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Type 1 diabetes is an autoimmune disorder that leads to destruction of pancreatic B islet cells and is a
growing global health issue. While insulin replacement remains the standard therapy for type 1 diabetes,
exogenous insulin does not mimic the physiology of insulin secretion. Transplantation of pancreatic islets
has the potential to cure this disease; however, there are several major limitations to widespread implementa-
tion of islet transplants. The use of mesenchymal stromal cells (MSCs) in the treatment of type 1 diabetes
has been investigated as an adjunct therapy during islet graft administration to prevent initial islet loss and
promote engraftment and revascularization of islets. In this review we will discuss the results of recent MSC
studies in animal models of diabetes with a focus on islet transplantation and explore the potential for these
findings to be extended to clinical use for the treatment of type 1 diabetes.
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INTRODUCTION

Type 1 diabetes mellitus (TIDM) is a T-cell-medi-
ated, autoimmune disorder that leads to destruction of
pancreatic P islet cells, and is characterized by the pres-
ence of anti-islet cell antibodies and severe insulitis (72).
There are 41/100,000 people per year in Europe and 25/
100,000 people per year in North America diagnosed
with TIDM, and the incidence is increasing. This disease
is associated with severe long-term vascular complica-
tions that are largely responsible for diabetes-related
morbidity and mortality. While insulin replacement rep-
resents a current therapy for TIDM, exogenous insulin
alone cannot exactly mimic the physiology of insulin
secretion, and therefore metabolic control remains diffi-
cult. It is thought that pancreatic islet transplantation has
the potential to cure this disease; however, there are cur-
rently major limitations to widespread implementation
of these transplants (37,41,64). While the first report of
insulin independence after islet transplantation occurred
nearly 20 years ago, insulin treatment had to be rein-
stated after only 22 days (63).

More recent developments by a research group in Ed-
monton have demonstrated that more islets than can be
isolated from a single pancreas are necessary to achieve
long term insulin independence, and this strategy has
been developed alongside a specific regimen of immu-
nosuppressive therapy (41). According to the Edmonton
protocol, approximately 12,000 islet equivalents/kg are
needed to normalize hypoglycemia, and thus achieve in-
sulin independence in humans. Insulin independence is
sometimes achieved with a graft from one pancreas, but
more often requires a second infusion of islets from a
different donor (27,65). According a study report in
2005, only 50% of patients were still insulin free at 3
years, and insulin independence continues to wane over
time, with approximately 10% of patients insulin inde-
pendent at 5 years (61,64,66). However, persistent islet
function can be seen in 83% of patients at 5 years as
measured by C-peptide secretion. This continued islet
function can prevent recurrent hypoglycemia and severe
lability combined with correction in glycated hemoglo-
bin (HbAlc) to a level far beyond what is possible with
insulin therapy. Additionally, islet transplantation has
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been reported to positively influence diabetic complica-
tions and improve quality of life (25). Patients must
weigh this potentially substantial improvement in gly-
cemic control with the risks associated with life-long
immunosuppression. Combinatorial immunosuppressive
therapy with sirolimus and low-dose tacrolimus made
initiation of these therapies possible, but their continued
use is far from ideal (64). Sirolimus (rapamycin) inhibits
the response to interleukin-2 (IL-2), thereby blocking
the activation of B and T cells. Its mechanism of action
is formation of an immunosuppressive complex with the
intracellular protein, FKBP12, which blocks the activa-
tion of the cell cycle-specific kinase, target of rapamycin
(TOR). Inactivation of TOR results in blockage of cell
cycle progression at the juncture of G, and S phase. Ta-
crolimus is a calcineurin inhibitor that directly inhibits
IL-2 production, similar to cyclosporine, which is an-
other immunosuppressant that has been used in the field
of islet transplantation. Even though the mechanisms of
action are different, these drugs have near-ubiquitous
distribution, and lead to mouth ulcerations, peripheral
edema, high rates of ovarian cysts in females, increased
proteinuria in patients with preexisting kidney damage,
hypertension, and hypercholesterolemia.

One of the most significant obstacles to widespread
application of pancreatic islet transplantation is that
there is a considerable loss of islets immediately follow-
ing transplantation (39), due to a lack of blood supply
and inflammation associated with transplantation (20). It
is expected that 50-70% of the transplanted islets will
be lost in the immediate posttransplantation period (41).
This loss is due in part to a thrombotic/inflammatory
reaction elicited when islets come into contact with
ABO-compatible blood, and is characterized by binding
and activation of platelets on the islet surface, as well as
activation of complement systems. Leukocytes infiltrate
islets rapidly, and within an hour both monocytes and
granulocytes are present. This reaction is known as the
instant blood-mediated inflammatory reaction (IBMIR)
and is induced by monocyte chemotactic protein-1
(MCP-1) and tissue factor (TF). Despite the fact that
MCP-1 and TF are produced by islets (62), recent data
suggest that islet MCP-1 release does not have a direct
role in graft failure (51). Instead, recipient MCP-1 re-
sults in the development of negative proinflammatory
conditions. These detrimental effects of the IBMIR pro-
vide an explanation for the fact that 2—4 donor pancre-
ases are needed to obtain normoglycemia in the Edmon-
ton protocol. In addition to the direct damage by the
IBMIR to the infused islets, it also provokes a powerful
cascade, leading to accelerated T and B cell-mediated
responses. The original Edmonton protocol has been
modified in several ways in that most centers now cul-
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ture isolated islets to decrease tissue factor expression,
administer anti-inflammatory tumor necrosis factor-o.
(TNF-0) monoclonal antibody therapy peritransplant,
and treat with heparin postislet infusion (33).

The ideal site for islet transplantation must enable
successful and sustained engraftment of islets from a
single donor, effective use of produced insulin, and
maximum patient safety (71). Infusion of islets into the
liver via the portal vein has been demonstrated to have
the most success in large animal models (33,59). This
site is used in the Edmonton protocol and is advanta-
geous because the pancreas normally secretes insulin
into the portal vein, intrahepatic islets avoid the systemic
hyperinsulinemia observed in some pancreas allograft
recipients, the portal blood is oxygenated, and the portal
vein can be accessed with a minimally invasive proce-
dure. Disadvantages of infusing islets into the portal
vein include the risk of IBMIR, higher levels of expo-
sure to immune suppressive drugs in the portal circula-
tion that could impair engraftment, vascularization or
function, and periportal steatosis. Alternative sites cur-
rently being considered in an attempt to enhance out-
comes include: omentum, kidney capsule, intramuscular,
subcutaneous, the gastric submucosa, and the anterior
eye chamber (33,58).

POTENTIAL USES OF ADULT
STEM CELLS IN DIABETES

Mesenchymal stromal cells (MSCs) are self-renew-
ing, multipotent progenitor cells that can be isolated
from many different tissues and have the capacity to dif-
ferentiate into various lineages (16,19,56,72). It is well
established that MSCs can exert immunosuppressive ef-
fects on T cells, inhibiting T-cell proliferation, cytotoxic
T-lymphocyte activity, and decreasing interferon-y pro-
duction (1,16). MSCs have been shown to suppress auto-
reactive T-cell responses in other models of autoimmu-
nity, such as experimental autoimmune encephalomyelitis
(EAE), collagen-induced arthritis, and autoimmune en-
teropathy (16), making them an ideal candidate for use
in TIDM. The use of MSCs in the treatment of TIDM
has been tested or proposed at several time points of
potential intervention 1) as a preventative treatment or
as a means to delay the full development of the disease,
2) as a therapeutic agent to treat complications arising
from T1DM, 3) as a supportive treatment for increasing
the yield of islets harvested per pancreas during the pre-
transplant islet isolation and culture period, 4) as an ad-
junct therapy with islet administration, and 5) as a res-
cue therapy upon onset of islet graft failure. Several
studies have attempted to drive MSCs to differentiate
into insulin-secreting cells, with mixed results (72).
However, differentiation as the mechanism of action of
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MSC:s in vivo in various disease models has received far
less attention in recent years, so in this review we have
chosen to focus on the immunomodulatory and regenera-
tion-promoting properties of MSCs.

MSCs PREVENT OR DELAY
ONSET OF DIABETES

Recently, a number of studies have examined the po-
tential uses of MSCs in delaying the onset of TIDM.
Bone marrow-derived BALB/c-MSCs have been shown
to significantly delay disease onset in nonobese diabetic
(NOD) mice, but MSCs from the NOD mice themselves
were nearly ineffective (24). These results correlated
with the finding that BALB/c-MSCs were significantly
more effective in inhibiting T-cell proliferation, and traf-
ficking of BALB/c-MSCs to pancreatic lymph nodes
was greater than that of autologous MSCs in the NOD
mouse model. The authors further investigated the cause
of the disparity between the effects of the BALB/c-
MSCs and NOD-MSCs and found that programmed
death ligand 1 (PD-L1), a suppressor of autoreactive T
cells, is more highly expressed in BALB/c-MSCs. Fur-
thermore, NOD-MSCs produced a more proinflamma-
tory or diabetogenic cytokine profile compared with
BALB/c-MSCs. Therefore, the lack of efficacy of the
NOD-MSCs is not simply a result of the autologous na-
ture of the cells per se, but rather specific differences in
the biology of the NOD-MSCs themselves. Future stud-
ies comparing autologous MSCs derived from either
nondiabetic or diabetic mice and allogeneic MSCs are
necessary to determine the source of cells that has the
potential for greatest efficacy in support of islet trans-
plantation in the clinical setting.

Using a streptozotocin (STZ)-induced model of dia-
betes in nonobese diabetic severe combined immunode-
ficient (NOD/scid) mice, Hess et al. (34) examined the
effects of green fluorescent protein positive (GFP*) do-
nor bone marrow-derived cells transplanted 10 days
after the initiation of STZ treatment and found that these
cells were able to significantly reduce blood glucose lev-
els over 30 days compared to controls. Transplantation
of bone marrow resulted in an increase in insulin-posi-
tive islets, but no GFP*/insulin® cells were observed,
suggesting that the results were due to proliferation of
host islet cells. Hamamoto et al. (31) recently demon-
strated that upon islet transplantation, recipient precur-
sors to islet cells do not divide and contribute to graft
function, so understanding the MSCs-induced stimula-
tion of host cell division or insulin production may be
particularly important.

Madec et al. (48) demonstrated that MSCs are able to
prevent spontaneous diabetes following coinjection with
diabetogenic T cells in irradiated NOD recipients. These
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results were dose dependent, and optimal reductions in
onset of diabetes were achieved with 10° MSCs. Addi-
tionally, MSCs reduced the ability of diabetogenic T
cells to infiltrate islets and this observation correlated
with a preferential homing of carboxyfluorescein succin-
imidyl ester-labeled (CFSE) MSCs to pancreatic lymph
nodes as determined by flow cytometry. Diabetogenic T
cells decreased levels of IL-10-secreting forkhead box
P3 positive (FoxP3*) regulatory T cells, but this was pre-
vented with coinjection of MSCs. MSCs were able to
completely suppress alloreactive T-cell proliferation as
well as T-cell responses to insulin, which likely play an
initiating role in autoimmune B-cell destruction.

Other studies have also reported that GFP*-labeled
bone marrow-derived cells do not become insulin-produc-
ing cells in the pancreas of recipient mice (44,69), but
these studies did not exclude the possibility that the GFP
gene was inactivated. Work from Darwin Prockop’s lab-
oratory examined the effects of human MSC-treated
mice in a NOD/scid, low-dose STZ model of diabetes
(45). They found higher blood insulin levels in treated
mice, but no human insulin was detected. In the pan-
creas, islet number increased, and human Alu sequence
in the pancreas and kidney was detected by PCR. Ap-
proximately 3% of infused hMSC engrafted into the
pancreas, and up to 11% engrafted in the kidney,
whereas no cells were detected in lung, liver, or spleen
on day 17. The repeated dosing of STZ leads to glomer-
ular changes similar to diabetic nephropathy, and the
homing of these cells to the kidney was suggested to be
another potential beneficial effect of MSCs. These stud-
ies have led to the working hypothesis that MSCs exert
their beneficial effects through indirect mechanisms via
protection of remaining B-cells or stimulation of endoge-
nous B-cell replacement (12).

Another potential therapeutic use of MSCs is in the
treatment of complications of TIDM (25,74). MSC
transplantation into the myocardium has been shown to
improve heart function in a model of diabetic cardiomy-
opathy via induction of angiogenesis and attenuation of
remodeling, likely as a result of increasing concentra-
tions of vascular endothelial growth factor (VEGF) and
matrix metalloproteinase-2 (MMP-2) among others (80).
Additionally, MSC-derived factors may also support re-
covery of blood flow and angiogenesis in a model of
diabetic limb ischemia (3). Similarly, both systemic and
local administration of MSCs improved wound healing
in the diabetic rat (42). MSCs also have the potential to
treat or prevent diabetic nephropathy via prevention of
damage to the glomeruli or enhanced angiogenesis
(45,49). The ability of MSCs to home to the site of in-
jury is of great benefit for the treatment of diabetic com-
plications, but treatment via local versus system admin-
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istration of these cells will have to be examined by
indication.

MSCs PROMOTE ISLET SURVIVAL
IN THE PRETRANSPLANT PERIOD

In addition to inflammation and inadequate revascu-
larization upon transplantation, a significant loss in do-
nor islet mass occurs before islet engraftment because
of the innate immune reaction in brain-dead donors, cold
storage, and warm collagenase digestion of the pancreas
(37). It is widely accepted that prevention of islet loss
in these processes would greatly enhance outcome (37,
41). In an attempt to prevent loss of islets as a result of
hypoxic stress and lack of nutrients during the isolation
process, Park et al. (55) cultured islets with umbilical
cord-derived MSC-conditioned media (MSC-CM). Islets
cocultured with MSC-CM remained more viable, were
found to have higher levels of antiapoptotic signaling
molecules, increased VEGF receptor, and increased glu-
cose-stimulated insulin secretion. STZ-induced diabetic
mice that received islets cultured in MSC-CM for 48 h
demonstrated significantly lower blood glucose levels
and enhanced blood vessel formation. These results
were attributed broadly to the prevalence of IL-6, IL-8,
VEGF-A, hepatocyte growth factor (HGF), and trans-
forming growth factor-p (TGF-B) in MSC-CM.

Although many islet preservation strategies and im-
proved culture methods have been identified (15), the
shortage of donors has stimulated research into the use
of alternative means of obtaining islets for transplanta-
tion. The use of immortal B-cells, xenogeneic islets, em-
bryonic stem cells, mesenchymal stromal cells, or in-
duced pluripotent cells to guarantee a sufficient islet
mass have been proposed in the literature for some time
but the implementation of these techniques into clinical
practice has not yet become a reality (2,7,76,77).

MSCs SUPPORT ISLET TRANSPLANTATION

The early success of MSCs in delaying onset of
diabetes, and the significant loss of islets upon trans-
plantation led to studies examining the ability of MSCs
to prevent initial loss and promote engraftment and re-
vascularization of islets (Table 1). A schematic of the
use of MSCs in support of islet transplantation is shown
in Figure 1. The process of isolating islets destroys the
external vasculature and may also compromise the inter-
nal islet vascular network (37). Angiogenesis and revas-
cularization begin 2—4 days after islet transplantation
and are generally complete by 10—14 days (10,38), but
the vascular density and oxygen tension is still less in
revascularized islets than islets in the native pancreas
(11). Ito et al. (37) demonstrated that cotransplantation
of MSCs and islets into the liver of STZ-induced dia-
betic rats resulted in significantly improved glucose tol-
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erance tests, and more than double the number of capil-
laries formed at the graft site. Additionally, MSCs were
shown to increase endothelial cell migration and upregu-
late local VEGF production.

Others have reported success with administration of
islets and autologous MSCs to the omentum of STZ-
induced diabetic rats (67), avoiding potential complica-
tions of intraportal islet transplantation (68). The omen-
tum enables islets to reestablish vascularization and
provides structure, an aspect important to the hepatic-
portal delivery of the secreted insulin. Cotransplantation
of islets and autologous MSCs to this site resulted in
long-term islet survival and normoglycemia, and pro-
moted the generation of IL-10-secreting CD4* T cells. T
cells from recipients of islets and MSCs produced low
levels of interferon-y (IFN-y) and TNF-o upon ex vivo
activation. Interestingly, in this model, allogeneic MSCs
had only a modest effect and did not promote long-term
islet allograft survival.

Figliuzzi et al. (23) examined the effects of cotrans-
plantation of MSCs and islets into the kidney capsule of
diabetic Lewis rats. Animals receiving 3,000 islets, but
not 2,000 islets, were able to achieve sustained normo-
glycemia. Animals receiving 2,000 islets along with 1
million MSCs into the kidney capsule were able to sus-
tain normoglycemia out to 36 days posttransplantation,
the end point of the study. MSC-treated animals pro-
moted increased vascularization of islets as determined
by the staining of capillaries using the anti-endothelial
cell antibody RECA. This enhancement of angiogenesis
was attributed to expression of VEGF165 and, to a lesser
extent, VEGF189. Similarly, Ding et al. demonstrated
that MSCs can prevent islet allograft rejection after
transplantation into the kidney capsule, and further ex-
plored a possible mechanism by which MSCs exerted
their effects (17). They found that inhibition of MMP-2
and MMP-9 abolished the protective effects of MSCs,
resulting in rejection of the transplanted islets. The criti-
cal role of these MMPs was also confirmed in vitro as
blocking the activity of MMP-2 and -9 prevented MSC-
mediated suppression of T-cell proliferation. MSCs have
also been shown to improve maintenance of islet mor-
phology, organization, and revascularization after trans-
plantation, providing additional support for cotransplan-
tation of MSCs with islets (57).

In a recent well-designed study, the effects of multi-
ple doses of MSCs in combination with immunosuppres-
sive therapy on islet graft rejection were examined in
STZ-induced diabetic rats (47). The results demonstrated
that both intraportal and IV-administered MSCs pro-
longed graft function through prevention of acute rejec-
tion in a dose-dependent fashion, and no difference was
seen between syngeneic or allogeneic MSCs. The ability
of MSC transplants to prevent rejection was similar to
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Table 1. An Overview of Recent Preclinical Studies Examining the Effects of MSCs on Islet Transplantation

47

Model

Source
of MSCs

Experimental
Group Treatment

Timing

Result

Reference

STZ-induced
diabetic rats

STZ-induced
diabetic Lewis
rats

STZ-induced
diabetic Lewis
rats

Diabetic BALB/
c Rag"' y'/'
mice reconsti-
tuted with
CD4'CD25"
BALB/c T cells

STZ-induced
diabetic Lewis
rats/NOD/scid
mice

STZ-induced
diabetic
Sprague-
Dawley and
Wistar rats

STZ-induced
diabetic
C57BL/6 mice

STZ-induced
diabetic cyno-
molgus mon-
keys

Lewis rat bone mar-
row-derived MSCs

Lewis rat bone mar-
row-derived MSCs

Lewis rat bone mar-
row-derived MSCs

BALB/c mouse bone
marrow-derived MSCs

Lewis rat bone mar-
row-derived MSCs

Rat bone marrow-de-
rived MSCs

C57BL/6 bone mar-
row-derived MSCs

Cynomolgus monkey
bone-marrow derived
MSCs

Single injection of
1200-1600 islets and
3x 10" BMC and 1 x
10’ MSCs into portal
vein

Single injections of

3 x 10° allogeneic or
syngeneic MSCs with
allogeneic or synge-
neic islets (600 or
1200) into the
omentum

Single injection of 10°
MSCs and 2000 islets
into the kidney cap-
sule

Single injection of 1 X
10° syngeneic MSCs
and 500 islets into the
kidney capsule

Islets (500 or 600)
and 10" MSCs into rat
portal vein

Islets (700 or 1400)
and single or multiple
doses of syngeneic or
allogeneic MSCs +/—
immunosuppression
into portal or tail vein

Allogeneic islets and
3 x 10° MSCs cotrans-
planted into the kid-
ney capsule, and 1 X
10° MSCs via tail vein

Islets (3,000—14,000
IEQ/kg) and single or
multiple doses alloge-
neic MSCs (1 to 6.5 x
10%kg) codelivered in-
traportally or via tail
vein posttransplant

2 weeks post-STZ,
after irradiation, co-
transplant of MSCs,
BMCs and islets, half
animals received more
islets at 35 days

Cotransplant of MSCs
and islets post onset
of hyperglycemia

Cotransplant of MSCs
and islets post onset
of hyperglycemia

Cotransplant of MSCs
and islets post-onset
of hyperglycemia

Cotransplant of MSCs
and islets post-onset
of hyperglycemia

Islets 5 days post-
STZ, MSCs at 0, 2,
and 4 days post-
transplant

MSCs delivered via
tail vein injection at
days 3, 2, and O preis-
let transplant and coin-
jected with islets

Islets and MSCs injec-
tion intraportally 4
weeks post STZ/IV
MSCs used to treat re-
jection

Induced stable mixed chi-
merism, MSCs enabled is-
let allograft tolerance with-
out GVHD, and
established immune toler-
ance in that after second is-
let transplant all rats re-
versed diabetes
permanently

Allogeneic islets and syn-
geneic MSCs with short-
term immunosuppression
best, enhanced long-term
graft survival, sustained
normoglycemia and pro-
moted IL-10 secreting T-
cell generation

Animals receiving 2000 is-
lets + MSCs maintained
normoglycemia, showed
increased vascularization
and insulin levels

MSCs prolonged survival
of allogeneic islet grafts in
a process mediated at least
in part by MMP-2 and
MMP-9

Reversal of diabetes with
MSC s and islets, MSCs
promoted vascularization

Triple dose was most ef-
fective regardless of syn-
geneic or allogeneic
MSCs, MSCs were compa-
rable to immunosuppres-
sion but MSCs + immuno-
suppression were not more
effective

MSC treatment suppressed
T-cell proliferation, pro-
moted a shift to a T helper
type 2 response, and inhib-
ited maturation and func-
tion of dendritic cells

MSC treatment enhanced
islet engraftment and func-
tion at 1 month posttrans-
plant and additional infu-
sions of MSCs resulted in
reversal of rejection epi-
sodes in 2 animals

Itakura et
al., 2007
(36)

Solari et
al., 2009
(67)

Figliuzzi
et al.,
2009 (23)

Ding et
al., 2009
a7

Ito et al.,
2010 (37)

Longoni
et al.,
2010 (47)

Li et al.,
2010 (46)

Berman et
al., 2010
(5)

MSCs, mesenchymal stromal cells; STZ, streptozotocin; BMC, bone marrow cells; GVHD, graft versus host disease; IL-10, interleukin-10; MMP,
matrix metalloproteinases; IEQ, islet equivalents; NOD/scid, nonobese diabetic/severe combined immunodeficient.
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Figure 1. Schematic of the preclinical rodent studies on MSC support of islet transplantation. Mesenchymal stromal cells (MSCs)
can be coadministered with islets into the portal vein, or alternatively, injected intravenously posttransplant. After islet transplanta-
tion alone (top right inset), alloreactive T cells secrete inflammatory cytokines such as interferon-y (IFN-y), and a lack of revascu-
larization can lead to poor engraftment and death of islets. In the presence of MSCs (bottom right, inset), alloreactive and autoreac-
tive T-cell proliferation is suppressed, while interleukin 10 (IL-10)-secreting regulatory T-cell expansion is supported, and islets
are able to sustain engraftment via revascularization in part through production of vascular endothelial growth factor (VEGF) by

MSCs.

immunosuppressive therapy, but the combination of
MSCs and immunosuppressive therapy together was not
more efficacious. Ten days after islet transplant, there
was a large increase of IFN-y and granulocyte-macro-
phage colony-stimulating factor (GM-CSF) in the blood,
which was prevented by MSC administration, immuno-
suppression, or combination therapy. A second study ex-
amining multiple dosing of MSCs found that treatment
with MSCs suppressed T-cell proliferation, promoted a
shift to a T helper type 2 response, and inhibited matura-
tion and function of dendritic cells (46).

Bone marrow transplantation has been proposed as a
means to establish mixed hematopoietic chimerism and
induce robust donor-specific immune tolerance of islet
allografts. However, conditioning treatment-related tox-
icity and the potential for graft-versus-host disease has

made this approach not suitable for patients undergoing
islet transplantation. A recent study demonstrated that
diabetic rats receiving a nonmyeloablative conditioning
regimen followed by co-infusion of MSCs, bone marrow
cells, and islets into the portal vein developed allograft
tolerance without incidence of graft-versus-host disease
(36). Both experimental and clinical studies have dem-
onstrated that MSCs have an anti-graft-versus-host ef-
fect (21), which is likely supported by the strong sup-
pressive effects of MSCs on activated T cells.

The efficacy of islet and MSC cotransplantation has
also been examined in a nonhuman primate STZ-induced
model of diabetes (5). MSC administration significantly
enhanced islet engraftment and function at 1 month
posttransplant. Additional infusions of donor or alloge-
neic MSCs resulted in reversal of rejection episodes and
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prolonged islet function in 2 animals. Islet function was
correlated with increased numbers of T regulatory cells
in peripheral blood. Expression of IL-6, IL-10, VEGF,
TGF-B, HGF, and galectin-1 varied widely over several
passages of MSCs as well as between donors, a critical
point when considering clinical implementation. Impor-
tantly, islet architecture and intraislet resident immune
cell populations have recently been characterized in a
nonhuman primate (13). Further insight into these popu-
lations will enable the development of tailored modula-
tion strategies that can decrease islet immunogenicity,
promote engraftment and prevent rejection in human is-
let transplantation.

MSCs AS A RESCUE THERAPY
UPON GRAFT REJECTION

Islet grafts can deteriorate over time due to chronic
allograft rejection, local islet toxicity as a result of the
drug regimen, recurrent autoimmunity, and/or failure of
islet regeneration (16,33). Drugs used for prevention of
islet allograft loss adversely affect B-cell function and
glycemic control (60). Sirolimus impairs islet engraft-
ment (81), interferes with angiogenesis (9), induces in-
sulin resistance (26), inhibits -cell replication (79), and,
along with corticosteroids, tacrolimus, and mycofenolate
motefil (MMF), decreases insulin transcription and trans-
lation (54). MMF also inhibits B-cell neogenesis (28).
While most centers now try to minimize the use of siro-
limus, MSC therapy may have the potential to eliminate
maintenance of some systemic immunosuppressive drug
therapies, thus relieving negative effects of these drugs
on the graft itself in addition to relieving the aforemen-
tioned risks of continued immunosuppression (47). The
failure of the islet graft and the loss of insulin indepen-
dence can potentially involve rejection resulting from
the activation of alloreactive T cells and a reoccurrence
of the original autoimmune disease. The breakdown of
immunologic tolerance may result in a cross-reactive
memory response against the transplanted islets, result-
ing in loss of B-cell mass. Leukopenia can result from
immunosuppressive therapy and favors the generation of
islet-reactive T cells, leading to islet destruction (52). It
is thought that MSCs may protect transplanted alloge-
neic islets by negatively regulating persistent T-cell au-
toimmunity and control the activation and effector func-
tion of alloreactive T cells. MSCs may also suppress
activation and proliferation of B cells, and prevent the
differentiation and maturation of dendritic cells, effec-
tively preventing islet destruction (16). Further studies
are necessary to determine the ability of MSCs or other
cell therapies to prolong graft function or reverse graft
failure.

Anti-B-cell autoimmunity after islet transplantation
correlates with progressively deteriorating B-cell func-

49

tion, whereas the absence of both auto- and alloreactiv-
ity is associated with successful outcome (32,33). Unfor-
tunately, while autoantibodies have proven useful for
predicting onset of TIDM, their predictive power after
islet transplantation is controversial (33). There have
been reports of earlier islet graft failure in autoantibody-
positive recipients, while others have found no associa-
tion. These differences could be due in part to different
immunosuppressive regimens, graft composition, or pro-
cedures. Cytokine profiles also correlate with islet graft
maintenance, in that T cells skewed towards a regulatory
phenotype were found in insulin-independent recipients,
but not insulin-requiring recipients (35). Production of
IL-10 inversely correlated with proliferation in alloreac-
tive mixed lymphocyte cultures and with cytotoxic T-
cell precursor frequency and associated significantly with
insulin independence.

Deteriorating islet allograft function can now be pre-
dicted through monitoring of cellular-mediated immune
reactivity using parameters such as granzyme B, per-
forin, and Fas ligand, with granzyme B most reliably,
indicating ongoing graft loss (33). Unfortunately, this
correlation does not identify if the type of immune reac-
tion against the islet transplant represents recurrent auto-
immunity and/or alloimmunity. Significant improve-
ments in validated assays to monitor graft function as
well as antigraft immune responses are necessary for
forward movement in this field.

POTENTIAL SAFETY ISSUES
ASSOCIATED WITH MSCs

Despite the success of MSCs in preclinical models,
several potential safety issues are associated with the use
of MSCs, particularly in immunosuppressed patients.
Given the strong capacity of MSCs for immunomodula-
tion, concerns have arisen that MSCs might interfere
with immune responses against pathogens and therefore
increase the risks of infection (53). Clinical data from
graft-versus-host disease trials suggests that antiviral im-
mune reactions may occur following systemic adminis-
tration of MSCs (43). However, in models in which a
bacterial infection triggers systemic inflammation, as
seen in sepsis, MSCs are stimulated by proinflammatory
cytokines and acquire an immunosuppressive pheno-
type, allowing for the control of sepsis-associated com-
plications (30). Recently, Meisel et al. demonstrated that
stimulated human MSCs have potent antimicrobial ef-
fector function against bacteria, protozoal parasites, and
viruses (50). The fact that significant differences have
been observed in the functional capacities of MSCs in
response to stimulation warrants further investigation
and attention to the microenvironment present in the
particular disease or injury to which MSCs will be ex-
posed.
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In preclinical models it has been shown that infused
MSCs can home to the stroma bed of preexisting tu-
mors, with the implication that through trophic support
or immunomodulation these cells can promote tumor
growth or block tumor clearance (18,40,78). Conflicting
data exist in the literature for this hypothesis without
clarification for whether exogenously provided MSCs
impact the endogenous endothelial and stromal popula-
tions involved in tumor initiation or growth; however,
the majority of reports do not reflect increased tumori-
genic risk (8). It is important to contrast those studies in
which coadministration of MSCs with tumor cells report
on increased tumor initiation with models of tumor me-
tastases, as the coadministration model does not have
clinical relevance and it is not surprising that MSCs
would acutely modulate the local inflammatory environ-
ment permitting tumor establishment. Two publications
reporting tumorigenic potential of human MSCs linked
to cytogenetic abnormalities in long-term passage have
recently been retracted (73). Original observations from
two independent laboratories have subsequently been
shown to have been erroneously based on contaminating
tumor cell lines (29,70). Although human MSCs appear
to be less susceptible to chromosomal aberration in cul-
ture (53), expanded MSCs should be tested for karyotyp-
ical stability and purity prior to clinical administration.
No other preclinical or clinical reports for MSC donor-
based tumorigenicity have been made. A recent review
article (4) reports on completed clinical studies covering
more than 5,000 patients treated in over 100 clinical
studies bracketing 15 therapeutic areas including both
acute and chronic diseases. To date, with studies initi-
ated over 16 years ago, no reports of tumorigenicity by
donor product, or increased frequency of host tumori-
genesis have been reported. While it is clear that only
long-term patient follow-up will provide a statistically
valid evaluation of this association, near-term therapeu-
tic decisions should be driven by a careful analysis of
patient risk/benefit considerations in specific disease
settings.

CONCLUSIONS

MSCs have immunomodulatory properties that make
them uniquely suited to treat autoimmune disease and
inflammation. Multiple clinical studies have examined
the ability of bone marrow-derived cells to improve clin-
ical outcome in both type 1 and type 2 diabetes (6,14,22,
75) and have established a safety profile for the use of
these cells in diabetic patients. Recently, a Phase II,
multicenter, randomized, double-blind, placebo-controlled
study has been initiated to evaluate the safety and effi-
cacy of adult human MSCs for the treatment of recently
diagnosed T1DM (Clinicaltrials.gov Identifier: NCT006
90066). Based on the preclinical studies presented in this
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review, we believe that the use of MSCs for the treat-
ment of diabetes, particularly as an adjunct therapy for
islet transplantation, warrants further exploration and ad-
vancement towards clinical use. Optimization of several
parameters regarding MSC support for islet transplanta-
tion is still necessary, including the ideal time of admin-
istration, dosing regimen, route of administration, and
identification of biomarkers for graft failure that will
identify the optimal time for intervention. Despite these
and other challenges, MSCs and related cell types have
the potential to act as effective therapeutic agents in the
treatment of type 1 diabetes.
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