement membrane. In this re-
gard, they help to induce insulin gene expression 
during islet development, sustain adult beta-cell 
function, promote beta-cell proliferation, and pro-
duce a number of vasoactive, angiogenic sub-
stances and growth factors [20, 21]. Delayed and 
insufficient revascularization can result in islet 
cell death and early graft failure. Therefore, 
strategies aimed at enhancing or accelerating this 
process are particularly needed. 

Bone marrow- (BM) and tissue-derived adult 
stem cells are assumed to be involved in the proc-
ess of islet revascularization. HSC, MSC, and en-
dothelial progenitor cells (EPC) have all appeared 
as useful promoters of islet revascularization. Two 
predominant mechanisms have been identified, by 
which these cells contribute: 1. vessel formation by 
differentiation into mature endothelial cells (i.e. 
EPC) [22]. 2. Release of proangiogenic factors such 
as hepatocyte growth factor (HGF) and vascular 
endothelial growth factors A (VEGF A) [23, 24]. 
Mathews et al. provided evidence that trans-
planted BM-derived EPC are recruited to the pan-
creas in response to STZ-induced islet injury [25], 
and that EPC-mediated neovascularization of the 
pancreas can in principle facilitate the recovery of 
non-terminally injured beta-cells. Also, MSC have 
been shown to promote angiogenesis both in vivo 

[26] and in vitro [27]. However, it is not clear 
whether MSC have the potential to differentiate 
directly into endothelial cells, or whether they se-
crete angiogenic factors that stimulate EPC re-
cruitment. Oswald et al. suggested that expanded 
adult human MSC can differentiate into cells with 
phenotypic and functional features of endothelial 
cells [28]. On the other hand, an increasing bulk of 
evidence supports the hypothesis that release of 
angiogenic factors rather than endothelial trans-
differentiation is accountable for MSC-mediated 
angiogenesis [29, 30]. In this regard, Kinnaird et 
al. demonstrated that MSC contribute to tissue 
remodeling [31]. This is achieved by secreting a 
wide array of arteriogenic/angiogenic cytokines, 
including VEGF, fibroblast growth factor, angio-
poetin-1, matrix metalloproteinases (MMP), and 
transforming growth factor-beta [32]. All these 
soluble mediators are able to support survival and 
differentiation of endothelial cells [33], and to 
promote neovascularization by mobilizing EPC 
[34]. 

Johansson and colleagues proposed an ap-
proach to promote islet revascularization based on 
the formation of a composite of endothelial cells, 
MSC, and islets [35]. This strategy provided evi-
dence that the co-culture of MSC and endothelial 
cells with human islets in vitro before transplan-
tation initiates formation of vessel-like structures 
that may promote islet engraftment after trans-
plantation. Along the same line of argument, it 
has been confirmed in preclinical models that 
adult stem cell and islet co-localization in the 
same microenvironment after transplantation may 
improve tissue engraftment and survival. 

In a syngeneic murine model of marginal islet 
mass transplantation, we reported that co-
transplantation and co-localization of adult MSC 
with islets improve graft vascularization and func-
tion [36]. STZ-induced diabetic mice were trans-
planted under the kidney capsule with 200 synge-
neic islets alternatively with, or without, 2.5 x 105 
murine pancreas-derived MSC. The group receiv-
ing islets and MSC, showed a significantly better 
glycemic control, in terms of probability and time 
to reach euglycemia. The beneficial effect was not 
due to MSC differentiation into insulin-secreting 
cells. This was demonstrated by the fact that no 
insulin/GFP double positive cells were present 
when islets from wild-type mice, along with MSC 
derived from GFP+ transgenic mice, were co-
transplanted. Instead, analysis of the graft re-
vealed that CD31+ cell density was significantly 
higher in the presence of MSC, indicating that one 
of the benefits provided by MSC co-transplanta-
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tion is the increased neovascularization of the 
graft (Figure 2). 

Similarly, Figliuzzi et al. transplanted 2000 
syngeneic islets alone, or in combination with 106 

BM-derived MSC, under the kidney capsule of dia-
betic Lewis rats [37]. Animals transplanted with 
2000 islets never reached normoglycemia. In con-
trast, rats transplanted with 2000 islets plus 
MSC, showed a gradual fall in glycemia after 
transplantation, with normoglycemia being main-
tained to the end of the experiment. Comparable 
glycemic control was obtained with transplanta-
tion of 3000 islets alone. The MSC preparation 
used for in vivo experiments expressed high levels 
of VEGF. Also revealed by this work, co-
localization of MSC with islets significantly in-
creased the number of capillaries, suggesting that 
the co-transplantation improved islet graft func-
tion and supported graft vascularization. 

Two very recent papers further support the hy-
pothesis that co-transplantation of islets and stem 

cells may be beneficial in terms of graft function 
and revascularization. Sakata et al. utilized total 
BM cells instead of MSC, and showed that the co-
localization of MSC with islets is associated with 
enhanced graft function and vessel density [38]. In 
this study, STZ-induced diabetic mice were trans-
planted syngeneically under the kidney capsule 
with 100-200 islets alone, or in combination with 
1-5 x 106 BM cells. Blood glucose was significantly 
lower in the islet/BM-cells group than in the islet-
alone group after 63 days of transplantation. Also, 
significantly higher peri-islet vessel density and 
more prominent intra-islet VEGF staining were 
detected in the islet/BM-cells group than in the is-
let-alone group. There were no normoglycemic 
mice and no insulin-positive cells in the BM-cells-
alone group, suggesting that a direct differentia-
tion of BM cells in beta-cells was unlikely. 

Ito et al. utilized liver instead of kidney capsule 
as site of co-transplantation. These authors found 
that  co-transplantation of MSC and islets at this 

site promoted revascu-
larization and improved 
islet graft function [39]. 
In the experiment, Lewis 
rat islets were infused 
into the liver of STZ-
diabetic syngeneic recipi-
ents, with MSC isolated 
from Lewis rat BM. Co-
trans-plantation of 500 
islets and 107 MSC re-
versed diabetes in all 
eight recipients. 
Whereas, islet-alone 
transplantation achieved 
normoglycemia in only 
three of them. With 300 
islets, diabetes was re-
versed in five of nine is-
let-MSC and one of ten 
islets-alone recipients. 
The results of intrave-
nous glucose tolerance 
tests performed on day 
56 were significantly bet-
ter in islet-MSC than is-
let-alone recipients. One 
week after transplanta-
tion, well-pre-served islet 
structures and higher 
numbers of capillaries 
were found in the liver of 
islet-MSC recipients. In 

 
 
 

- +MSC

V
es

se
l/i

sl
et

ar
ea

CD31

CD31
ins

0.04

0.03

0.02

0.01

p = 0.011

- +- +MSC

V
es

se
l/i

sl
et

ar
ea

CD31

CD31
ins

0.04

0.03

0.02

0.01

p = 0.011

- +  
 
Figure 2. Diabetic mice were transplanted with 200 autologous islets under the kid-
ney capsule, alternatively with or without 2.5 x 10

5
 pancreatic MSC. Left panel: quan-

titative evaluation of CD31+ cell area in islet graft with islets only (n = 7) or islets plus 
pMSC (n = 7) 3 weeks after transplantation. The vessel/islet area is shown for trans-
planted mice. Right panel: representative immunofluorescence images showing CD31 
(green), insulin (red), and DAPI cell nuclei staining (blue) in islet graft with islets alone 
or islets plus pMSC (figure reproduced from [36]). 
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contrast, islet-alone grafts were fragmented and 
had few capillaries. 

Mechanism of diabetes reversal 
through co-transplantation of islets 
and stem cells 

It is reasonable to assume that the induced ne-
ovascularization plays a major role for proper islet 
engraftment and function. But the mechanism by 
which stem cells act as feeder tissue for islets in 
experiments remains unknown. This does not ex-
clude the possibility that other mechanisms might 
also be involved. For example, in vitro studies re-
ported that the MSC-derived laminin binding to 
α6β1-integrin expressed on pancreatic beta-cells 
could support insulin expression and beta-cell pro-
liferation [20]. Similarly, MSC-derived collagen IV 
binding to α1β1-integrin could stimulate insulin 
secretion [40]. Moreover, the release from BM-
derived cells of trophic molecules like HGF, IL-6, 
insulin-like growth factor binding proteins 4, 
VEGF A, and TGF-beta can directly sustain beta-
cell survival and function [24, 41-44]. 

In vivo, a direct role has been proposed for stem 
cells in beta-cell replication, independent of the 
promotion of revascularization. Several recent 
studies have suggested that adult BM harbors 
cells able to influence beta-cell regeneration in 
diabetic animals [25, 43, 45-48]. For example, it 
has been shown that infusion of MSC in 
NOD/SCID mice, after STZ-induced islet destruc-
tion, can increase the number of endogenous beta-
cells with a consecutive improvement of hypergly-
cemia [49]. These results have been corroborated 
by Urban and colleagues [50]. Freshly prepared 
sex-mismatched BM cells, and syngeneic or al-
logeneic MSC, were concomitantly administered 
into sub-lethally irradiated diabetic mice. After a 
single injection of a mixture of 106 BM cells per 105 
MSC, blood glucose and serum insulin concentra-
tions rapidly returned to normal levels, accompa-
nied by efficient tissue regeneration. The authors 
suggested that two aspects of this successful 
treatment regimen could have operated in paral-
lel, and synergistically, in the model. Firstly, BM 
cells and MSC induced the regeneration of recipi-
ent-derived pancreatic insulin-secreting cells. Sec-
ondly, MSC inhibited T-cell-mediated immune re-
sponses against newly formed beta-cells, which in 
turn were able to survive in this altered immu-
nological milieu. 

Recently, it has been proposed that non-
mesodermal-derived stem cells support beta-cell 

replication. Different studies found that beta-cell 
growth may be affected by neurotrophins [51, 52], 
and that neural crest stem cells (NCSC) have an 
important role in beta-cell differentiation by regu-
lating beta-cell mass during development [53]. On 
the basis of these observations, Olerud et al. inves-
tigated whether co-transplantation of islets and 
neurospheres derived from NCSC is beneficial for 
survival, growth, and function of transplanted 
beta-cells [54]. They co-transplanted NCSC with 
islets in diabetic mice. From the first days after 
transplantation NCSC developed interconnections 
with islet cells. Proliferation of beta-cells was 
markedly increased, and transplants displayed 
improved insulin release in mice receiving the 
mixed graft, compared with those receiving islet-
alone transplants. This work is evidence for the 
hypothesis that stem cells develop direct contact 
with co-transplanted islets, and promote prolifera-
tion and growth of beta-cells. These effects are ac-
companied by a corresponding path of functional 
improvement. 

Stem cells support islet graft by 
modulation of the immune response 

One of the obstacles limiting clinical applica-
tion of islet transplantation is the need for im-
mune-suppressive therapies that are often associ-
ated with undesired side effects. Currently, this is 
the primary reason why the majority of type 1 dia-
betes patients cannot be offered islet transplanta-
tion. Thus, it is a major goal in islet transplanta-
tion to make immunosuppression obsolete. 

In islet transplantation, stem cells could pro-
tect transplanted allogeneic islets by negatively 
regulating persistent T cell autoimmunity and by 
controlling the activation and effector function of 
alloreactive T cells. In addition, stem cell may 
suppress the activation and proliferation of B 
cells, and thereby impair the production of de-
structive auto- and allo-antibodies. Finally, they 
may prevent the differentiation and maturation of 
dendritic cells (DC). Thus, stem cells can prevent 
the destruction of transplanted islets that is usu-
ally caused by adaptive immune response. The 
immunomodulatory activity is a true functional 
signature reported for adult stem cells. For this 
activity, the most promising candidate (if not the 
only one) is the MSC. In fact, MSC immunosup-
pressive capabilities are well established. These 
cells might be used to control several subsets of 
immune cells, including naïve and memory T cells, 
B cells, DC, and NK cells, and to reduce inflamma-
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tory cytokine production [55]. In vivo animal 
transplant studies have shown MSC to be capable 
of preventing the rejection of skin and heart al-
lografts in models [55-57]. Also, the use of MSC for 
the treatment of patients with graft-versus-host-
disease after allogeneic BM transplantation has 
resulted in reliable therapeutic efficacy [58]. 

The first paper to address whether MSC co-
transplantation allows for better islet graft accep-
tance with reduced requirement for immunosup-
pression was published in 2009 [59]. The ability of 
MSC to modulate the immune response was tested 
in a model of marginal mass islet transplantation. 
Allogeneic islet transplantation with or without 
syngeneic MSC was carried out in a rat model of 
STZ-induced diabetes by transplantation into the 
omental pouch. Islets plus MSC, but not islets 
alone, with short-term use of immunosuppression, 
enhanced long-term islet graft survival, improved 
insulin expression in the grafts, and induced nor-
mal serum insulin levels and normoglycemia. T 
cells from recipients transplanted with allogeneic 
islets plus MSC produced low levels of IFN-
gamma and TNF-alpha upon ex-vivo activation. 
This transplantation protocol promoted the gen-
eration of IL-10-secreting CD4+ T cells. 

The molecular mechanisms used by MSC in 
suppressing immune responses in allogeneic islet 
transplantation were then studied in more detail. 
It was demonstrated that MMP secreted by MSC 
play an important role in the suppressive activity 
of MSC. In particular, MMP-2 and MMP-9 re-
duced surface expression of CD25 on responding T 
cells. Blocking the activity of MMP-2 and MMP-9 
in vitro completely abolished the suppression of T 
cell proliferation by MSC, and restored T cell ex-
pression of CD25 and responsiveness to inter-
leukin-2 [60]. 

Recently, the suppressive effect of MSC on T 
lymphocyte subsets and DC was studied [61]. Al-
logeneic islets alone, or in combination with MSC, 
were transplanted under the kidney capsule of 
diabetic mice. Graft rejection was alleviated by the 
presence of MSC. Also, the ratios of T helper type 
1 to T helper type 2 cell, and T cytotoxic type 1 to 
T cytotoxic type 2 cell, were reduced, and the num-
bers of naive and memory T cells were downregu-
lated in peripheral blood after transplantation. 
Maturation, endocytosis, and interleukin-12 secre-
tion of BM-derived DC from recipient mice were 
suppressed. The most recent study by Longoni and 
colleagues confirmed the ability of both syngeneic 
and allogeneic MSC to prevent acute rejection and 
improve glycemic control [62]. Transplantation of 

a marginal mass of pancreatic islets in rats with 
diabetes was accompanied by a triple-dose ad-
ministration of MSC. Reduced glucose levels and 
low-grade rejections were observed up to 15 days 
after transplantation, indicating that MSC pro-
long graft function by preventing acute rejection. 
The efficacy of MSC was associated with a reduc-
tion of pro-inflammatory cytokines, and was inde-
pendent of the administration route. Efficacy was 
similar for both syngeneic and allogeneic MSC, 
and comparable to immunosuppressive therapy. 

In July 2010 the group of Norma Kenyon in 
Miami published a study about graft-promoting 
effects of MSC in a cynomolgus monkey model of 
islet/BM transplantation [63]. Allogeneic donor 
MSC were co-transplanted intraportally with is-
lets on postoperative day (POD) 0, and intrave-
nously with donor BM on POD 5 and 11. MSC 
treatment significantly enhanced islet engraft-
ment and function at 1 month post-transplant, as 
compared to animals that received islets without 
MSC. Additional infusions of donor or third party 
MSC resulted in reversal of rejection episodes, and 
prolongation of islet function in 2 animals. Stable 
islet allograft function was associated with in-
creased numbers of T regulatory cells in periph-
eral blood. 

BM and BM-derived stem cells are easily avail-
able. Also, there is a wealth of experimental in-
vitro and in-vivo data accompanied by widely con-
solidated clinical experience in the field of hema-
tology. The combination of these aspects enabled 
the design of clinical trials involving adult stem 
cells to modulate the immune response in islet 
transplantation. The Miami group was the first to 
co-infuse pancreatic islets and stem cells in dia-
betic patients. It performed combined islet and 
donor CD34+ HSC infusion using an ‘Edmonton-
like’ immunosuppression, without ablative condi-
tioning [64]. The strategy was to induce recipient 
chimerism, and consequently graft tolerance. No 
graft-versus-host-disease, malignancy, or perma-
nent complications were recorded. This outcome 
highlighted the relative safety of this protocol. But 
the co-transplantation did not lead to stable chi-
merism, and islet function was lost during follow 
up, or after immunosuppression withdrawal. At 
the moment, a new clinical trial is in progress in 
Miami. This trial again includes islet transplanta-
tion associated with CD34+-enriched donor BM cell 
infusion, but with a different immunosuppression 
protocol (ClinicalTrials.gov Identifier: 
NCT00315614). Meanwhile, another clinical trial 
is currently recruiting participants at Fuzhou 
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General Hospital in China. This trial is aimed at 
evaluating safety and efficacy of islet/MSC co-
transplantation in type 1 diabetic patients. The 
trial aims to assess the hypothesis that additional 
MSC infusion can support clinical islet transplan-
tation by protection of islets from inflammatory 
damage, immunological modulation, and engraft-
ment promotion (ClinicalTrials.gov identifier: 
NCT00646724). 

It is also assumed that adult stem cells other 
than MSC have immunomodulatory properties 
when used in islet transplantation. We recently 
published the finding that the co-transplantation 
of NPC and pancreatic islets in a fully mismatched 
allograft model mediates tolerance [65]. Diabetic 
Balb/c mice were co-transplanted with pancreatic 
islets under the kidney capsule, and NPC from 
fully mismatched C57BL/6 mice. The co-
transplantation and co-localization of NPC and is-
lets induced stable long-term graft function in the 
absence of immunosuppression. This condition 
was associated with an expansion of 
CD4+CD25+FoxP3+ T regulatory cells in the spleen. 

Safety concerns and identification of 
new sites for islet and stem cell co-
localization: two open problems for 
clinical translation 

Safety concerns 

Some problems must be solved before stem 
cell/islet co-transplantation can be applied exten-
sively in the clinic. As for stem cell therapies, One 
major challenge is safety. Adult stem cells have 
the advantage of a lower plasticity than embryonic 
or fetal stem cells. Also, their use as helper cells 
for supporting transplanted tissue is theoretically 
less risky than their use as differentiating pro-
genitor cells, because they are not manipulated. 
Consequently, adult stem cells are less prone to 
genomic instability. On the other hand, as many 
as 5 to 200 x 106 stem cells/kg were used in animal 
studies [36-39]. Therefore, it is expected that in 
vitro culture and expansion of adult stem cells will 
be necessary to obtain sufficient numbers for use 
in clinical studies of co-transplantation. It will re-
quire the use of formulated liquid media supple-
mented with growth factors and other chemical 
substances to promote cellular replication. Cul-
tured stem cells can accumulate genetic abnor-
malities as they replicate, and their rapid replica-
tion with any genetic instability can create a risk 
of tumor development. This risk was reported as 

high for murine stem cells. Several studies sug-
gested that mouse MSC undergo spontaneous im-
mortalization and malignant transformation after 
culture [66-69]. However, human stem cells ap-
pear to be more stable in culture, and the risk of 
tumor transformation appears to be low [66, 67, 
70-72]. In two multi-center clinical trials, the im-
munologic and genetic features of human MSC, 
expanded with fetal calf serum and fibroblast 
growth factor, or with platelet lysate, were inves-
tigated in 4 cell-therapy facilities [72]. Cultured 
human MSC showed some recurring aneuploidy in 
vitro, independently of the culture process. How-
ever, MSC with or without chromosomal altera-
tions showed progressive growth arrest, and en-
tered senescence without evidence of transforma-
tion both in vitro and in vivo. 

Despite the lower risk, there are well docu-
mented case reports of tumor development after 
stem cell injection in humans. One was a 9-year 
old boy with ataxia telangiectasia, who underwent 
fetal neural stem cell injection into the brain. Four 
years later, glioneural neoplasm has been diag-
nosed. Cellular and genetic analysis confirmed 
that the tumor arose from transplanted stem cells 
[73]. Another very recently reported case was a 
patient with lupus nephritis, treated by direct re-
nal injection of autologous stem cells obtained 
from peripheral blood. The patient developed tis-
sues at injection sites and hematuria, which were 
described as angiomyeloproliferative lesions, likely 
to have been induced by stem cells [74]. These 
cases, together with unreported experiences, led 
the International Society of Stem Cell Research to 
set up a professional guideline for clinics providing 
unproven stem cell based therapies [75]. This 
guideline requires a written plan for the proce-
dure. It includes the scientific rationale, and any 
preclinical evidence of proof-of-principle for effi-
cacy and safety, a full characterization of the cell 
types being transplanted, and the method of ad-
ministration. Also recommended is an informed 
consent for patients, an action plan for adverse 
events, a timely move to a formal clinical trial af-
ter experience with a small number of patients, 
and the submission of systematic and objective 
tracking of outcomes to the scientific community 
for critical review. 

It should be emphasized that, in the context of 
stem cell/islet co-transplantation, the genetic in-
stability in culture before use is not a unique risk 
for tumor transformation. In our experience, co-
transplantation of islets and NPC under the kid-
ney capsule of diabetic mice was accompanied by 
constant and reproducible development of NPC-
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derived cancer [65]. However, we did not observe 
tumors in NPC transplanted alone, neither in al-
logeneic nor syngeneic settings. Therefore, we con-
sidered that cancer formation was mainly sus-
tained by insulin secretion. This evidence intro-
duces the concept that ‘safety’ of stem cell therapy, 
in terms of preventing cancer generation, is not an 
intrinsic stem cell feature, but also depends on 
cross talk with the microenvironment. In our 
model, insulin appeared to be responsible for the 
malignant transformation of NPC. 

Sites for co-localization of islets and stem 
cells 

The second major challenge for stem cell/islet 
co-transplantation in clinical practice involves the 
need to co-localize stem cells and islets. We are 
strongly convinced that co-infusion and co-
localization of stem cells and target tissue in the 
same microenvironment is most important. The 
beneficial effect generated by stem cells very likely 
depends on cell-to-cell contact and release of key 
factors directly in the microenvironment. Some 
studies have compared in situ and systemic (in-
travenous) delivery of stem cells. They have re-
ported a marked decrease in engraftment effi-
ciency and function with  intravenous delivery [76, 
77]. Also, it was reported that intravenously in-
fused MSC became trapped in the lung [78], where 
they appear as emboli in afferent blood vessels. It 
is possible that the small number of MSC that es-
caped being trapping in the lung, homed to the in-
jured tissue and exerted a function. However, 
these findings suggest that the full potential of 
MSC can only be exploited by co-localization. 

Co-transplantation and co-localization of stem 
cells and islets in humans is not feasible using in-
traliver islet infusion due to the spreading of tis-
sue and cells in the vascular liver mass. Use of an 
extra-vascular site for islet engraftment is a possi-
ble solution to the problem. In theory, the BM of-
fers an extra-vascular, protected, and well-
vascularized (even if hypoxic) microenvironment, 
capable of sustaining islet grafts. Furthermore, 
BM is the natural environment of mesoderm-
derived stem cells. Stem cells transplanted in BM 
may receive signals from this microenvironment 

that can favor their survival and function. In ac-
cordance with this hypothesis, we are currently 
exploring the possibility of using BM as the site 
for islet/stem cell co-transplantation and co-
localization. In the past two years, we have ob-
served that islet infusion in BM resulted in a sig-
nificant improvement of transplantation outcome 
in mice. In fact, islets engrafted efficiently in the 
BM of diabetic mice. These animals showed a 
near-normal glucose metabolism for more than a 
year [79]. 

In a clinical trial at our institute, we have 
started to translate these results to five diabetic 
human patients. Thus far, it has shown that islets 
can survive and thrive in the BM [80]. This dem-
onstrates that BM could be a feasible and alterna-
tive site for islet transplantation, and islet/stem 
cell co-transplantation, in humans. BM could be 
the microenvironment to support both function 
and survival of the two components as it permits 
physical co-localization. 

Conclusions 

In islet transplantation, co-infusion and co-
localization with stem cells has been reported as 
an effective strategy to improve engraftment and 
prevent rejection. BM cells, and MSC in particu-
lar, seem to be the most promising candidates for 
islet/stem cell co-transplantation, due to their po-
tential to sustain engraftment and modulate the 
immune response. Hopefully, this new therapy op-
tion will improve the possibility of obtaining long-
term insulin independence, after transplantation 
of a reduced number of islets. This would facilitate 
broader application of islet transplantation. 

Future studies in this field will have an impact 
on protocols involving stem cells. They will reveal 
the mechanisms through which stem cells exert 
their function as feeder and immunomodulatory 
cells. 
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