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Mesenchymal Stem Cells for Bone Repair and Metabolic Bone Diseases
Anita H. Undale, MBBS, PhD; Jennifer J. Westendorf, PhD; Michael J. Yaszemski, MD, PhD;
and Sundeep Khosla, MD
Human mesenchymal stem cells offer a potential alternative to
embryonic stem cells in clinical applications. The ability of these
cells to self-renew and differentiate into multiple tissues, including bone, cartilage, fat, and other tissues of mesenchymal origin,
makes them an attractive candidate for clinical applications.
Patients who experience fracture nonunion and metabolic bone
diseases, such as osteogenesis imperfecta and hypophosphatasia, have benefited from human mesenchymal stem cell therapy.
Because of their ability to modulate immune responses, allogeneic
transplant of these cells may be feasible without a substantial risk
of immune rejection. The field of regenerative medicine is still facing considerable challenges; however, with the progress achieved
thus far, the promise of stem cell therapy as a viable option for
fracture nonunion and metabolic bone diseases is closer to reality. In this review, we update the biology and clinical applicability
of human mesenchymal stem cells for bone repair and metabolic
bone diseases.
Mayo Clin Proc. 2009;84(10):893-902
BMMNC = bone marrow mononuclear cell; BMP = bone morphogenic
protein; BMT = bone marrow transplant; ESC = embryonic stem cell;
FCS = fetal calf serum; iPSC = induced pluripotent stem cell; MSC =
mesenchymal stem cell; OI = osteogenesis imperfecta; TNSALP = tissue
nonspecific alkaline phosphatase
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ecent advances in stem cell research have prompted
development of cell-based therapies for bone repair
and treatment of metabolic bone diseases. Stem cells are
defined by their ability to self-renew and their totipotency
or potential to form cells derived from all 3 germ layers.
In contrast, cells with self-renewal capacity but more restricted potential are called progenitor cells or tissue stem
cells (eg, hematopoietic stem cells or mesenchymal stem
cells [MSCs]). Finding an ideal stem cell for clinical applications with high self-renewal capacity and multipotent
potential has been a challenge. In recent years, substantial
advances have been made in examining the potential of
stem cells, especially human embryonic stem cells (ESCs),
in regenerative medicine. The ability of human ESCs to
self-renew for prolonged periods without differentiation
and, most importantly, their ability to differentiate into a
large variety of tissues from all 3 germ layers were first
characterized by Thomson et al.1 These unique properties
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of ESCs, specifically self-renewal and pluripotency, made
human ESCs ideal candidates for regenerative medicine.
Initial enthusiasm for human ESCs has been tempered
and limited by a number of issues, some of which were
predicted on the basis of studies with murine ESCs, which
were developed more than a decade earlier. Therapeutic use of human ESCs is complicated by immunologic
incompatibility and possible development of malignant
neoplasms or teratomas from administered cells.2,3 This
complication is further hampered by the legal and ethical
issues that surround derivation of ESCs
from human embryos and their use in For editorial
research. Thus, despite the ability of comment,
human ESCs to self-renew and to dif- see page 859
ferentiate into many cell types, these
controversies have restricted their use for therapeutic purposes and prompted scientists to seek other options, such
as examining the potential of adult stem cells for regenerative medicine.
Adult stem cells are present in substantial numbers in
many tissues throughout life; however, their frequency
decreases with age. Tissues that harbor MSCs or MSClike cells include blood,4 adipose tissue,5 skin,6 trabecular
bone,7 and fetal blood, liver, and lung.8,9 The mesenchymal
stem–like cells have also been identified in umbilical cord
blood10 and placenta.11 Despite sharing similar characteristics, these MSCs from different sources differ in their differentiation potential and gene expression profile.12 Among
the different types of adult stem cells, stem cells harbored
in the bone marrow are considered to have the highest multilineage potential13 and have been studied for therapeutic
purposes. Bone marrow is known to be a rich environment
for many cell types. Among these cells are phenotypically
and functionally diverse types of cells, collectively referred
to as stromal cells. The MSCs comprise a small fraction
(<0.01%) of stromal cells. We review the current literature
on the biology and specific characteristics of human MSCs
(Figure). We also describe recent advances in the use of
systemic human MSC therapy in clinical studies related
to fracture nonunion and metabolic bone diseases. We reviewed the PubMed literature using the keyword stem
cells. The inclusion criteria were use of MSCs in animal
models of bone repair and for clinical applications, especially in fracture nonunion, osteogenesis imperfecta (OI),
and hypophosphatasia, as well as embryonic and induced
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FIGURE. Developmental hierarchy of stem cells (SCs) and therapeutic potential of human mesenchymal stem cells (MSCs). On
fertilization of an egg, a blastocyst forms. The inner cell mass of the blastocyst consists of the most primitive SC or totipotent SC. This
totipotent SC can give rise to cells of embryonic and extraembryonic origin. Pluripotent SCs are multipotent SCs that can self-renew
and differentiate into hematopoietic SCs, endothelial SCs, and MSCs. Hematopoietic SCs differentiate into blood cells, whereas
endothelial progenitors give rise to mature endothelial cells. However, MSCs are characterized by their multilineage differentiation
potential, including for bone, cartilage, and adipose tissue. Human MSCs have been tested in several clinical applications to repair
bone in different types of bone disease, including fracture nonunion, osteogenesis imperfecta, and hypophosphatasia.

pluripotent stem cells (iPSCs) and their use in clinical applications. Additional articles were obtained by assessment
of references in the published reviews.
BONE MARROW STEM CELLS
The pioneering work of Friedenstein et al13 in the 1960s
led to the discovery of plastic-adherent MSCs, characterized as fibroblastoid cells. These observations were further
extended by several other groups to show that these plasticadherent MSCs were able to differentiate into a number of
mesenchymal cell types, including osteoblasts, chondrocytes, and adipocytes,14-16 and according to recent reports
also support hematopoiesis.17 In addition, the “criterion
standard” assay for MSC stemness is based on the ability
of the plastic-adherent bone marrow cells to form ectopic
bone and a bone marrow microenvironment that supports
hematopoiesis on subcutaneous implantation in immunodeficient mice.18
As described by Friedenstein et al,13 bone marrow
MSCs are isolated on the basis of their plastic adherence
in in vitro cultures. Murine bone marrow cells are typically
obtained by flushing femurs and tibias, and the processed
bone marrow mononuclear cells (BMMNCs) are isolated
by density gradient centrifugation and then cultured. In
contrast, human bone marrow is aspirated from the iliac
crest of healthy volunteers and cultured directly on plastic
894
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because density gradient centrifugation does not greatly
improve the purification and human BMMNCs are often
still contaminated with human hematopoietic stem cells.
The method of isolation of human MSCs based on plastic
adherence yields heterogeneous cultures, as suggested by
the evidence of single-cell cloning of human MSCs in culture, which showed that only 30% of clonal human MSCs
were multipotential.19 The plastic-adherent bone marrow
MSCs, which account for 0.01% to 0.0001% of nucleated
marrow cells,20,21 are characterized by a variety of cell surface markers. They are typically negative for CD34, CD45,
CD14, CD11b, CD19, CD79a, and HLA-DR and have
been shown to be positive for Stro-1, CD29, CD73, CD90,
CD105, CD166, and CD44.18,22-25
Researchers’ quest to develop more efficient methods of
obtaining highly enriched multipotent MSC populations is
ongoing. One successful approach is to isolate cells that express specific molecules on their cell surfaces using monoclonal antibodies and cell sorting technologies. Several groups
have described homogenous populations of osteoprogenitor
cells in the bone marrow in this way. Long et al26-28 identified the presence of nonadherent human bone marrow cells
with osteogenic potential. These cells were identified by
sorting for bone-related proteins, such as osteocalcin or alkaline phosphatase. The osteocalcin-positive cells were able
to differentiate into osteoblastic cells when cultured in the
presence of transforming growth factor β and as yet unde-
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fined accessory bone marrow cells. Using similar methods,
our group was able to detect the presence of nonadherent
osteoprogenitors in human peripheral blood.29,30 Additional
evidence for the existence of nonadherent bone marrow osteoprogenitors came from Falla et al.31 These investigators
showed that a quiescent cell population in the murine bone
marrow with fibroblastoid characteristics contributed to the
formation of bonelike nodules in vitro.
Simmons and Torok-Storb32 were the first to use a monoclonal antibody, Stro-1, that recognizes an unknown epitope
expressed on the surface of human MSCs and cells of the
erythroblastoid lineage. Human BMMNCs sorted on the basis of Stro-1 expression were capable of establishing an adherent stromal layer in vitro, consisting of a number of phenotypically distinct stromal cell types, including fibroblasts,
smooth muscle cells, and adipocytes.32 The Stro-1 antibody
identified cells with osteogenic potential as assessed by the
development of cells that exhibited 3 independent markers
of differentiated osteoblastic cells: alkaline phosphatase expression, 1,25-dihydroxyvitamin D–dependent induction of
the bone-specific protein osteocalcin, and production of a
mineralized matrix (hydroxyapatite).33 Recently, Gronthos
et al34 identified a novel monoclonal antibody, Stro-3, which
was expressed on a high proportion of human bone marrow
stromal cells that possess extensive proliferative and multilineage differentiating capacity. Using retroviral expression
cloning, they determined that Stro-3 was in fact directed
against tissue nonspecific alkaline phosphatase (TNSALP),
a cell-surface glycoprotein usually associated with cells of
osteoblast lineage. Their results suggested that, in addition
to being expressed by osteoblasts, TNSALP might represent
a marker of immature bone marrow stomal cells in vivo.
Recent studies have identified another marker, CD146,
that characterizes an osteoprogenitor cell population contained within human bone marrow.17,35 In addition to functional hematopoietic support, CD146+ MSCs exhibited
canonical stem cell properties, such as extended 12-week
proliferation and multilineage potential toward chondrogenic, osteoblastic, and adipogenic differentiation.36
CLINICAL APPLICATIONS OF MSCs
Potential Advantages Compared With ESCs
Several defining characteristics of MSCs make them a potentially more promising candidate for clinical applications
than ESCs. The availability of autologous MSCs from patients offers easy accessibility to these cells for therapeutic applications. In terms of stemness, MSCs possess the
ability to regenerate cell types specific for different tissues,
including adipose tissue, bone, and cartilage.
One major advantage of using human MSCs for in vivo
therapy is that they are nonimmunogenic. They are widely
Mayo Clin Proc.
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described as major histocompatibility class I positive and
major histocompatibility class II negative and are known to
lack expression of costimulatory molecules such as CD40,
CD80, and CD86, which renders these cells nonimmunogenic; therefore, allogeneic transplant of MSCs should
not require immunosuppression of the host.37 In addition
to being immunoevasive, MSCs can suppress the immune
system. The immunosuppressive effect of MSCs occurs
through the modulation of T-cell responses, including suppression of T-cell proliferation and induction of T-cell anergy in the absence of costimulatory signals.38,39 Most of
the evidence for the immunosuppressive effects of MSCs is
from in vitro studies; thus, the exact mechanism by which
allogeneic MSCs suppress and evade the immune system is
unknown, and how they will behave in vivo is still unclear.
Systemic administration of MSCs has been successful in
several clinical applications. In the following discussion,
we include examples of MSC therapy for bone repair in
fracture nonunion and metabolic bone diseases, such as OI
and hypophosphatasia (Table).40-49
Fracture Nonunion
Despite substantial advances in orthopedic surgery, fracture
nonunion remains a clinically important problem. During
normal fracture healing, undifferentiated MSCs, with the
aid of bone morphogenetic proteins (BMPs) and regulatory
cytokines, proliferate, differentiate into chondrocytes and
osteoblasts, and form bone, thereby repairing the injury.50
Nevertheless, some of the fractures fail to heal properly and
result in either delayed union or nonunion, causing morbidity, prolonged hospitalization, and increased expenses. The
diagnosis of nonunion is based on a combination of clinical symptoms and physical findings, including pain and
motion at the fracture site with radiographic evidence of
failure of union.50 Typically, fractures that fail to heal even
after 6 to 8 months of therapy are considered nonunions.
The incidence of nonunion varies by fracture site but can
be as high as 5% to 20%.51-53
Cell-based strategies, including stem cell therapy, for
fracture repair in cases of nonunion are currently receiving considerable attention. The use of MSCs for fracture
repair has been tried successfully in animal models. Autologous bone marrow–derived MSCs were expanded
in culture, loaded onto ceramic cylinders, and implanted
into 8-mm segmental defects in rat femora with successful bone formation 8 weeks later.54 This same group then
successfully demonstrated bone formation at the segmental
defect in adult athymic rats by implantation of human bone
marrow–derived MSCs.55 Several other animal studies performed with implantation of autologous bone marrow–derived MSCs using different scaffolds have resulted in bone
regeneration.56-60
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TABLE. Clinical Applications of Human Mesenchymal Stem Cells (MSCs) for Tissue Regeneration
Condition			

Type of cells			Mode of administration			

Outcome

Reference(s)

Fracture nonunion
Autologous bone marrow–
100% hydroxyapatite macroRadiographic and computed tomographic
40, 41
			 derived pluripotent MSCs		 porous ceramic scaffolds		 evidence of bone formation; patients
					 seeded with MSCs		 recovered limb function
		
Autologous bone marrow
Subcutaneous
Positive correlation between volume of
42
			 grafting				 mineralized callus at 4 mo and number and
							 concentration of fibroblast colony-forming
							 units in graft
Osteogenesis
Allogeneic bone marrow
Intravenous
Histologic changes indicative of new bone
43
imperfecta		 transplant				 formation; increases in total body bone
							 mineral content
		
Engraftment of donor
Intravenous
Improvement in linear growth, total body
44
			 osteoblasts				 bone mineral content, and fracture rate in
							 3 of 5 children with severe osteogenesis
							 imperfecta
		
Gene-marked allogeneic
Two intravenous infusions
Of 6 patients, 5 showed engraftment in bone,
45
			 MSCs				 skin, and marrow stroma and increase in
							 growth velocity during 6 mo after infusion
		
Allogeneic HLA-mismatched
Implantation into uterus
Presence of osteocalcin-, osteopontin-, and
46
			 MSCs of fetal liver 		 at 32 wk of gestation		 bone sialoprotein–positive cells of donor
							 origin in bone more than 9 mo after
							 transplant
Hypophosphatasia
Allogeneic cultured osteoIntravenous
Clinical and radiologic evidence of full
47
			 blasts and bone fragments			
mineralization of patient bones; after
			 from crushed iliac				 transplant, patient began to walk and run
		
Allogeneic HLA-matched
Intravenous
Clinical and radiographic improvement
48
			 T-cell–depleted marrow 				 without correction of biochemical		
			 and second infusion of ex 				 features of hypophosphatasia
			 vivo expanded marrow cells		
		
Allogeneic heterogeneous
Intravenous, intraperitoneal,
Radiographic evidence of improved skeletal
49
			 population of marrow 		 and subcutaneous		 mineralization; patient is active and
			 cells and bone fragments				 growing 7 y after transplant and has clinical		
							 phenotype of mild hypophosphatasia

Clinical use of culture-expanded osteoprogenitor cells in
conjunction with porous hydroxyapatite scaffolds has been
reported in treatment of 4 patients with diaphyseal segmental
defects that ranged from 3.0 to 28.3 cm3 in a tibia, a humerus,
and 2 separate ulnar fractures.40,41 Autologous bone marrow–
derived pluripotent MSCs were expanded in vitro and were
loaded onto 100% hydroxyapatite macroporous ceramic
scaffolds. The grafts seeded with MSCs and the fracture
defects were stabilized with an external fixator. There was
progressive integration of the implants with the surrounding bone, progressive new bone formation inside the bioceramic pores, and vascular ingrowth. Good integration
of the implants with the preexisting bone was maintained
during all follow-up periods, and no major adverse reactions were observed. Radiography and computed tomography showed that bone formation was far more prominent
over the external surface and within the inner canal of the
implants. This could be due to a higher density of loaded
cells and/or a better survival of cells within the outermost
portions of the bioceramics. All patients experienced recovery of limb function. With time, the implants revealed
progressive appearance of cracks and fissures indicative of
some bioceramic disintegration, whereas bone formation
896
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progressed and the implants were completely integrated
into the existing bone. In all patients at last follow-up (6-7
years after surgery), good integration of the implants was
maintained.
The critical role of MSCs was further emphasized by
the work of Hernigou et al.42 They demonstrated that percutaneous autologous bone marrow grafting is an effective
and safe method for treating an atrophic tibial diaphyseal
nonunion. Marrow was aspirated from both anterior iliac
crests, concentrated on a cell separator, and then injected
into 60 noninfected atrophic nonunions of the tibia. A positive correlation was noted between the volume of mineralized callus at 4 months and the number (P=.04) and concentration (P=.01) of fibroblast colony-forming units in the
graft. In 7 patients in whom union was not achieved, both
the concentration and the total number of stem cells injected were significantly lower than in patients with osseous
union (P=.001 and P<.01). One potential weakness of the
study was the absence of a cohort with a placebo treatment.
However, the success of the treatment of nonunion with
percutaneous bone marrow grafting appeared to depend on
the number and concentration of stem cells available for
injection.
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Osteogenesis Imperfecta
Osteogenesis imperfecta is a heterogeneous group of inherited disorders of connective tissue characterized by bone
fragility and other evidence of connective tissue malfunction.61 The genetic defect responsible for OI results in abnormal type I collagen production by osteoblasts, which
leads to osteopenia, multiple fractures, severe bony deformities, and considerably shortened stature. The clinical
heterogeneity of OI is wide, ranging from death in the perinatal period, to marked short stature and severe bone deformities, to normal life expectancy with only mild osseous
fragility and slightly decreased bone mass, and finally to
mild forms that may elude clinical detection.61 Because the
genetic defect cannot be corrected, treatment options for OI
include nonsurgical and surgical management. Nonsurgical management includes drugs, such as bisphosphonates,
to increase bone mass and strength and reduce fractures.
A number of studies have demonstrated the beneficial
effects of oral or intravenous bisphosphonate therapy for
children with severe OI. In particular, in a large, uncontrolled, observational study that involved 30 children (aged
3-16 years) with severe OI, Glorieux et al62 showed that cyclic administration (4- to 6-month intervals for 1.3-5 years)
of intravenous pamidronate (mean ± SD, 6.8±1.1 mg/kg
yearly) improved clinical outcomes, reduced bone resorption, and increased bone density. Findings were a mean ± SD
annualized increase of 41.9%±29.0% in spine bone mineral
density, a mean ± SD z score improvement from –5.3±1.2
to –3.4±1.5, and a mean ± SD increase in the cortical width
of the metacarpals of 27%±20.2% per year.62,63 The mean
incidence of radiologically confirmed fractures decreased
markedly by 1.7 per year, whereas increases in the size of
the vertebral bodies suggested that new bone had formed.62
The limitation of that study and earlier ones was that they
were open trials, and double-blind, controlled studies need
to be performed to confirm these results. Moreover, along
with inhibition of bone remodeling, bisphosphonates have
other potential adverse skeletal effects in children,64 which
has raised concerns about their long-term efficacy in the
treatment of severe OI.
In principle, transplant of MSCs or marrow stromal cells
would attenuate or possibly correct genetic disorders of bone,
cartilage, muscle, and other connective tissues.65,66 When
MSCs from wild-type mice were infused into transgenic
mice that had a phenotype of fragile bones resembling OI,
the MSCs served as a source for continual renewal of cells
in a number of nonhematopoietic tissues.67 A recent publication by Panaroni et al68 evaluated intrauterine transplant of
adult bone marrow into a knock-in murine model for classic,
dominant OI. Adult bone marrow donor cells from enhanced
green fluorescent protein transgenic mice engrafted into hematopoietic and nonhematopoietic tissues differentiated to
Mayo Clin Proc.
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trabecular and cortical bone cells, synthesized up to 20% of
all type I collagen in the host bone, and also eliminated the
perinatal lethality of mice with dominant OI.68
In their initial studies, Horwitz et al43 performed allogeneic bone marrow transplant (BMT) in 3 children with
OI. Three months after osteoblast engraftment (1.5%-2.0%
donor cells), representative samples of trabecular bone
showed histologic changes indicative of new bone formation. All patients had increases in total body bone mineral
content that ranged from 21 to 29 g compared with predicted
values of 0 to 4 g for healthy children with similar changes in
weight. These improvements were associated with increases
in growth velocity and reduced frequency of fractures. The
authors concluded that allogeneic BMT can lead to engraftment of functional MSCs, indicating the feasibility of this
strategy in the treatment of OI. This study also demonstrated
that MSCs in transplanted marrow can migrate to bone in
children with OI and then give rise to osteoblasts, whose
presence correlated with an improvement in bone structure
and function. However, this study was criticized because it
had only 6 months of clinical follow-up and did not directly
compare results with those for controls. Hence, this group
undertook another pilot study.44 A total of 5 children with
OI were enrolled in a clinical trial during which they underwent engraftment of donor osteoblasts and 18 to 36 months
of clinical follow-up; 2 children were excluded from the
analysis because donor osteoblast engraftment after treatment could not be documented, rendering the mesenchymal
engraftment status unknown. The investigators were able to
demonstrate improvement in linear growth, total body bone
mineral content, and fracture rate in 3 children with severe
OI (2 children from the original report).43 Although linear
growth rate, total body bone mineral content, and fracture
rate appeared to improve in some patients, the lack of reliable controls and relatively short-term follow-up prevented
the authors from drawing firm conclusions about the efficacy
of MSC therapy. In addition, with increasing time after transplant, growth rates slowed and eventually plateaued, whereas bone mineral content continued to increase.
These observations prompted the group to perform a
subsequent study to demonstrate the feasibility of MSC
therapy and to gain insight into the transplant biology of
these cells. In this study, Horwitz et al45 used gene-marked,
donor marrow–derived MSCs to treat 6 children who had
undergone standard BMT for severe OI. Each child received 2 infusions of the allogeneic cells. In 5 of 6 patients,
engraftment was evident in 1 or more sites, including bone,
skin, and marrow stroma, and these 5 patients had an acceleration of growth velocity during the first 6 months after
infusion. This improvement ranged from 60% to 94% (median, 70%) of the predicted median values for age- and sexmatched unaffected children, compared with 0% to 40%
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(median, 20%) during the 6 months immediately preceding
the infusions. Encouraged by these studies, Le Blanc et al46
transplanted allogeneic HLA-mismatched MSCs of fetal
liver origin into the uterus at 32 weeks’ gestation to treat a
fetus with severe OI. Donor cell engraftment was 0.3% by
analysis of the centromeric Y chromosome–specific probe.
A considerably higher level of donor cell engraftment
(7.4%) was estimated using the total Y chromosome painting probe, which recognized multiple parts of the Y chromosome. Because osteocytes are terminally differentiated
cells, the presence of osteocalcin-, osteopontin-, and bone
sialoprotein–positive cells of male origin in bone more
than 9 months after transplant suggested that the transplanted cells participated in bone turnover and provided
a continual source of osteoblastic progenitor cells. From
the time of transplant until bone biopsy, the fetus grew
appreciably. This report showed that the fetal liver MSCs
were capable of engrafting and differentiating into bone
in the human fetus, even when the recipient was immunocompetent and HLA incompatible, without provoking any
graft-vs-host disease in the absence of immunosuppressive therapy.
Hypophosphatasia
Hypophosphatasia is a rare, heritable, metabolic bone disease due to deficient activity of TNSALP.47 The infantile
form features severe rickets, often causing death in the
first year of life due to respiratory complications.47 Currently, no established medical treatment exists for hypophosphatasia; however, a case report of an adult with hypophosphatasia who was treated with recombinant human
parathyroid hormone 1-34 and demonstrated biochemical
and clinical improvement suggests that this may represent
a potential approach to therapy.69 In addition, recent studies
in mice show that targeting TNSALP to bone using a decaaspartate sequence tag may represent an effective medical
approach to therapy for this disorder.70 An alternative strategy, used by Cahill et al,47 is to perform transplant in patients with hypophosphatasia. They replaced the patient’s
osteoblasts with those of her father, who was a 4/6 HLA
match. The patient was given cultured osteoblasts obtained
from crushed iliac donor bone intravenously, and bone fragments were also inserted intraperitoneally. No engraftment
of hematopoietic stem cells or increase in the patient’s circulating alkaline phosphatase levels was evident, but the
clinical and radiologic evidence of full mineralization of
her bones was impressive. As the child grew, she began to
walk and then later to run. A bone biopsy specimen from
the patient’s iliac crest revealed the presence of male donor
cells by polymerase chain reaction amplification of malespecific sex-determining region sequences. The success
of this transplant seemed to indicate a selective advantage
898
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of the donor’s healthy cells compared with the recipient’s
cells in sufficient quantities to ensure proper mineralization
of bone.
In a subsequent study, an 8-month-old baby with infantile hypophosphatasia underwent, after full myeloablation,
BMT using T-cell–depleted marrow from her 5/6 HLAmatched sibling.48 During the first 6 months after BMT,
the patient showed clinical and radiographic improvement
without correction of the biochemical features of hypophosphatasia. However, clinical deterioration with skeletal demineralization occurred 13 months after BMT (21
months of age). Therefore, she then received, by intravenous infusion, bone marrow cells that had been expanded
ex vivo. Six months later, considerable, lasting clinical and
radiographic improvement ensued, still without correction
of her biochemical abnormalities.
On the basis of the earlier study by Cahill et al47 and
reports obtained in mouse models that indicated that replacement of marrow stroma could be partially achieved
using donor bone fragments placed intraperitoneally or
subcutaneously in the recipient,71,72 an attempt was made
to introduce TNSALP-replete osteoblasts to treat another
severely affected girl with infantile hypophosphatasia.49
The reasoning behind the strategy was that the donor
stromal cells possibly migrated from the bone fragments
to the recipient bone and other tissues, including the thymus.73 Therefore, the investigators’ strategy was to administer a heterogeneous population of cells, including use
of bone fragments, by 3 different routes (intraperitoneal,
subcutaneous, and intravenous) to enhance their migration
and homing to the stroma.49 The hope was that engraftment of these cells within the skeletal microenvironment
would allow precursor cells to replicate and to differentiate into functional osteoprogenitor cells. Four months
later, radiographs demonstrated improved skeletal mineralization. Twenty months later, polymerase chain reaction analysis of adherent cells cultured from recipient
bone suggested the presence of small amounts of paternal
(donor) DNA despite the absence of hematopoietic engraftment. At 8 years of age (7 years after transplant), the
patient was active and growing and had the clinical phenotype of the more mild childhood form of hypophosphatasia. These findings suggest that, after immune tolerance,
the marrow osteoprogenitors contained within the donor
bone fragments migrated to the affected sites. This led to
distribution and engraftment of the precursors in the skeletal microenvironment in patients with hypophosphatasia
to form TNSALP-replete osteoblasts that could improve
mineralization. This result also suggests that partially differentiated cells (toward osteoblasts) or bone-lining cells
contained within the bone fragments may have played a
role in bone repair.
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FEASIBILITY OF HUMAN MSCs
IN CLINICAL APPLICATIONS
The fact that MSCs possess the ability to differentiate into
various tissues, including bone, that they can expand in
vitro with relative ease, and that they have immunosuppressive and immunoevasive capabilities make them an attractive candidate for clinical applications. However, long-term
cultures of human MSCs have limitations because over time
the cells exhibit a reduced proliferation rate attributable to
telomere shortening and undergo senescence.18 To combat
the problem of human MSC senescence, several other approaches have been used to improve the ability of these cells
to expand in vitro. For example, treatment with growth factors, such as fibroblast growth factor 2,74,75 or culturing these
cells under low oxygen tension76 or in a 3-dimensional environment77 might prove effective in obtaining larger pools of
human MSCs for clinical applications.
In addition, human MSCs need to be expanded in vitro
in the presence of fetal calf serum (FCS) at a concentration
of 10% to 20%.78-80 The use of FCS always raises concerns
because of the fear of transmission of prions and still unidentified zoonoses, although FCS batches are routinely
prescreened to meet the biosafety requirements of the cellular product.81 Moreover, proteins or peptides might incorporate into MSCs during culture, thus causing immune
reactions in the host, especially if more than 1 infusion is
required.82 One option is that Food and Drug Administration–approved products, such as Prochymal, Provacel, and
Chondrogen, will help advance the prospects for human
MSC therapy. These are proprietary formulations of adult
MSCs designed to provide therapeutic benefit by controlling inflammation, promoting tissue regeneration, and preventing scar formation. These stem cells are obtained from
the bone marrow of healthy adult donors.
Another issue not yet clarified is the mode of administration. In the clinical studies described herein, systemic
infusion proved effective, which raises the issue about the
ability of intravenously infused MSCs to repair distal tissues. Systemically administered MSCs may get trapped in
the lungs83 and secrete soluble factors into the peripheral
bloodstream, thereby exerting effects on distal organs or
tissues. A plausible hypothesis is that systemically administered MSCs might enhance repair of the distal tissues by
recruitment and differentiation of tissue-specific stem cells
either through secretion of soluble factors or by escaping
the lungs to home to affected tissues.83,84 However, these
soluble factors need to be secreted in greater amounts to
exert effects distally, which might result in toxicity. Another problem with the proposed hypothesis is the fact that
the number of MSCs that home to organs and tissues is
extremely small. The presence of MSCs in the peripheral
Mayo Clin Proc.
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organs creates another dilemma, and although the immunoregulatory properties of human MSCs have been demonstrated in several studies, questions still remain about the
possibility of the long-term existence of administered stem
cells in treated patients and the potential consequences that
could arise. Thus far, the evidence for transformation of administered MSCs into tumors is lacking in human models,
but extensive follow-up is required to determine the longterm effects of systemic MSC administration.
THE FUTURE OF STEM CELLS
IN CLINICAL PRACTICE
Gene Therapy and Stem Cells
There is considerable interest in combining gene therapy
with stem cell therapy, which offers the prospect of molecular engineering of stem cells, either transiently or
permanently. For example, in conditions such as fracture
nonunion, OI, or hypophosphatasia (as described herein),
individual lesions or fractures could be corrected by replacing mutated or defective osteoprogenitors with genetically engineered ones. Gene therapy can be performed in
2 settings: ex vivo gene transfer to a cell or tissue culture in vitro and in vivo gene transfer, where the gene is
transferred directly to the host. An example of in vivo gene
transfer includes an adenovirus vector that contains the
BMP-2 growth factor, which was shown to induce healing of critical-sized bone defects in rat femurs.85 However,
in vivo gene transfer with viral vectors induces immune
responses that limit the duration and effectiveness of the
treatment.86 One feasible option is to genetically modify
autologous MSCs ex vivo to deliver the required genes or
proteins to the affected sites. To date, this approach has
been successful in an animal model. Thus, Park et al87
showed that transplantation of BMP-2–producing primary
rat bone marrow stromal cells, modified by either liposome-mediated or adenoviral BMP-2 gene transfer, into
bone defects in vitro and in vivo healed critical-sized bone
defects in rats. Ex vivo methods are also safer because no
viral particles or DNA need to be inserted into the patient.86
These preclinical studies show that gene therapy regimens
can induce bone formation in vivo. Genetically engineered
stem cells would eliminate the requirement of a large number of MSCs for implantation and possibly the need for in
vitro culture and expansion. However, use of genetically
engineered stem cells for clinical practice needs further
development in terms of consistency and safety.
Induced Pluripotent Stem Cells
The iPSCs represent perhaps the future of stem cell therapy
because they exhibit near-identical genetic and functional properties to human ESCs but without the ethical and
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potential immunologic issues surrounding human ESCs.
These cells are created from somatic cells by introducing 4 genes by transduction methods or by a combination
of 2 genes with chemical induction of the others, thereby
bypassing the need for destruction of embryos. Ectopic
expression of pluripotency markers, such as Oct4, Sox2,
c-myc, and Klf4 in human fibroblasts, is sufficient to yield
iPSCs that resemble ESCs in their morphologic features,
gene expression, and ability to form teratomas in immunodeficient mice.88-92 Most instances of iPSC derivation involve integration of defined genes using viral vectors that
can create unpredictable mutations and limit utility of these
cells in clinical applications. Recent work in the iPSC field
has focused on virus-free induction of pluripotency using a
single transfection with oriP/EBNA1 (origin of latent viral
DNA replication harboring plasmid/Epstein-Barr nuclear
antigen 1)–based episomal vectors93 and recombinant cellpenetrating reprogramming proteins.94,95 In the study by
Zhou et al,94 to improve reprogramming efficiency and to
obtain iPSCs with long-term self-renewal capacity, murine
somatic cells were also treated with valproic acid (a known
histone deacetylase inhibitor). Generation of iPSCs using
these current methods showed that reprogramming of somatic cells does not require genomic integration or the continued presence of exogenous reprogramming factors and
removes one obstacle to the clinical application of human
iPSCs. Therefore, iPSCs offer a technology that essentially
can be tailor-made to treat individual conditions. However,
even though iPSCs offer an attractive alternative to ESCs,
the technology is not advanced enough to allow use in humans at this point.
CONCLUSION
The MSCs derived from the adult bone marrow provide
an exciting and promising stem cell population for repair of
bone in skeletal diseases. Their use in clinical applications
still needs rigorous evaluation. Properly conducted clinical
trials that include sufficient numbers of patients are warranted before claims regarding the therapeutic efficacy of
MSCs can be made. However, use of adult stem cells, such
as MSCs derived from bone marrow, is an innovative treatment for many disease conditions, including fracture nonunion and a number of metabolic bone diseases.
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