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Abstract
The use of adult stem cells for therapeutic purposes has met with great success in recent years.
Among several types of adult stem cells, mesenchymal stem cells (MSCs) derived from bone
marrow (BM) and other sources have gained popularity for basic research and clinical applications
because of their therapeutic potential in treating a variety of diseases. Because of their tissue
regeneration potential and immune modulation effect, MSCs were recently used as cell-based
therapy to promote revascularization, increase pancreatic β-cell proliferation and avoid allograft
rejection in islet transplantation. Taking advantage of the recent progress in gene therapy,
genetically modified MSCs can further enhance and expand the therapeutic benefit of primary
MSCs while retaining their stem-cell like properties. This review aims to gain a thorough
understanding of the current obstacles to successful islet transplantation and discusses the
potential role of primary MSCs before or after genetic modification in islet transplantation
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Introduction
Stem cells exist in all multicellular organisms and share two characteristic properties. They
have prolonged or unlimited self-renewal capacity and the potential to differentiate into a
variety of specialized cell types. The earliest stem cells in human life are embryonic stem
(ES) cells, which are pluripotent stem cells derived from the inner cell mass of the blastocyst
and capable of differentiatng into all derivatives of the three primary germ layers: ectoderm,
endoderm, and mesoderm. Except the ES cells which can only be isolated from early
embryo, there are other types of stem cells in the mature tissues of all aged mammals. These
adult stem cells have unlimited self-renewal capacity and more restricted differentiation
potential. They multiply by cell division to replenish dying cells and regenerate damaged
tissues. The most famous adult stem cells are hematopoietic stem cells (HSCs) which give
rise to all the blood cell types and lymphoid lineages. Bone marrow (BM) also contains a
population of adult stem cells named mesenchymal stem cells (MSCs).
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MSCs can be isolated from multiple tissues such as BM, adipose tissue, umbilical cord
blood, adult muscle and the dental pulp of deciduous baby teeth.1–3 After gradient
centrifugation in Ficoll-Paque solution and sequential purification by adherence to the flask,
MSCs can be cultured, expanded and induced in a standard lab incubator without feeder
cells such as fibroblasts.4 Although BM is considered as the primary source of MSCs, they
can be isolated from other tissues, including adipose tissue,5 trabecular bone,6 synovium,7
skeletal muscle,8 deciduous teeth,9 and human umbilical cord blood,3 suggesting the diverse
distribution of MSCs in a body. However, MSCs derived from diverse origins other than
BM exhibit limited differentiation potential.10, 11

MSCs are morphologically defined as plastic, adherent, pluripotent fibroblast-like cells (Fig.
1). MSCs are stem cells because of their stem cell-like properties such as unlimited self-
renewal capacity and potential for multilineage differentiation. Primary MSCs can be
expanded for 34~50 population doublings (PD) without losing their native characteristics.
MSCs can differentiate into a variety of cell types including osteoblasts, chondrocytes, and
adipocytes under in vitro and in vivo conditions.4

Among all types of stem cells, MSCs have attracted special attention because of their wide
application as regenerative medicine. ES cells were first studied as regenerative medicine
because of their self-renewal capacity and differentiation potential. However, direct
injection of highly pluripotent ES cells into ectopic organ often give rise to teratoma, a
benign tumor containing derivatives of all three germ layers.12 MSCs are less potent to
induce teratoma or other malignant transformation as they only have restricted
differentiation potential.13 Compared with other adult stem cells such as HSCs, mammary
stem cells (MaSCs) or neural stem cells (NSCs), MSCs have a well-characterized trophic
effect and immunomodulatory property, making them good candidates in treating
degenerative diseases. For example, intravenous transplantation of MSCs was reported to be
successful in treating systemic diseases such as graft versus host disease (GVHD) and
osteogenesis imperfecta in human.14, 15 Wakitani et al. also reported several successful
clinical cases treating cartilage defects with MSCs.16 Nevertheless, primary MSCs or
genetically modified MSCs have also been employed in regenerating hematocytes, tendon,
BM, muscle, and other connective tissues.17–21

Current Status of Islet Transplantation
Type 1 diabetes is an autoimmune disease resulting from the destruction of insulin-
producing pancreatic β-cells, which necessitates a lifelong daily glucose monitoring and
injection of insulin. However, the poor control of blood glucose fluctuations with insulin
injection leads to many severe complications including neuropathy, nephropathy,
retinopathy, heart disease, and atherosclerosis.22 Islet transplantation, which is still an
experimental treatment for diabetes, could be a permanent cure for type I diabetes if
transplanted islets could actively maintain normal blood glucose under all conditions and
escape graft rejection due to inflammatory and immune reactions.

Islets are isolated from deceased organ donors, purified, processed, and transferred into the
hepatic portal vein of the diabetic patients, where the islets are deposited in highly perfused
liver sinusoids.23 The infused islets produce insulin soon after transplantation to restore
“insulin independence,” a status defined as being able to stop insulin injection for at least 14
days following transplantation in diabetic patients.23 However, other reports showed that
insulin independence is difficult to maintain over time.24

While significant progress has been made in islet transplantation, many obstacles preclude
its widespread application. Two of the most important limitations are the currently limited
supply of islets for transplantation and the inadequate means for preventing islet graft
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rejection.25 Immunosuppressive regimens are capable of preventing islet failure from
months to years, but the agents used in these treatments may induce significant side effects,
resulting in progressive decline in graft function. Some of the most commonly used
immunosuppressive agents such as tacrolimus (also known as FK-506 or Fujimycin),
mycophenolic acid, and sirolimus (also known as rapamycin) are also deleterious to islet
function and insulin secretion.26, 27 Moreover, because of the extensive posttransplantation
challenges, a patient needs at least 10,000 islet equivalents per kilogram of body weight
(extracted from two or more donor pancreases) for an optimal transplantation outcome,
making the current shortage in islet supply even worse.23, 28

To seek alternative sources of islets, both the use of islets from alternative species and in
vitro generation of islets and insulin-producing cells from stem cells have been explored.
Porcine islets are widely reported as a competent alternative for xenogeneic islet
transplantation with the assistance of biological and biomaterial approaches to prevent
enhanced immune destruction of the xenografts.29, 30 For in vitro transdifferentiation
strategy, several groups have reported successful generation of insulin-producing β-cells and
islet-like structures from ES cells. Lumelsky, et al. demonstrated that ES cells could
differentiate into insulin-producing cells which self-assemble into islet-like clusters.31

Blyszczuk et al. reported the differentiation of ES cells into insulin-producing cells through
transduction of plasmid vectors encoding paired box gene 4 (Pax-4) and pancreatic duodenal
homeobox 1 (Pdx-1).32 However, caution should be exercised as the differentiation from
pluripotent ES cells cannot be 100% and the remaining undifferentiated ES cells may still
hold tumorigenicity. Several groups used MSCs as a relatively safer source and succeed in
generation islet-like cluster or insulin-producing cells.33–35 However, most of them relied on
the genetic manipulation of MSCs and the ability of producing large numbers of functional
tissues by this means was not proven.

In addition, islets are a cluster of heterogeneous cell types with extensive intra-islet
vasculature formed of fenestrated capillary endothelial lining, which gets disrupted during
islet isolation, leading to collapse of vasculature, accumulation of endothelial fragments and
compromised perfusion in the core of the islets.36 Therefore, unlike whole pancreas and
other solid organ transplantations, islet transplantation is ectopic and requires extensive and
functional revascularization to promote the posttransplantation survival of islet grafts.37, 38

Less or abnormal revascularization usually lead to hypoxia, apoptotic islet cell death and
thus compromised transplantation outcome.

Islet cell destruction following transplantation can be greatly reduced by gene therapy.39

Since islet is a compact cluster of about 1000 non-dividing cells, it is difficult to transfect
intact islets by the available non-viral approaches, such as cationic liposomes and polymer-
based systems, which are also toxic at high doses.40 In contrast, replication deficient (E1-,
E3- deleted) adenoviral (Adv) vectors are known to efficiently transduce islets. In addition,
adenovirus vectors can be produced in high titers and there is no risk of insertional
mutagenesis as they do not integrate into host genome. We and others have demonstrated
adenoviral vector-based gene therapy to be effective in promoting the revascularization and
engraftment of human islets posttransplantation.41, 42 For example, growth factor gene
expression can significantly improve the islet revascularization after transplantation,41, 43, 44

while anti-apoptotic protein expression can increase the resistance of islet grafts to multiple
posttransplantation challenges in human islets.42, 45, 46 The recent success in constructing
bipartite viral vectors which can simultaneously promote revascularization and increase the
resistance of transplanted islets may highlight the promising future of gene therapy (Fig.
2).43, 44 However, because of the cluster-like property of islets, multiplicity of infection
(MOI) higher than 500 is usually required to achieve optimal transduction efficiency as
suggested from many reports.43–45, 47 Therefore, despite its effectiveness, the clinical
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application of gene therapy is still hindered by the high risk of immunogenicity of viral
vectors.

Recently, MSCs have demonstrated great potential to address these critical issues
encountered in islet transplantation. On one hand, MSCs serve as “helper” cells to support
islet function, repair islet injuries and help islet revascularization after transplantation.48–50

On the other hand, MSCs serve as a “border patrol” for transplanted islets to avoid allograft
rejection to transplanted islets.51–53

MSCs Support Islet Function
MSCs not only regenerate mesenchymal tissues such as chondrocytes, osteoblasts, and
adipocytes, but they also undergo transdifferentiation into cells from other lineages upon
proper induction (Fig. 3), indicating plasticity of these adult stem cells and their utility in
diverse organ transplantation and cell therapy applications. Transdifferentiation and
migration of MSCs may give rise to their organ regeneration potential. Chen et al. first
reported in vitro transdifferentiation of rat MSCs into functional insulin-producing islet-like
cells that actively controlled blood glucose level in diabetic rats.33 Karnieli et al. and Li et
al. independently reported the generation of insulin-producing cells from human MSCs
which were genetically manipulated to overexpress Pdx-1 with retroviral and adenoviral
vectors, respectively.54, 55

In vivo studies using MSCs to treat diabetes support the hypothesis that MSCs might
differentiate into insulin-producing β cells or they might induce endogenous progenitor
proliferation/differentiation. Ezquer et al. demonstrated that systemic administration of
MSCs increased β-cell mass and reverted hyperglycemia in streptozotocin induced type 1
diabetic mice.56 However, whether MSCs can directly replenish the loss of β cells is still
under debate. The native β cells are derived from neural crest cells during the process of
neurulation, while MSCs are derived from mesoderm. Although the number of islets does
not increase throughout human life, insulin-producing β cells do proliferate according to
several reports.56–58 Hess et al. first raised doubts that MSCs did not directly rescue the
pancreatic injuries by in vivo differentiation and migration but instead induced endogenous
pancreatic tissue repair in an unknown manner.59 Lately, both Choi et al. 60 and Dor et al. 61

confirmed that new pancreatic β-cells are derived from the expansion of pre-existing β cells
rather than exogenous stem cells through the convincing lineage tracing studies. Since then,
emerging evidence suggests that MSCs support islet function in an indirect manner such as
promoting the proliferation of pre-existing β-cells and angiogenesis, or in other words serve
as a “trophic mediator.” For example, in a study using human MSCs to treat streptozotocin
induced diabetic mice, Lee et al. demonstrated that the major effect of human MSCs
treatment was to increase the number of mouse islets and mouse insulin-producing cells,
which were most likely to arise from the proliferation, migration, and neural differentiation
of the nearby endogenous mouse neural stem cells.57

Several studies have suggested that MSCs actively participate in angiogenesis. MSCs
constitutively express vascular endothelial growth factor (VEGF) and hepatocyte growth
factor (HGF), both are potent angiogenic factors.62 HGF is also a potent mitogen to many
cells including pancreatic β-cells.63 Izumida et al. reported that proliferative activity and
differentiative response in the pancreatic ductal cells were significantly raised once rats were
treated with HGF positive MSCs.64 MSCs can also differentiate into endothelial cells and
directly assist the neo-vessel formation.65 Silva et al. reported the transdifferentiation of
MSCs into an endothelial phenotype in a canine ischemia model, which is supported by the
report from Ito et al. that MSCs directly differentiate into a van Willebrand factor-positive
vascular endothelial cell type to improve the islet graft morphology and function.66 These
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features of MSCs are of significant importance since revascularization is crucial for graft
survival after islet transplantation. Chao et al. reported that coculturing with human MSCs
protected islet-like cell clusters and extended islet cell survival and function in vitro.67 Sordi
et al. found that MSCs of BM origin facilitated the restoration of normoglycemia and the
neovascularization of the islet graft,68 which was confirmed by a recent study by Rackham
et al. that islets co-transplanted with MSCs maintained a morphology that was more closely
resembled to that of islets in the endogenous pancreas both in terms of size, endocrine and
endothelial cell distribution.69 However, it is still too early to conclude that newly formed
vessels arise exclusively from native MSCs or infused MSCs.

MSCs Prevent Graft Rejection
The allograft rejection from the host innate immune system is another major issue for islet
transplantation. The most potent antigen presenting cells (APCs), dendritic cells (DCs) play
a key role in allograft recognition and rejection. Briefly, the precursor monocytes migrated
through the capillaries into tissue and differentiate into immature DCs. Once encountering
foreign cells, DCs process and present the allogeneic antigen through major
histocompatibility complex class II (MHC II) to the T cell receptor (TCR) of native T cells
(T0) and promote T cell activation into cytotoxic T cells (Tc), helper T cells (Th) and
memory T cells (Tm), while immature DCs themselves undergo maturation simultaneously.
Tc cells then mediate the acute immune attack to the allograft. Th cells recruit and activate
more immunocytes including Tc, macrophages and B cells and lead to an enlarged immune
response. Tm cells circulate in the host body and mediate the long-term rejection.

MSCs are hypoimmunogenic cells, expressing MHC1 but not MHC II. They also lack co-
stimulatory molecules including CD14, CD86, CD40L and CD95L (FasL).70 Therefore,
MSCs are capable of evading the alloreactive T cells and natural killer (NK) cells inducing
similar immune tolerance like cancer cells.71, 72 Most researchers believe that MSCs avoid
allograft rejection by inhibiting T cell activation and proliferation (Fig. 4). Although MSCs
can inhibit T cell activation without the involvement of other antigen presenting cells (the
direct inhibition model), more emerged evidences support that the soluble factors released
by MSCs alone or mixed lymphocyte reaction (MLR)/MSCs co-culture control and reverse
the maturation of antigen-presenting DCs and consequently lead to T cell inactivation and
tolerance (the indirect inhibition model).

The direct inhibition model proposed that the rate of T cell inhibition was increased when
cell contact between BM-derived MSCs and T cells was allowed.73 Krampera et al. showed
that the inhibitory activity of MSCs was abrogated when MSCs were co-cultured with T
cells in a transwell system or when MSCs were replaced by MSC culture supernatant.74

Studies by Ding et al. further supported the direct inhibition model that MSCs actively
produced matrix metalloproteinase (MMP)-2 and MMP-9 to cleave the high-affinity growth
factor receptor CD25 (α-chain of IL-2 receptor) from the surface of infiltrating T cells to
suppress T cell responses,52 in great similarity with the immunosuppressive manner of
tumor cells.75 However, studies also demonstrated that donor MSCs inhibited the
alloreactivity of T cells in recipients and prolonged the allograft survival by actively
secreting indoleamine-pyrrole 2, 3-dioxygenase (IDO), which is an immunosuppressive
factor.76, 77 This indirect inhibition model is also supported by the studies from Di Nicola et
al. that in vitro expanded BM-derived MSCs equally inhibited both CD4+ Th cells and
CD8+ Tc cells in MLR by releasing HGF and/or TGF-β.73 Rasmusson et al. demonstrated
that blocking the synthesis of prostaglandin E2 (PGE2) could restore part of the proliferation
of some T cells,78 which is further supported by the fact that inhibitors of PGE2 production
mitigated MSC-mediated immune modulation.79 Beyth et al. reported that MSCs
conditioned DCs showed particular expression pattern of surface markers and eventually
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served as a T-cell inhibitor, possibly mediated by interleukin 10 (IL-10).80 IL-10 had been
shown to provoke immunosuppressive regulatory T cells (Treg).79 In addition, IL-6 and
macrophage colony-stimulating factor (M-CSF) were also crucial factors in the MSC
mediated shift from mature CD1α+ DCs to the immature CD14+ DCs.80, 81 Taken together,
all these studies suggest that MSCs actively create an immunosuppressive environment by
releasing multiple soluble factors to assist the conversion of mature DCs to an immature
status. The following allogeneic antigen-presenting process through immature DCs leads to
T cell inactivation and allograft tolerance because of the lack of co-stimulatory molecules.82

This mechanism was also observed when immature DCs take up self apoptotic cells.83

It is worth noting that multiple discrepancies exist among these soluble factors secreted by
MSCs. For example, evidences from Beyth et al. showed that adding neutralizing antibody
to human TGF-β had no effect on the inhibitory activity of MSCs80, in contrast to the report
by Di Nicola et al..73 Ryan et al. reported constitutive expression of IL-10 by MSCs while
Beyth et al. only detected IL-10 in MLR/MSCs co-culture.70, 80 Moreover, studies by Tse et
al. showed that none of IL-10, TGF-β or PGE2 produced by MSCs was responsible for the
T-cell inhibitory effect.84 Although such discrepancies could be explained by the multiple
sources and lineages of MSCs and variation in culture conditions among the research
groups, the underlying signal transduction pathway between soluble factors released by
MSCs and the antigen-presenting DC require further exploration.

Nonetheless, the immune modulation potential of MSCs makes them especially helpful in
organ transplantation. Ding et al. reported that MSCs co-transplanted under the kidney
capsule of immune competent mice protected islet grafts by inhibiting the alloreactivity of
infiltrating T cells.52 Longoni et al. reported that MSCs induced a reduction of pro-
inflammatory cytokines and improved the viability of islets infused into the portal vein of
diabetic rats.85 Li et al. reported reduced Th1/Th2 ratio, Tc cells and Tm cell number and
suppressed DCs maturation once MSCs were co-transplanted with allograft islets under the
kidney capsules of diabetic C57LB/6 mouse.86 Kim et al. reported the combined use of
autologous MSCs and low-dose cyclosporine A to further prolong graft survival after
allogeneic rat islet transplantation.87 MSCs were also used to prevent the allograft rejection
in the transplantation studies of other organs including kidney,76, 88 skin89 and heart.77, 90, 91

(Table. 1)

MSCs as Gene Delivery Vehicles
Because of their hypo-immunogenicity and therapeutic potential in tissue regeneration and
immune modulation, MSCs are safe and promising therapy to treat degenerative,
autoimmune diseases and organ transplantation. However, a better understanding of the
characteristics of MSCs would allow us to develop more effective therapeutic approaches,
especially through genetic manipulation.

MSCs are transducible by plasmid, retrovirus, lentivirus, adenovirus and adeno-associated
virus (AAV) and stably express transgene after genetic modification.92 Despite several
successful reports, cationic liposomes and polymers are generally not recommended to
deliver plasmid DNA into primary MSCs since it leads to low transfection efficiency and
high cell mortality.93, 94 Among different viral vectors, retrovirus is quite effective in gene
transduction into MSCs. MSCs do not express the hematopoietic or endothelial surface
markers CD11b, CD14, CD31, CD34, or CD45 but do express CD29, CD44, CD73, CD105,
CD106 and CD166.95 MSCs also express a low level of coxsackie adenovirus receptor
(CAR), high-integrin phenotype.96 All these surface features make MSCs in favor of
retrovirus, with a gene transfer efficacy between 50% and 85%.97 Transduced MSCs
maintain transgene expression during expansion and differentiation,98 which is an important
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feature in treating time-costly degenerative diseases and cancer.19, 99 MSCs can also be
efficiently transduced with lentivirus which is a subclass of retroviruses.100, 101 Adenoviral
(Adv) vectors also efficiently transduce primary MSCs, but with a lower efficiency
compared with retrovirus, probably because of low CAR expression on the surface of MSCs.
Therefore, MOI higher than 200 is usually necessary to guarantee an optimal Adv
transduction efficiency as suggested in many reports.102, 103 To increase the cellular uptake
and reduce the MOI, adenovirus modified with Arg-Gly-Asp (RGD) motif is now
commonly used to assist the transduction process.96, 104 The transduction efficacy of AAV
on primary MSCs is even lower, but several improvements have already been made to
overcome this problem. and efforts have been reported to address this issue. Ito et al.
developed an UV light activated transduction system to improve the delivery of AAV
vectors into human MSCs.105 Stender et al. described optimized conditions for AAV
serotype 2 mediated gene transfer into human MSCs.106

Besides the surface features of vectors, the choice of promoters to construct vectors also has
great impact on transgene expression in MSCs. Despite some discrepancies,107

overwhelming evidences suggest that cytomegalovirus (CMV) promoter, which is widely
used for transgene expression in a variety of mammalian cells, is surprisingly silenced in
both ES cells and MSCs.108–111 Qin et al. reported that human elongation factor 1α
promoter (EF-1α), chicken β-actin promoter coupled with CMV early enhancer (CAGG),
simian virus 40 early promoter (SV40), and tetracycline-responsive element promoter (TRE)
promoters are more efficient than CMV promoter to drive the lentivirus mediated transgene
expression in rat MSCs,110 which is further supported by the report from McGinley et al.
who showed that human EF-1α and PGK promoters have a clear advantage against CMV
promoter in transducing rat MSC transduction with lentivirus.111 Further exploration in this
area may improve the efficacy of MSC based therapies.

Because viral gene therapy usually leads to intense immune response which greatly hinders
the clinical application, MSCs seem to be perfect vehicles for viral vectors because of their
hypoimmunogenicity and immune modulation effects. In addition, upon genetic
manipulation, the production of soluble factors of MSCs can be maximized for therapeutic
purposes. Duan et al. reported that the angiogenesis effect of MSCs could be enhanced by
Adv-mediated HGF overexpression in treating cardiac ischemia injury.112 Peng et al.
reported increasing retrovirus mediated VEGF expression by MSCs to promote angiogenesis
and osteogenesis.113

Moreover, the differentiation of MSCs can be precisely controlled to meet the requirement
of tissue repairing. Moutsatsos et al. transduced MSCs with bone morphogenetic protein 2
(BMP-2) gene, showing a definite differentiation along the osteogenic pathway. 114 On the
other hand, MSCs are currently popular gene delivery vehicles for cancer research because
of their tendency to migrate towards tumor tissues in vivo. Studeny et al. reported that MSCs
preferentially survive and proliferate in the presence of malignant cells and can effectively
inhibit the growth of malignant cells after being genetically modified with Adv vectors
encoding IFN-β.115 Kim et al. and Loebinger et al. both reported successful treatment of
cancer by using TNF-related apoptosis-inducing ligand (TRAIL) expressing MSCs from
umbilical cord blood and BM, respectively.116, 117 These findings suggest that genetic
manipulation afford MSCs with new potentials in treating diseases.

Genetically Modified MSCs Improve Islet Transplantation
Successful islet transplantation requires rapid and functional revascularization to relieve the
hypoxic condition and meet the nutrition requirement of islet grafts. Otherwise transplanted
islets lose their morphological integrity and viability in days.118 However, the angiogenic
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factors produced by primary MSCs are usually insufficient to support a rapid and functional
revascularization of islet grafts. Several groups could not detect HGF expression from
cultured MSCs.119 Co-transplantation studies did not provide solid evidence for the
functional revascularization.66, 69 Genetically modified MSCs can totally reverse the
incompetence of primary MSCs. For example, insulin gene enhancer protein (ISL-1) plays
an important role in the angiogenesis of pancreatic islets.120 Barzelay et al. reported that
MSCs transduced with retrovirus encoding ISL-1 gene showed significantly increased
angiogenesis ability.121 We previously reported enhanced revascularization and prolonged
graft function by Adv-mediated HGF and VEGF gene delivery to islets.44, 122 Other reports
also showed increased angiogenesis in vivo by genetically modified MSCs to over-express
HGF and VEGF.112, 123 Taken together, these evidences highlight the future use of
genetically modified MSCs to promote the graft revascularization after islet transplantation
(Fig. 5).

Primary MSCs promote the proliferation of pancreatic β-cells by secreting multiple soluble
factors.112, 124 How could genetic modification enhance such effect is not well characterized
so far. Yu et al. reported that HGF over-expressed by genetically modified MSCs strongly
promoted proliferation of hepatocytes and suppressed their apoptosis after liver
transplantation.125 Genetically modified MSCs might promote the proliferation of pancreatic
β-cells by similar mechanism.

The long-term survival of islet grafts also requires immune suppression. Immunosuppressive
drugs cause systemic immune suppression and significant side effects. Genetically modified
MSCs can express therapeutic genes and inhibit T-cell-mediated immune responses at the
same time, both of which are crucial for the rapid graft settlement and long-term survival of
transplanted islets. Unlike primary MSCs which can be expanded only 34~50 times, MSCs
genetically modified with human telomerase reverse transcriptase (hTERT) can be expanded
more than 260 times in vitro without tumorigenicity,126, 127 making them a safe cell-based
therapy to protect the long-term survival of transplanted islets. Cao et al. reported that islets
derived from porcine hTERT-transduced MSCs reversed hyperglycemia in streptozotocin-
induced diabetic mice and secreted insulin and C-peptide in vitro, suggesting an alternative
application of immortalized MSCs for islet replacement therapy.128 However, caution
should still be exercised as these hTERT-transduced MSCs usually acquired lots of gene
aberrations after several passages, which may lead to MSC transformation and
tumorigenicity.129 Current studies using hTERT-transduced MSCs cultured in monolayer
could be misleading, since these do not represent all aspects of tumorigenicity, for example,
host-tissue interactions that nourish and support expansion of the tumor population and
growth in three-dimensional clusters.130 Moreover, hTERT-transduced MSCs may express
an extremely high level of osteogenic factors (e.g. osteocalcin) and other factors that may
lead to abnormal engraftment after islet transplantation.131, 132

Additionally, genetically modified MSCs might also represent a major source of β-cells as
well as islets for transplantation. Karnieli et al. and Li et al. both reported the reversal of
hyperglycemia in streptozotocin-induced diabetic mice after transplantation of insulin-
producing cells originated from genetically modified Pdx-1 expressing MSCs.54, 55 Li et al.
reported the in vitro formation of islet-like structure using genetically modified MSCs.133

These in vitro generated islets from genetically modified MSCs may eventually help to
relieve the shortage of donor islet supplies.

To summarize, based on the fast-evolving gene delivery techniques, the well characterized
capacity of MSCs to secret angiogenic factors (e.g. VEGF and HGF) and
immunomodulatory factors (e.g. IL-10, IDO, PGE2 and TGF-β) thus masking the
immunogenicity as well as modulating immune response. Therefore, the use of genetically
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modified MSCs holds a great promise in improving the outcome of islet transplantation as
well as treating many other diseases.134, 135

Conclusion
MSCs are relatively easy to isolate and expand, have immunosuppressive properties, can be
transduced efficiently with viral vectors to express therapeutic proteins while retaining their
stem-cell like properties even after genetic manipulation. Viral gene therapy is effective and
highly selective treatment for multiple diseases but with significant immunogenicity. The
progress in MSCs and gene therapy may one day unify and synergistically improve the
outcome of islet transplantation by promoting rapid and functional revascularization,
increasing pancreatic β-cell proliferation and avoiding allograft rejection. Careful genetic
manipulation of MSCs without interfering with their self-renewal and differentiation
processes is the prerequisite to their clinical applications. Moreover, the risks accompanying
with genetically modified MSCs should not be ignored, such as the risk of tumorigenicity
from genetically modified MSCs, the risk of generation of replication competent viral
vectors in transduction process and the risk of insertional mutagenesis caused by integration
of retrovirus. The risk factors associated with MSCs and genetically modified MSCs may
highlight the need of selective elimination of these cells from the mixture of islet and stem
cells after successful islet transplantation and engraftment. Unfortunately, no such work has
been reported so far on MSCs. Schuldiner et al reported that human ESCs genetically
engineered to express a “suicide” gene could be eliminated in vivo by administration of the
US Food and Drug Administration (FDA) approved drug ganciclovir.136 This work may
provide useful information for the study of selective elimination of MSCs in future.
Meanwhile, a more comprehensive understanding of the characterization and the
differentiation of genetically modified MSCs may allow us to develop better strategies for
their use in cell-based therapeutics.
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FIG. 1.
Human bone marrow (BM) derived mesenchymal stem cells (MSCs) are plastic adherent,
pluripotent fibroblast-like cells under 100X light microscope.

Wu et al. Page 18

Mol Pharm. Author manuscript; available in PMC 2012 October 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIG. 2.
Construction of bipartite adenoviral vector encoding human hepatocyte growth factor (HGF)
and interleukin 1 receptor antagonist (IL-1Ra) (Adv-hHGF-hIL-1Ra) using AdenoQuick
cloning system. Briefly, cDNA of HGF and IL-1Ra was isolated and cloned into the shuttle
plasmids pE 3.1 and pE 1.2 under CMV promoter. Then the shuttle plasmids were combined
by homologous recombination to generate a cosmid containing the entire sequence of
recombinant adenovirus. At last, the cosmid was linearized transfected into 293 cells to
produce the recombinant adenovirus Adv-hHGF–hIL-1Ra. Reproduced from Panakanti and
Mahato (2009) Pharm Res 26: 587–596.44
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FIG. 3.
Differentiation and transdifferentiation of mesenchymal stem cells (MSCs). MSCs have
three established differentiation directions: osteoblasts, chondrocytes and adipocytes.
Stimulation with chemical or biological signals can induce transdifferentiation of MSCs into
vascular endothelial cell,65, 139 myocytes,1, 140 hepatocytes,141 and pancreatic β cells.32, 54
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FIG. 4.
Mesenchymal stem cells (MSCs) avoid allograft rejection by T-cell inhibitory effect. (a) The
allograft rejection mediated by T cells. Briefly, antigen-presenting DCs present allogeneic
antigens through MHC II to the TCR of T0 cells. With assistance from co-stimulatory
molecules, DCs become activated into mature DCs and simultaneously promote T cell
activation into Tc, Th, and Tm. Then the activated T cells lead to a cascade of immune
responses to mediate acute graft rejection and long-term graft rejection. (b) MSCs inhibit T
cell activation through two mechanisms: (1) Direct T inhibition which is achieved by a so-
far unknown cell-cell contract mechanism or IDO induced T cell inhibition or MMP2/
MMP9-mediated CD25 cleavage on the surface of activated T cells. (2) Indirect T cell
inhibition, which is achieved by releasing soluble factors to inhibit and reverse DC
maturation. The antigen presenting process through immature DCs which in the absence of
costimulatory molecules, leads to the inactivation of activated T cells, proliferation of
immunosuppressive Treg cells, and allogeneic tolerance.
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FIG. 5.
Use of genetically modified MSCs to improve the outcome of human islet transplantation.
(a) MSCs were transduced with Adv-hHGF-hIL-1Ra prior to islet transplantation. (b) After
co-transplantation with human islets under the kidney capsule of diabetic NOD-SCID mice,
MSCs expressed HGF and IL-1Ra into the surrounding microenvironment to support islet
viability and function. (c) Genetically modified human BM derived MSCs express elevated
level of HGF and IL-1Ra after adv-transduction in transient manner. (d) Genetically
modified MSCs prolonged the duration of normoglycemia after co-transplantion with human
islets into diabetic NOD-SCID mice. Reproduced from Wu et al. (2011) Pharm Res. 2011
Apr 16. [Epub ahead of print]
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Table 1

Mesenchymal Stem Cells Improve Organ Transplantation

Transplanted Organ Experimental Design Therapeutic Effects of MSCs

Kidney

Human of 14 subjects. In vitro MLR study of donor
MSCs against recipients lymphocytes.

MSCs inhibit the proliferation of Th and Tc from the
recipients by cell-cell contact and IL-10 and IDO. No

effect on B or NK cells.76

Human of 2 subjects. Autologous MSCs were injected
IV into recipients at day 7 posttransplantation.

MSCs inhibit the proliferation of Tm and Tc. Increase Treg
percentage.88

Skin Baboons study. Donor MSCs from MHC mismatched
donor were injected IV into recipients on the day of

transplantation.

MSCs inhibit lymphocyte reactivity and prolong the graft
survival and suppress the proliferation. IL-2 partially

reverse the effects of MSCs.89

Rat. In vitro expanded MSCs were injected IV 1 week
before and on the day of transplantation.

MSCs reduce the alloreactivity of recipient’s T cells and
shift the Th1/Th2 balance to immunosuppressive Th2.90

Heart Mice. In vitro expanded MSCs were injected IV before
transplantation.

MSCs induce donor-specific Treg proliferation and
impaired Th1 alloreactivity. Donor-specific Treg do not
lead to immune tolerance of allograft from third-party.91

Rat. MSCs were injected IV with a short course of low-
dose mycophenolate.

MSCs induce tolerance by secretion IDO and interaction
with DCs.77

Rat. In vitro expanded MSCs coinfused into liver. Reduce islet number needed for reversal of diabetes
promote revascularization.66

Rat. In vitro expanded MSCs were co-transplanted into
omental pouch.

Inhibit Th1 cell activation promote IL-10 producing CD4+
T cells.137

Islet Mice. In vitro expanded MSCs were co-transplanted
beneath the kidney capsule

MSCs secreted MMP2 and MMP9 to cleave CD25 from
IL-1R and thus lead to interleukin-2 hyporesponsiveness in

T-cells.52

Monkey. MSCs from donor and third party were
coinfused into portal vein and injected IV thrice at day

4, 5 11 after transplantation.

MSCs prolong graft viability and function, probably by
increasing Treg proliferation in peripheral blood.138
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