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Abstract

Islet transplantation is characterized by the transplan-
tation of isolated islets from donor pancreata into a
diabetic recipient. Although it is a viable choice in the
treatment of insulin dependent diabetes mellitus, most
patients (approximately 90%) require insulin five years
after transplantation. Recently, the co-transplantation
of mesenchymal stem cells (MSCs) and islets in ani-
mal studies has revealed the effectiveness of MSCs
co-transplantation for improving islet function. The
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mechanisms underlying the beneficial impact of MSCs
include immunomodulation and the promotion of an-
giogenesis. In this review, we discuss MSCs and how
they support improved graft survival and function.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION

According to the International Diabetes Federation (IDF)
database, the number of patients with diabetes mellitus
(DM) worldwide is 285 million, indicating that 6.4% of
the global population have DM. Furthermore, the IDF
predict that the number will increase to 438 million by
2030. DM is a serious disease; approximately 4 million
people die each year from DM. In addition, DM is a
major cause of serious complications such as blindness,
renal failure, and ischemic heart disease. Type 1 diabetes
is characterized by the irreversible autoimmune destruc-
tion of pancreatic § cells and is usually diagnosed in
children and young adults". Islet transplantation consists
of the transplantation of pancreatic islets that have been
isolated from a donor pancreasm. The therapeutic effect
was regarded as insufficient for a long time; however,
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since the use of the “Edmonton Protocol”, a markedly
improved islet transplant protocol developed at Alberta
University, islet transplantation has been performed
widely for 10 years. However, according to a recent re-
port, although approximately 70% of patients did not
need daily insulin one year after transplantation, approxi-
mately 90% of patients required insulin after five years'.
Therefore, studies aimed at improving the outcome of
islet transplantation are still required.

One of the reasons for failure of insulin indepen-
dence is islet graft loss due to a variety of causes includ-

ing instant blood-mediated inflammatory reaction'”]

acute rejectionm
agentsm, and ischemia caused by poor vascularity at
transplantationm and the embolization effect of the
islets™. Moreover, islet transplantation also faces the
problem of a limited supply of suitable donor human

pancreata”. Thus, to promote islet transplantation in the

, islet toxicity by immunosuppressive

future, there is a need to establish a novel donor source
and develop more effective treatments to prolong the
function of transplanted islets.

WHAT ARE MESENCHYMAL STEM CELLS?

Mesenchymal stem cells (MSCs) are multipotent cells
capable of self-renewal and differentiation into a various
cell lineages. They are derived from many organs such
as bone marrow, adipose tissue, skin, fetal liver, and um-
bilical cord blood"""". Although the number of MSCs
in the bone marrow is very small compared with other
component cells (only 0.01%-0.001%)", MSCs regulate
the maintenance and proliferation of hematopoietic
stem cells (HSCs) in the bone marrow!”. MSCs are able
to differentiate into vatious cells derived from ectoderm
(epithelial cells and neurons), mesoderm (connective
stroma, cartilage, fat and bone cells), and endoderm
(muscle cells, gut epithelial cells, and lung cells)™. A
number of groups have demonstrated that insulin-pro-
ducing cells could also be differentiated from MSCs'"*"".
The regeneration of insulin-producing cells is an impor-
tant theme in research aiming to improve the outcome
of cell replacement therapy and has been the focus
of some groups. However, in an alternative approach,

many studies have examined the effect of transplanting
islets with MSCs and have demonstrated improved islet
function when co-transplanted with MSCs™"* The
beneficial effects of MSCs in the context of islet trans-
plantation could be attributed to immunomodulation
and angiogenesis.

IMMUNOMODULATORY EFFECT OF MSCS

The pancreata used for clinical islet transplantation are
allogeneic and recipients therefore require immunosup-

pressive drugs to prevent rejection. Recently, Solati ef al™
demonstrated that MSCs could promote the prolonged
survival of allograft islets in a rat model with limited
treatment with immunosuppressive agents. Allogeneic
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islets transplanted to diabetic rats with syngeneic MSCs
survived for over one month whilst islets transplanted
alone survived for only seven days. They also dem-
onstrated prolonged graft survival of allogeneic islets
transplanted with allogeneic MSCs compared to alloge-
neic islets transplanted alone. T cell production of inter-
feron (IFN)-y and tumor necrosis factor (INF)-a was
decreased in allogeneic islets transplanted with syngeneic
MSCs. Furthermorte, 7z vitro studies of cocultured MSCs
and islets generated interleukin (I1)-10 which inhibited
CD4" T cells. Melzi et a/™ performed allogeneic islet
and allogeneic neural stem cell (NSC) transplantation in
a murine model and showed significantly longer graft
survival in allogeneic islet/NSC transplanted mice in
the absence of immunosuppression, compared to mice
transplanted with islets alone (> 100 d survival). Intrigu-
ingly, they detected expansion of regulatory T cells in
the spleen of co-transplanted mice. These results indi-
cate that MSCs exert an immunomodulatory role and
can actively limit the rejection of co-transplanted islets.

The mechanism underlying the immunomodulatory
effect of MSCs is likely to be multifactorial and result
from the communication between various immune cells
and cytokine generation (Figure 1). For example, MSCs
can inhibit the proliferation and cytotoxicity of resting
natural killer (NK) cells, which are key effector cells of the
innate immune system and play an important role in anti-
viral and anti-tumor immune responses” . Spaggiari e al™
demonstrated that the cytokine-induced proliferation of
freshly isolated NK cells was inhibited by the presence
of MSCs. MSCs also inhibited NK cell activation, cyto-
toxic activity, and IFN-y productionm. These effects are
mediated by prostaglandin E2 (PGEz) and indoleamine
2,3-dioxygenase (IDO)"**,

Another important effect of MSCs is to inhibit the
differentiation of monocytes to dendritic cells (DCs)
that, following DC maturation, present antigens to naive
T cells”*!. MSCs also inhibit TNF-o production by DCs
and upregulate IL-10 production by plasmacytoid DCs
(pDCs)?" - effects modulated by PGEz. These effects of
MSCs upon DC function undoubtedly contribute to their
anti-inflammatory and immunoregulatory effects.

MSCs may also directly inhibit CD4" T cells, CD8"
T cells, and B cells, immune cells involved in rejec-
tion of allogeneic cells, by treleasing soluble mediators,
including PGE2, IDO, or soluble human leukocyte an-
tigen (SHLA)-G5. Inhibition of CD4" T cells impairs
B cell proliferation and antibody production'”, CD8"
cytotoxic T cells are involved in killing virus-infected
or allogencic cells, and MSCs are capable of inhibiting
the induction of CD8" T cell responses and prevent-
ing Cytotoxicitym. MSC:s inhibit B cell proliferation and
antibody secretion, as well as their differentiation to
plasma cells™. On the other hand, MSCs may induce
the generation of regulatory T' cells, which suppress im-
mune cell activation, and help to maintain homeostasis
and promote self tolerance by inducing production of
I1.-10 from pDCs and by releasing HLA-G5""*, In
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Regulatory T cell
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Defective antigen presentation

Protection of allografted islets from immune responses, prevention of cellular or cytokine cytotoxicity
and induction of immunotolerance

Figure 1 Immunomodulatory effect of mesenchymal stem cells (modified and quoted from Uccelli et al™®). Mesenchymal stem cells (MSCs) can inhibit the
proliferation and cytotoxicity of resting natural killer (NK) cells via the generation of mediators, including prostaglandin E2 (PGE-), indoleamine 2,3-dioxygenase (IDO)
and soluble human leukocyte antigen (sHLA)-G5; MSCs inhibit the differentiation of monocyte to antigen presenting dendritic cells (DCs). MSCs also inhibit TNF-a.
production by DCs and upregulate IL-10 production by plasmacytoid DCs (pDCs): effects modulated by PGE2; MSCs directly inhibit CD4" T cell, CD8' T cell, and B
cells that are involved in allogeneic cell rejection by releasing PGEz, IDO, or sHLA-G5. CD4" T cell inhibition limits B cell proliferation and antibody production whilst
CD8'T cell inhibition prevents cytotoxicity. MSCs induce generation of immunomodulatory regulatory T cells that suppress immune activation, help to maintain homeo-
stasis, and promote self tolerance by production of IL-10 from pDCs and by releasing HLA-G5. Thus, MSCs can promote immunotolerance and facilitate the engraft-

ment of allogeneic islets.

summary, MSCs can promote immunological tolerance
and facilitate the survival and function of allogeneic
islets. It is likely, however, that the immunomodulatory
roles of MSCs have not been fully clarified.

ANGIOGENIC EFFECT OF MISCS

Pancreatic islets have a rich vascular supply in the pan-
creas, with some reports indicating that islets receive
5%-10% of pancreatic blood flow, despite the islet mass
only comprising 1%-2% of the total pancreasm’m. How-
ever, isolated islets are avascular, as the process of islet
isolation destroys the vascular network between the islet
and surrounding tissue™. As a result, islets undergo pro-
longed ischemia during the reconstruction of the vascu-
lar network, which may take approximately 14 d" and
many islets become damaged. It is thus apparent that
strategies to limit islet ischemia are necessary to improve
the outcome of islet transplantation.

Some studies suggest that angiogenic factors, such
as vascular endothelial growth factor-A (VEGF-A)
and angiopoietin-1, are required to generate a vascular
network around transplanted islets” ™", Recently, the
pro-angiogenic effects of MSCs have been examined
(Figure 2). The process of revascularization consists
of proteolytic digestion of the vascular wall and sub-
sequent migration, proliferation, and differentiation of
endothelial cells (ECs)™. MSCs express platelet-derived
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growth factor (PDGF) receptors and respond to PDGF
production by ECs during revascularization™”, MSCs
promote EC migration by producing proteases that fa-
cilitate immature EC sprouting" and upregulating the
expression of angiopoietin and VEGF in ECs, as these
factors promote angiogenesis and stability of the devel-
oping vasculature™. The roles of MSCs in angiogenesis
have been explored in experimental models of ischemia.
Martens ¢ a/* demonstrated that MSCs produced
VEGF and induced neovascularization in the ischemic
myocardium. Jiang ef al*" showed that transplantation
of MSCs into ischemic limbs promoted angiogenesis.
Johansson ez al*! explored the enhancement of angio-
genesis by MSCs in the context of islets. They first exam-
ined cultures of human islets and ECs in the presence or
absence of MSCs. The study indicated that the inclusion
of MSCs promoted EC proliferation and migration of
ECs to the surface of islets to form a “coat”™. Tslets with
this surrounding “coat” of endothelial cells survived for
a long time in culture and exhibited improved insulin
release™. The coated islets had many sprouts and were
connected to other endogenous islets by vessel-like
structures'”. These findings indicated that MSCs act
to promote EC proliferation in both donor and recipi-
ent sides, together with sprout formation and growth
of ECs into the islet. Thus, MSCs may exert a potent
angiogenic function and contribute to islet engraftment
by promoting islet vascularization.
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Figure 2 Pro-angiogenic effect of mesenchymal stem cells. The process of revascularization requires proteolytic digestion of the vascular wall and subsequent
migration, proliferation, and differentiation of endothelial cells (ECs). Mesenchymal stem cells (MSCs) express platelet-derived growth factor (PDGF) receptors and
respond to PDGF production by ECs during revascularization. MSC-derived proteases promote EC migration and immature EC sprouts and upregulate the expression
of angiopoietin and vascular endothelial growth factor (VEGF) in ECs, thereby promoting both angiogenesis and vascular stability. MSCs also produce VEGF and in-
duce neovascularization. MSCs promote both donor and recipient EC proliferation, EC sprout formation, the ingrowth of ECs into islets and the formation of a vascular

network between intra- and extra-islet vessels.

Recently, Ito es al™ co-transplanted rat islets and
MSCs into diabetic severe combined immunodeficiency
mice and evaluated the rate of normoglycemia and ex-
tent of islet vascularization. All the diabetic mice that
received 500 islets with 10" MSCs exhibited normoglyce-
mia, compared to 30% of mice transplanted with islets
alone. Neovascular density was also increased in the
islet/MSCs co-transplanted group and was associated
with strong expression of VEGF and endothelial von
Willebrand factor. Sakata ez a/” and Figliuzzi et al” also
evaluated the impact of MSCs upon transplanted islets,
and found a similar improvement of islet function and
vascularization. The beneficial impact of vascularization
is in accord with our previous work indicating that hy-
perbaric oxygen therapy prevented cellular apoptosis of
islets™. These data indicate that promoting islet vascu-
larization by co-transplanting MSCs acts to limit the du-
ration and severity of islet ischemia, thereby limiting islet
cell apoptosis and promoting islet integrity and function.

CONCLUSION

It is likely that MSCs may exert beneficial effects in addition
to those previously outlined. For example, Olerud ez al™
demonstrated that neural crest stem cells, a kind of MSCs,
augment islet cell proliferation and improve islet function.
In addition, Melzi ¢ 4/ showed that transplanted bone
marrow cells stimulated pancreatic 3-cell proliferation af-
ter streptozotocin-induced pancreatic injury.

In conclusion, MSCs may exert beneficial immuno-
modulatory and pro-angiogenic effects when co-trans-
planted with islets. Immunomodulatory effects include the
functional inhibition of immunocompetent cells, such
as NK cells, DCs, cytotoxic T cells, and B cells. MSCs
may also induce the generation of regulatory T cells that
promote immunological tolerance. The pro-angiogenic
effects of MSCs result from the release of angiogenic
factors and promotion of the vascular network linking
islets to the surrounding tissue. This pro-angiogenic role
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limits the duration and severity of islet ischemia and
improves islet function. We therefore believe that the
co-transplantation of MSCs represents a viable method
for improving islet transplantation. Recently, a clinical
trial of combined islet and hematopoietic stem cell al-
lotransplantation was performed™”. The data did not
support the effectiveness of HSCs co-transplantation
in prevention of graft rejection and in avoiding side ef-
fects of immunosuppression. Moreover, Melzi ¢# al™ te-
ported the risk of inducing cancer because of NSC co-
transplantation, as well as proving the effectiveness of
this strategy to prevent islet graft rejection. Thus, further
studies examining the effect of MSCs in a clinical setting
should be undertaken.
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