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Abstract
More than fifty years has passed since the first allogeneic hematopoietic stem cell transplant in
patients, however, the promise of other stem cell populations for tissue replacement and repair
remains unachieved. When considering cell-based interventions for personalized medicine, the
factors influencing therapeutic success and safety are more complicated than for traditional small-
molecule pharmacological agents and protein biologics. Failure to progress personalized stem cell
therapies to the clinic has resulted from complications that include an incomplete understanding of
stem cell development programs and the diversity of host-donor interactions between patients and
in different microenvironments within the same patient. In order to more rapidly extend the use of
non-hematopoietic stem cells to the clinic, a better understanding of the different stem cell sources
and the implications of their host interactions is required. In this review, we introduce currently
available stem cell sources and highlight recent literature that instructs the potential and
limitations of their use, with a focus on mesenchymal stem cells.

Lessons from the success of hematopoietic stem cell transplant
Hematopoietic stem cell transplant (HSCT) was first successfully applied in 1959 when
bone marrow (BM) cells were transplanted from the identical twin of a patient suffering
from acute leukemia who was treated with supralethal whole body irradiation2. Although the
radiation ultimately failed to cure the leukemia, there was sufficient evidence of BM
replacement by the isologous cells to offer proof of principle of BM transplantation2. Fifty
years after this clinical breakthrough, HSCT remains the only stem cell therapy widely used
in clinical practice, despite extensive research to advance other stem cell populations into
the clinic. There are many lessons, however, that have been learned from more than fifty
years of HSCT that may apply to the transplant of other stem cells into patients.
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The most important breakthrough in extending the clinical application of HSCT came from a
better understanding of host-donor interactions. The discovery of major histocompatibility
complex (MHC) molecules and the understanding of the importance human leukocyte
antigen (HLA) matching allowed the first successful use of non-identical HSCs for
transplant in 19743. This allowed patients without HLA-identical sibling donors to receive
autologous HSCT. This seminal work paved the way for the development of the National
Marrow Donor Program (NMDP) in 1986 that now maintains HLA information on millions
of potential volunteer bone marrow donors, enormously increasing the chances of a needy
patient finding an appropriate allograft4.

Even with optimal HLA matching and pharmacological prophylaxis, however, there is still
much room for improvement. As many as 60% of patients receiving HLA-identical
allogeneic sibling transplants suffer from acute graft versus host disease (GvHD), which
occurs when immune cells derived from the grafted cells attack the donor tissue5. This
immune attack by the grafted cells against the host is not always undesirable, however, as
the transplanted cells can also target cancer cells in a process termed the graft versus tumor
(GvT) effect, reducing rates of malignant relapse6.

Another scientific advance that has yielded great clinical benefit is the discovery of more
efficient methods to harvest HSCs from a donor than standard bone marrow aspirations. The
first successful HSCT donor in 1959 was subjected to twenty or more BM aspirations on
four separate occasions in order to yield sufficient cell numbers for transplant2. The
discovery that granulocyte colony-stimulating factor (GCSF) can efficiently mobilize HSCs
from the BM to the peripheral blood has made HSC donation a much less painful process
and facilitated the expansion of bone marrow registries7. Storing collected HSCs, however,
remains inefficient and transplants are most often performed from freshly-isolated cells
because cryopreservation results in reduced cell viability8. Attempts to expand HSCs in
culture prior to transplant are being explored in the laboratory, but these technologies have
not yet reached the clinic9.

It is also important to note that there are phenotypic differences between HSCs of different
sources. HSCT performed from peripheral blood HSCs repopulates the hematopoietic
system more rapidly than transplanted bone marrow10. Peripheral blood stem cells, however,
confer increased risk of chronic GvHD when compared to bone marrow-derived cells,
although this feature may be beneficial if a GvT effect is desired11.

Differences in clinical outcomes depend not only on the transplanted cells, but also on the
recipient. As a general rule, younger transplant patients fare much better than older
patients9. Adding further complexity, it appears that different stem cell sources perform
differently in different patient populations. While the vast majority of adult HSCTs are
performed using peripheral blood stem cells mobilized with GCSF because of their ease of
harvest, pediatric patients have better outcomes when they receive BM transplants rather
than HSCs from peripheral blood9.

HSCT has been a great success in the field of regenerative medicine and clinical outcomes
continue to improve as technologies and the science becomes more advanced. By
comparison, nearly all other types of stem cell transplant technologies remains in their
infancy. Many of the lessons learned from HSCT may help instruct these new technologies
as they continue to advance. In the remainder of this article we review other sources of stem
cells and introduce some of the potential therapeutic uses of these cell populations and then
discuss the challenges of translating these stem cell technologies to the clinic.
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Non-hematopoietic stem cells
There are many types of stem cells from different sources with differing capacities for
differentiation, ranging from pluripotent embryonic stem (ES) cells to organ-specific adult
tissue stem cells such as HSCs. Since the discovery of blood-lineage repopulating stem cells
in the BM, stem cells for many other tissues have been discovered, including stem cell
populations in the brain, skin, intestine and heart1. The only two defining characteristics of a
stem cell are their ability to self-renew and their capacity to differentiate into more
specialized cell types, whereas the differences between different stem cell populations can
be large and significantly impact their potential for use in regenerative medicine. Below we
will discuss some of these different stem cell populations and how they might be used as
personalized therapeutics.

Embryonic stem cells
Embryonic stem (ES) cells have significant implication in studying developmental biology
and provide a vast potential for clinical application. Human ES cells are derived by
explanting the inner cell mass of a four- or five-day-old blastocyst from a donated embryo
produced by in vitro fertilization12. Whereas adult stem cells are limited to differentiating
along restricted lineages, ES cells are pluripotent and retain the ability to form all three
embryonic germ layers, as well as the peripheral blastocyst, or trophoblast layer both in vivo
and in vitro12, 13. Scientists are able to manipulate ES cells into various cell types in vitro
because of their extensive developmental potential. Human ES cells have been induced to
form cell types such as pancreatic beta cells, cardiomyocytes, and osteoblasts14–16.

Although embryonic stem cell research is very promising, scientists face many technical
hurdles that impede translation into clinical settings. Most notably, there are challenges in
controlling cell growth. In vitro, ES cells replicate indefinitely, even in the absence of the
stem cell-associated factor human leukemia inhibitory factor (LIF)12. In vivo, ES cells form
teratoma tumors when injected into immunodeficient SCID mice12. The propensity for
tumor formation has led scientists to believe that there may be a relationship between human
ES cells and embryonic carcinoma (EC) cells. Both cell types express transcription factor
Oct-4, which is downregulated at during differentiation17. The parallels between human ES
and EC cells suggests that certain factors must be closely regulated before ES cells can be
put into clinical use.

In January of 2009, the FDA approved the first human clinical trial of GRNOPC1, an ES
cell based therapy for spinal cord injury. This study was led by Dr. Hans Keirstead and
funded by the biopharmaceutical company, Geron18. Based on small animal models,
researchers hypothesized that human ES cell-derived oligodendrocyte progenitor cells
injected into the damaged spinal cords of patients before the formation of scar tissue will
lead to remyelination and the eventual restoration of motor function18. The FDA temporarily
halted the trial in August 2009 due to microscopic cysts found in rat models, however, the
trial is expected to resume by the end of 2010.

To further complicate this area of research, there is still much ethical debate over the
derivation of human embryonic stem cell lines and the potential for human cloning. In the
United States, the federal government regulates funding and usage of embryonic stem cell
lines, although much regulation remains in the hands of state legislators. Individual states
may further regulate or provide funding for ES cell research. Privately funded institutions
are not subject to the same federal regulation. As of July 2010, the National Institutes of
Health reported sixty-four eligible cell lines, with twelve additional lines pending approval
(http://grants.nih.gov/stem_cells/registry/current.htm).
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Outside of the US, each country differs in terms of regulation. Although the European Union
does not have a common policy, there are four main positions that represent the diversity of
moral stances on embryonic stem cell research across Europe: permissive, permissive with
restrictions, restrictive, or no position due to nonspecific or indirect legislation19. Belgium,
Spain, Sweden, and the UK are amongst the countries that hold a permissive position and
specific legislation for the use and derivation of embryonic stem cells19. Policy in Asia also
varies across the continent, with China having the most unrestrictive embryonic stem cell
research policy in the world20. In contrast to the US, countries such as South Africa, Israel,
Belgium, Sweden, UK, Russia, Japan, China, Singapore and Turkey all allow for the
creation of embryos specifically for embryonic stem cell research
(http://www.isscr.org/public/regions/index.cfm).

The discovery of induced pluripotent stem (iPS) cells was a breakthrough in stem cell
research that has offered hope to assuage ethical concerns, as well as address technical
issues such as immune rejection. iPS cells are adult somatic cells reprogrammed to exhibit
embryonic stem cell identity21. In 2007, Dr. James Thomson of the University of Wisconsin
led a team of scientists who were able to derive human induced pluripotent stem cells
through somatic cell nuclear cell transfer and induction with four transcription factors,
OCT4, SOX2, NANOG, and LIN2822. These cells were demonstrated to be pluripotent,
self-renewing and posses normal karyotype and telomerase activity22. Because the
reprogramming mechanism is still not fully understood, directed differentiation into specific
cell types is poorly controlled. In addition, it is still unknown if IPS cells are truly
pluripotent23. Although research is thus far limited, it serves a potential alternative to the
use of embryonic stem cells.

Fetal stem cells
Fetal stem cells are self-renewing cells located in various types of fetal tissue, including
umbilical cord blood, umbilical cord matrix, fetal blood and the amniotic membrane24–28.
Mesenchymal stem cells (MSCs) and HSCs are two of the more accessible stem cell
populations amongst the fetal stem cell populations. Fetal MSCs can be found in the
peripheral blood, bone marrow and liver of the first trimester fetus28.

There are many advantages to using fetal stem cells that have led scientists to explore these
cell types for regenerative therapy. First, the fetal stem cells have shorter doubling times
than adult stem cells28. They demonstrate greater telomere lengths and their plasticity is
superior to that of adult stem cells. Thus their self-renewal potential may be greater than
adult cells and they may possess greater expansion and growth potential without becoming
senescent28. Another benefit to using of fetal stem cells is that umbilical cord blood, which
is a major source of fetal stem cells, can be readily obtained in emergent situations as ‘off-
the-shelf’ stem cell therapy29. In addition to these advantages, fetal stem cells appear to be
more immunologically naïve than adult stem cells, allowing for enhanced transplantation
efficiency25, 30, 31. They express low levels of MHC class I and nearly undetectable levels
of MHC class II, and mismatch between donor fetal stem cells and host tissue is better
tolerated than for adult stem cells31, 32. Despite the potent immunosuppressive properties of
certain fetal stem cell types, fetal stem cells may possess some immunogenic potential
which could result in graft rejection, and therefore further research into the immunobiology
of fetal stem cells is required prior to implementation of allogeneic fetal stem cell
transplants in the clinic29, 33.

Despite these advantages that fetal stem cell therapy have over adult stem cell therapy, the
use of fetal stem cells for transplant is met with numerous drawbacks. While fetal tissue
contains abundant HSC and MSC populations, other fetal stem cell populations are difficult
to obtain in sufficient numbers with current technologies. Furthermore, as with ESCs, the
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use of fetal stem cells for research and therapeutic purposes carry many ethical questions.
For example, fetal stem cells arise from the fusion of sperm and oocyte, and they are
frequently obtained from terminated pregnancies or after in vitro fertilization, therefore
consent cannot be reliably obtained for these fetuses.

Other major drawbacks to fetal stem cell therapy are the technical challenges of their
implementation. Allogeneic stem cell transplants using HSCs are most successful when the
cells are harvested immediately prior to transplant since they do not maintain viability well
during cryopreservation8. However, fetal stem cells from umbilical cord blood cells are
cryopreserved in banks for storage and later use. Thus, it has been suggested that there is
limited utility in having a mother’s cord blood stored in a bank for future use. Research into
the optimal methods of cryopreservation is ongoing and thus far indicates that program
freezing confers the best cryoprotection34. The limited number of cells that can be isolated
from the umbilical cord blood poses another technical challenge26. The umbilical cord
matrix has been proposed to harbor MSCs with the better expansion potential than umbilical
cord blood26. The stem cell field should seek to optimize procedures for the isolation and
expansion of these potentially valuable cells.

Despite these challenges, fetal stem cells are the most clinically-advanced stem cell
population after BM HSCs. Since umbilical cord blood was first used as a stem cell source
for allogeneic transplant in 1988, more than 5000 patients have received cord blood
transplants35. This number has the potential to grow, as more than 90,000 units of cord
blood are currently being stored in international registries36.

Adult stem cells
Like BM that contains multipotent HSCs capable of replenishing mature blood cells, most
adult tissues contain multipotent stem cells that can give rise to organ or tissue specific
lineages, including the brain, skin, muscle and intestine1. In addition to HSCs, he BM is also
a residence for mesenchymal stem cells. MSCs were first described in 1974 as mutipotential
stromal precursor cells isolated from the BM37. MSCs can be readily isolated from adult
tissue, in addition to fetal tissue and umbilical cord blood, making MSCs one of the most
available stem cell populations for research and transplantation. In the adult, MSCs have
also been identified outside of the BM in adipose tissue and in dental pulp38, 39. Like MSCs
derived from fetal tissue, adult MSCs are multipotent cells that readily differentiate into
cells of mesodermal origin such as osteoblasts, chondrocytes and adipocytes37, 40. MSCs
also have transdifferentiation potential, and researchers have even been able to induce
differentiation into cells from other embryonic lineages, including neurons41, astrocytes42

and hepatocyte-like cells43 (Figure 1). Due to lack of a single marker to define a MSC and
variation in MSCs derived from different sources, the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular Therapy has adopted a set of criteria
regarding marker expression, differentiation potential and in vitro culture capacity to more
clearly define this population of cells44. Robust protocols exist for the isolation of MSC
populations from bone marrow aspirates and adipose tissue, however, the low MSC yields
from BM requires in vitro expansion for therapeutic use45. Caution must be exercised in
expanding MSCs in culture, however, as significant differences in gene expression have
been observed between early and late passage MSC cultures46.

As has been described for HSCs, differences also exist in gene expression between MSCs of
different sources. The pluripotency gene Oct-4 has been found to be expressed at lower
levels in MSCs derived from adult tissue than from umbilical cord blood and amniotic
tissue, suggesting differences in differentiation potential of cells derived from different
sources47. However, the cytokine profile of MSCs derived from different origins is largely
the same, varying instead by cellular morphology, suggesting that cell culture conditions
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may influence the immunomodulatory effects of MSCs more that the MSC source48.
Genetic and epigenetic abnormalities have been observed in cultured MSCs, including
polyploidy and upregulation of microRNAs, suggesting a possible transformation risk of in
vitro expansion of MSCs prior to transplantation49, 50.

Also like HSCs, donor age may introduce an additional source of variability in harvested
MSCs. Stolzing et al. argue a reduction in stem cell numbers as well as lower “fitness” with
age due to increased p53, p21 and reactive oxygen species (ROS) levels in MSCs obtained
from the BM of adults compared to children51. Elderly individuals or individuals with
systemic disease who are most likely to benefit from stem cell transplants may have reduced
or defective MSCs in the BM, making autologous MSC transplant undesirable or
challenging52, 53. This problem demonstrates the need for developing allogeneic MSC
transplant technologies and highlights the need for ‘off-the-shelf’ cell therapy.

One of the best arguments for the use of MSCs for transplant is their weak immunogenicity.
This feature makes MSC populations ideal cells for use as ‘off-the-shelf’ stem cell
therapeutics, especially for acute administration in which allogeneic cells may be the only
option. Both animal and human studies have demonstrated the broad tolerance for non-HLA
matched MSC transfusions54, 55. This feature of MSCs can be explained in part by their
cytokine production. The repertoire of cytokines secreted by MSCs includes macrophage
colony stimulating factor (M-CSF), IL-6, IL-8, IL-12, hepatocyte growth factor, tumor
necrosis factor-alpha (TNF-α) and the immunosuppressive cytokines IL-10 and TGF-β56,
57. Furthermore, MHC-II is decreased when the MSCs differentiate into specialized cells,
such as neurons58. Due to these characteristics, MSCs have been extensively explored for
applications in regenerative medicine.

Application of mesenchymal stem cells transplant
MSCs are an ideal stem cell source for ‘off-the-shelf’ stem cell therapy because of their low
immunogenicity, ease of availability and their unique biological properties that include a
broad differentiation potential and immunomodulatory effects. Because of their role in
contributing to the supportive stroma of the BM stem cell niche for HSCs, early attempts at
MSC therapy were intended to enhance engraftment of HSCT59. MSC transplants have
subsequently been used for the replacement of damaged or congenitally defective tissue, and
also as adjuvant therapy owing to their immunomodulatory and specific homing properties.

Tissue Replacement
As HSCT has been applied to replace the hematopoietic system of patients with inborn
blood disorders and immunodeficiencies, MSCs have been used to replace inborn genetic
defects in cells of mesenchymal origin. Culture-expanded MSCs infused into irradiated mice
were found to account for 1.5–12% of cells in bone and cartilage months after transplant60.
More than ten years ago, three children with the inheritable bone disease osteogenesis
inperfecta (OI) were transplanted intravenously with HLA-matched unmanipulated bone
marrow. Three months after the BM transplant, 1.5–2% of osteoblasts cultured from bone
marrow biopsy were identified as donor-derived, demonstrating MSC engraftment. This
engraftment of cells without the type I collagen defect encoded by the OI gene conferred
measurable benefit to the three transplant patients61. Engraftment of purified BM-derived
MSCs conferred similar benefit, demonstrating the MSC population as the engrafting cells,
which were identified as residing in bone, skin, and marrow stroma62. Autologous
transplant can also accomplish a similar goal through the use of ex vivo gene therapy. For
example, a patient’s own MSCs can be harvested and genetically engineered, then re-
implanted to restore inherited defects28. Such methods have been successfully employed to
introduce the wild-type collagen gene into MSCs harvested from an OI patient63.
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Another major field of investigation regarding the use of stem cells for regenerative
purposes after injury with some preclinical success is cardiac medicine. In 2001, labeled lin-
c-kit+ bone marrow injected into the infarcted heart muscle of mice following coronary
ligation were found to compose the majority of the regenerating myocardium64. Fetal MSCs
have also been shown to have therapeutic potential in the treatment of infarcted
myocardium. Umbilical cord blood-derived MSCs have been shown to acquire phenotypic
and functional properties of cardiac cells when co-cultured with cardiac myocytes in vitro65.
These cells expressed cardiac troponin-I and connexin 43 and demonstrate electrical and
contractile properties resembling true myocardial cells65. Amniotic fluid MSCs can also
demonstrate cardiac differentiation66 and umbilical cord blood harbors CD133(+)
progenitors which have been used to generation of heart valves67.

Immunomodulatory effects
In addition for use in tissue replacement, MSCs may have utility as adjuvant therapies due to
their immunomodulatory effects. In recent years the anti-inflammatory effects of MSCs on
both the innate and adaptive immune systems have been demonstrated to be broad. MSCs
are potent inhibitors of T-cell activation and proliferation54, 68, dendritic cell maturation69,
70, and proliferation and cytotoxic activity of NK cells71. MSCs have also been recently
demonstrated to stimulate proliferation of Regulatory T Cells72. MSC effects on B-cells,
however, are less clear and in vitro experiments have demonstrated both activating and
inhibitory effects73, 74.

Due to these potent and diverse immunomodulatory effects, the most advanced clinical use
of MSCs is to minimize the effects of GvHD upon HSCT. In 2004 haploidentical MSCs
were transplanted into one patient with severe acute GvHD and provided striking remission
of symptoms55. However, the recently failed clinical trial by Orsiris Therapeutics
demonstrated that the basic biology of MSCs and their interactions with their target
microenvironment must be better understood before these cells can be widely used in the
clinic.

MSC transplant for immune modulation have been attempted experimentally to influence
other injury responses as well. In an experiment in which rats with ischemia-reperfusion-
induced acute renal failure were infused with MSCs, the stem cells protected renal cells
against apoptosis and improved renal function without significant engraftment or
differentiation into glomerular cells, suggesting instead a beneficial immunomodulatory
effect75. Similarly, MSCs were found to improve engraftment of islet cells in diabetes rat
model76. The paracrine immunomodulatory effects of transplanted MSCs has also been
demonstrated to have anti-cancer effects. In a mouse hepatoma xenograft tumor model,
MSCs have been demonstrated to reduce cancer cell proliferation and invasion77.

MSCs as tumor homing cells
Aside from regenerative and immunomodulatory applications, MSCs have also been shown
to serve as an effective vehicle for the delivery of beneficial gene products, especially to
tumor. MSCs have been shown to preferentially engraft at sites of injury and tumor78. MSCs
when cultured in hypoxic conditions proliferate 30-fold faster than in normoxic conditions,
providing a possible advantage in treating tumors which are often hypoxic79. Furthermore,
MSC proliferation has been demonstrated to be increased by coculture with glioma cells in
the absence of hypoxia80. BM-derived MSCs have been shown to efficiently home to
multiple tumor types in xenograft models, including glioma, melanoma, breast cancer and
colon cancer81–84. MSC migration is enhanced by many cytokines and secreted growth
factors, including IL-1, IL-8, TNFα, TGFβ, EGF, PDGF and SDF-1, factors commonly
secreted in injury and by tumors81. These properties of MSCs could potentially be harnessed
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to employ these cells as anti-cancer delivery vehicles. For example, multiple research groups
have successfully loaded MSCs with tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) by viral transduction methods and found that transduced MSCs home to tumor and
reduce tumor burden in multiple zenograft mouse tumor models85–87. Adenoviral
introduction of IFN-β into MSCs has also been demonstrated to have similar benefit in a
melanoma xenograft mouse model83. Currently, the use of viral transduction for MSC-
mediated gene delivery is not universally supported due to risk of oncogenic transformation
of the transplanted MSCs, but these favorable in vivo findings merit further investigations of
this modality of therapy.

Hurdles to advancing stem cell regenerative therapies
Since the first hematopoietic stem cell transplant more than fifty years ago, the potential of
stem cells for regenerative medicine has been investigated with only limited translation to
the clinic. The reasons for the lack of successes are multifactorial and future progress is
plagued by many uncertainties in this still nascent field. The use of stem cells for tissue
regeneration and disease modulation carries concerns about appropriate tissue homing and
rejection/engraftment. Once cells have been targeted to the correct location, there is
uncertainty that they will differentiate appropriately into functional tissue or maintain their
immunomodulatory characteristics. Perhaps the most concerning uncertainty is the risk of
initiating a tumor from the transplanted stem cells.

One of the major reasons for success of HSCT is that once infused, hematopoietic stem cells
migrate to the BM where they occupy the native stem cell niche and function like native
HSCs in replenishing blood cells. The question of how well other stem cell populations will
home to and engraft at their native stem cell niches, and continue to self-renew and
differentiate appropriately remains unanswered. While there is preclinical and clinical
evidence for successful engraftment of transplanted MSCs60, 61, the efficiency and duration
of engraftment remains unknown. Furthermore, as MSCs are discussed for use as ‘off-the-
shelf’ therapeutics, the effects of in vitro culture and storage must also be rigorously
assessed. Cell culture conditions and culture time have been demonstrated to influence MSC
tropism once transplanted in experimental settings. For example, human MSCs expanded in
adherent culture conditions home much less efficiently to the BM and sites of injury due to
loss of CXCR4 expression, whereas culture of MSCs as spheroids retains CXCR4
expression and homing ability48.

Use of non-autologous cells for transplant also requires that one consider the possibility of
graft rejection. While MSCs are a desirable stem cell source for ‘off-the-shelf’ therapy
because of their weak immunogenicity, in vitro studies demonstrate re-expression of MHC-
II on the MSC-derived neurons in the presence of low levels of IFNγ58. This finding is
highly significant, as future therapies with MSCs need to address the possibility that there
could be eventual rejection of the implanted cells by the host immune system. This re-
expression of MHC-II could occur at times long after implantation. If MHC-II is re-
expressed, future therapies will need to consider methods that induce tolerance to the
implanted cells.

There is also uncertainty in the outcome of removing multipotent stem cells with self-
renewal capacity from their native niche and transplanting the cells into a patient where they
will be exposed to varied cellular and tissue microenvironments. Will they differentiate
appropriately into the desired specialized tissue? Will MSCs maintain the
immunomodulatory characteristics that make them attractive cells for treating GvHD or
cancer? Most concerning, is there potential for these transplanted stem cells to become
transformed themselves and initiate a cancer?
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MSC infusion for purposes of tissue replacement has achieved mixed results. While donor
MSCs transplanted into osteogenesis imperfecta patients were found in the bone marrow and
as appropriately differentiated cells in bone and skin62, not all transplants for purposes of
tissue replacement have achieved similar success. Autologous MSCs administered to sheep
subjected to bilateral renal ischemia were found to engraft in the kidney, however, they did
not differentiate into glomerular cells nor did they provide any therapeutic benefit to renal
function88. MSCs mobilized from the BM with GMSCF following myocardial damage in
mice homed to the heart but did not differentiate into cardiac myocytes and did not repair
the damaged heart89.

Owing to their self-renewal capacity and the similarities between stem cells and cancer cells,
there is reasonable concern about initiating a tumor in a patient receiving a stem cell
transplant. The tumor risk of transplanting ES cells is well known12. The risk of malignant
transformation of transplanted fetal stem cells was tragically demonstrated in a recent
intrathecal administration of fetal neural stem cells to a boy with the ataxia-telangiectasia, a
degenerative condition of the central nervous system90. The patient developed a glial tumor
derived from multiple origins, including the donor fetal neural stem cells90. From these
studies it is clear that some stem cell populations pose a cancer risk, however, HSCT has
been employed successfully for 50 years without conferring malignancy, demonstrating that
not all stem cells pose cancer risk.

The risk of initiating a tumor by MSC transplant has been much discussed in the field. It has
been suggested that human MSCs could not spontaneously transform in culture whereas
mouse MSCs could, suggesting a limitation on what could be inferred about human cells
from studies with mouse cells46. Similar studies, however, have demonstrated that
postsenescent human MSC frequently do become transformed91. The tissue source of MSCs
for transplantation may also influence transformation potential. One recent study
demonstrated that adipose tissue-derived MSCs transform more readily than BM-derived
cells92, however other groups have found that even BM-derived MSCs possess a significant
transformation risk93.

The risk of tumor formation from transplanting MSCs into patients remains undetermined,
and further studies need to be performed to clarify this risk and determine how the potential
for transformation is influenced by the stem cell tissue source and in vitro culture conditions.
This is particularly important if MSC populations are going to be expanded significantly for
‘off-the-shelf’ uses, or maintained in culture or transduced for gene delivery. Furthermore,
rigorous methods to identify transformed cells prior to transplantation should be adopted.
Several studies of the transformation process in MSCs have identified morphological
changes, transcriptional changes, as well as changes in cell surface expression of MSC
markers such as CD34, CD90, CD105 and VEGF receptor upon transformation91, 94–96.

As of this writing, 105 clinical trials involving MSC transplantation have been registered
with the US Food and Drug Administration (Table 1; www.clinicaltrials.gov). While most of
the studies are currently ongoing or are small Phase I and Phase II safety trials, current
findings suggest that MSC transplants are safe and offer no suggestion of malignancy risk.
Human trials of MSC transplantation are roughly evenly divided between the use of
autologous and allogeneic cells (Figure 1a) and these trials employ both freshly-isolated and
ex-vivo culture expanded cell populations. While most MSCs used for transplant are derived
from BM, cells isolated from adipose, umbilical cord, and other MSC sources such as
peripheral blood liver are being employed (Figure 2b). These clinical trials employ MSCs
for a multitude of different purposes in different disease states, including tissue replacement
in musculoskeletal, cardiac and liver diseases, and as immunomodulatory cells to mitigate
GvHD, organ transplant rejection and autoimmune disorders (Figure 2c).
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Overcoming the hurdles
While the stem cell transplantation field awaits the results of the many ongoing clinical
trials, scientists are working to devise strategies to better control the outcome of introducing
multipotent stem cells into varied cellular environments. Different methods have been
employed to influence these factors, including predifferentiating stem cells in vitro,
introducing cells directly at the site of action or with synthetic scaffolds, and manipulating
the cells genetically prior to transplant. Predifferentiation strategies have been employed
with preclinical success to MSCs. MSCs that are cultured into chondrocytes prior to
transplantation enhances engraftment for cartilage repair97. Injecting MSCs along with a
physical scaffold may also enhance engraftment rate and direct differentiation programs
more successfully. Seeding of BM-derived MSCs in 3D collagen gel matrix induced BMP-2
expression and osteogenic differentiation98. Flexible bone implants of poly(lactide-co-
glycolide) (PLGA)/amorphous tricalcium phosphate (ATCP) nanocomposite also permitted
osteogenic differentiation of MSCs99.

The route of delivery of MSCs is another factor that may significantly influence engraftment
and therapeutic benefit. While MSCs often migrate to sites of injuries or tumors after
peripheral infusion, direct injection at the desired site of action may provide enhanced
targeting and engraftment of these cells. Paraspinally-injected MSCs transduced with
BMP-9 were found to engraft with vertebrae at the site of injection without nerve
compression or demonstrating other toxicity52. In adult dogs in heart block due to
experimental radioablation of the atrioventricular node, MSCs transduced with the cardiac
pacemaker gene HCN2 and transplanted into the left ventricular wall engrafted successfully
at the site of injection and conferred biological pacemaker activity100.

While preclinical studies manipulating the differentiation state and delivery method of
transplanted cells may lead to more efficacious stem cell therapies, the long-term outcomes
of these manipulations must be thoroughly evaluated. Answers to these are questions are
required for efficient and safe stem cell treatments. Since there is a limit to the type of
studies that can be done in human, robust analyses are required by in vitro and in vivo
systems. Since both systems have significant drawbacks, the limitations will need to be
considered when establishing clinical trials. A major limitation of the in vitro system is its
failure to recapitulate an in vivo microenvironment. The in vivo models use different species
of animal, all of which show some difference from human.

Future Perspective
Scientists and clinicians throughout the world are investigating ways to mitigate the
challenges and risks of stem cell therapy. As discussed above, MSCs are already in human
trials and to date, these stem cells appear to be safe with regards to tumor formation55, 101.
Once the important safety concerns regarding malignant transformation of stem cells have
been addressed, the major challenges will then be centered around homing the transplanted
cells to the desired location and directing the cells to function appropriately in that location.
Future work will be required better understand the host-stem cell interactions and how
placing stem cells at any site of tissue injury might not provide the expected outcome. It is
paramount to consider the tissue microenvironment and pro-inflammatory and anti-
inflammatory cytokines and other mediators that could establish a crosstalk with the
implanted stem cells or their differentiated cells (Figure 1). This interaction could be
different between different stem cell populations and undifferentiated stem cells versus
specialized cells. Furthermore, if the stem cells are dispersed within the site of tissue injury,
there will be lack of synchrony with regards to the developmental stage of the stem cells,
and also the types of receptors on each cells. Therefore crosstalk between the cells and
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mediators within the microenvironment of tissue damage would vary within a particular
region of tissue damage. Despite these challenges, the great success of HSCT offers hope
and instruction in progressing other stem cell populations into the clinic for regenerative
medicine.

Key Terms

Autologous
Transplant

Transplant of cells or tissue into the same individual from which the
transplant was harvested. Isologous transplant involves the
transplant from a separate, but genetically identical individual, such
as an identical twin

Allogeneic
Transplant

Transplant of cells or tissue into a different individual of the same
species from which the transplant was harvested

Graft versus Host
Disease (GvHD)

A common side effect of transplanting allogeneic immune cells
(from blood transfusion or bone marrow transplant) in which the
donor immune cells recognize the host tissue as foreign and mount
an immune attack

Embryonic Stem
Cell (ESC)

ESCs are pluripotent cells derived from the inner cell mass of an
early blastocyst. They retain the ability to form all three embryonic
germ layers, as well as the trophoblast layer

Adult Tissue Stem
Cell

Adult tissue stem cells multipotent stem cells that can give rise to
organ or tissue specific lineages. They are found in most if not all
adult tissues, including the brain, skin, muscle and intestine

Mesenchymal
Stem Cell (MSC)

MSCs are adult tissue stem cells found in multiple locations in the
adult, including bone marrow, adipose tissue and dental pulp. MSCs
are multipotent cells that readily differentiate into cells of
mesodermal origin, such as osteoblasts, chondrocytes and
adipocytes, but also can transdifferentiate into cells from other
embryonic lineages
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Figure 1.
Diverse applications of mesenchymal stem cells (MSCs). MSCs can be transdifferentiated
into functional neurons, with therapeutic prospects for degenerative states of the nervous
system. They have been shown to suppress autoimmunity and promote graft tolerance
through the induction of Tregs. Their modulatory effects on graft-versus-host disease are
currently being explores in clinical trials.
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Figure 2.
Summary of human clinical trials with mesenchymal stem cells (MSCs). MSCs have been
applied to humans in 105 clinical trails registered with the FDA. (a) 48% of trails involving
MSC transplants have been performed with autologous cells and 42% of transplants have
employed allogeneic cells. (b) The MSCs used for transplant have primarily been isolated
from BM (51%) and also from adipose tissue (7%), umbilical cord blood (5%) as well as
other sources such as liver and peripheral blood (3%). (c) MSC transplants have been tested
to treat a wide variety of diseases, including musculoskeletal disorders (24 trials), cardiac
disease (16), GvHD (14), inflammatory diseases such as Crohn’s disease (9), neurological
disease (8), cirrhosis and liver disease (7), type I and type II diabetes (7), organ transplant
rejection (6), as well as other conditions (16).
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