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Abstract: Continued improvements in the understanding and application of mesenchymal stem
cells (MSC) have revolutionized tissue engineering. This is particularly true within the field of
skeletal regenerative medicine. However, much remains unknown regarding the native origins of
MSC, the relative advantages of different MSC populations for bone regeneration, and even the
biologic safety of such unpurified, grossly characterized cells. This review will first summarize
the initial discovery of MSC, as well as the current and future applications of MSC in bone tis-
sue engineering. Next, the relative advantages and disadvantages of MSC isolated from distinct
tissue origins are debated, including the MSC from adipose, bone marrow, and dental pulp,
among others. The perivascular origin of MSC is next discussed. Finally, we briefly comment
on pluripotent stem cell populations and their possible application in bone tissue engineering.
While continually expanding, the field of MSC-based bone tissue engineering and regeneration
shows potential to become a clinical reality in the not-so-distant future.
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Introduction

Continued improvements in the understanding and application of adult mesenchymal
stem cells (MSC) have revolutionized tissue engineering, particularly within the field
of skeletal regenerative medicine. Although still in their relative infancy, multiple
stem cell-based products have been used tentatively in humans for bone' and cartilage?
regeneration. Furthermore, the delivery modality upon which these stem cell-based
products are implanted is currently being investigated. To optimize bone healing,
investigators must select a scaffold capable of maintaining, inducing, and restoring
biological function. Scaffolds must be evaluated for their ability to not only maintain
MSC survival, but also to promote MSC proliferation and differentiation. Moreover,
such a scaffold must have appropriate degradation and nonimmunogeneic properties.’
The currently studied in vivo scaffolds differ widely, encompassing organic autogenic,
allogeneic, and demineralized bone matrix grafts, as well as synthetic polymers, bioac-
tive ceramics, cross-linked hydrophilic hydrogels, metals, and composite scaffolds,
which range from osteoinductive to relatively inert.**

The widespread clinical use of MSC, although not a present reality, is conversely
not a distant possibility. This review will first summarize the discovery of MSC, their
applications in bone tissue engineering, and drawbacks of various MSC populations.
The perivascular origin of MSC will then be discussed. Subsequently, we will briefly
discuss pluripotent stem cell populations and their possible application in bone tissue
engineering, including embryonic and induced pluripotent stem cells. Nonetheless,
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despite the great progress made since the discovery and
characterization of MSC, certain key areas of MSC identity,
safety, and efficacy must be addressed before the clinical
translation of MSC-based bone tissue engineering becomes
a reality.

MSC defined

MSC are in vitro cultured cells capable of multilinecage
mesenchymal differentiation and self-renewal.” In 2006,
the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy published the
four minimal criteria that classify a cell as a MSC.? First,
MSC are plastic-adherent when kept in standard culture
conditions. Second, they must be multipotent stromal cells
that can differentiate into osteoblasts, chondrocytes, and
adipocytes. Third, they express the biomarkers CD73, CD90,
and CD105. Finally, they must not express CD14, CD11b,
CD34, CD45, CD19, and CD79 alpha.?

It is interesting to note that differentiation down neuro-
genic or myogenic lineages is not necessarily required for
MSC, as put forth by the Mesenchymal and Tissue Stem
Cell Committee.® This qualification is consistent with the
observed heterogeneity of the MSC populations isolated
from different donors that contain subsets of cells that differ
in terms of cell surface marker expression and transcriptional
profiles, multidifferentiation potential, and clonogenicity.*'!
Moreover, others have protested this definition, stating that
the unequivocal immunophenotyping hampers studies in
other animal models due to the lack of a single specific
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Figure | Representative sites of MSC isolation.

marker and the limited availability of monoclonal antibod-
ies.'”” Due to these issues, no unifying criteria have been
uniformly embraced.

Despite the parameters set forth for the retrospective
identification of MSC in culture, the in situ identity of MSC
has long been elusive.!® After the initial discovery of MSC in
bone marrow, numerous other sources of MSC were identi-
fied, including tissues of fetal origin (umbilical cord, umbili-
cal cord blood, or placenta), as well as diverse adult tissues
(dermis, dental pulp, periosteum, blood vessels, synovial
membrane, endometrium, and adipose tissue, among others)
(Figure 1).!*" In fact, nearly every tissue type and organ
has been cited as housing MSC-type cells, leading some to
hypothesize that blood vessels themselves are the in situ ori-
gin for the MSC progenitor cells? (see the “Perivascular stem
cells [PSC]” section). Although MSC-type cells have been
identified and isolated from various tissue sources using the
same criteria, differences in therapeutic efficacy exist, which
we will discuss in context with their tissue of origin.

Bone marrow stromal cells (BMSC)

As demonstrated in a series of experiments performed in
the mid-1960s, reviewed by Friedenstein et al, BMSC could
be co-isolated in vitro alongside hematopoietic cells.?!
BMSC are classified as MSC; however, one must note
that bone marrow consists of many stromal cells, which
are not — and do not — give rise to MSC. Nonetheless, the
purified BMSC are considered MSC as they abide by the
2006 criteria and exhibit both plasticity and the ability to
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Notes: MSC can be isolated from diverse anatomic sites, some of which are depicted here. The most well-studied site of derivation is bone marrow, followed by adipose
tissue, dental pulp, and others. MSC are designated by their site of derivation as, for example, BMSC, ASC, and DMSC. Alternatively, purified MSC populations have been
named based on their PSC. Although most commonly derived from adipose tissue, PSC may be obtained from diverse human organs using FACS technology.

Abbreviations: DMSC, dental pulp mesenchymal stem cells; FACS, fluorescence-activated cell sorting; PSC, perivascular stem cells; BMSC, bone marrow mesenchymal stem

cells; ASC, adipose-derived stem cells; MSC, mesenchymal stem cell.
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differentiate into chondrocytes, osteocytes, and adipocytes
in vitro and in vivo.??? In 1997, Komori et al discovered
that some marrow stromal cells express the master osteo-
genic transcription factor, runt-related transcription factor
2 (Runx2).** Interestingly, regardless of differentiation, the
BMSC retain Runx?2 expression, suggesting an ability to shift
phenotype and redifferentiate into osteoblasts.?2

Since their discovery, the BMSC have been extensively
studied from a preclinical perspective to investigate their role
and osteogenic potential. BMSC in vivo studies have used a
wide array of both organic materials (eg, bovine cancellous
bone?’ and allogeneic bone grafts?*=°) and inorganic materi-
als (eg, macroporous calcium phosphate cement,*! collagen
sponge,* polylactic acid,® hydroxyapatite [HA],?*3* HA/
tricalcium phosphate [TCP],>*3> and 3-TCP*¢), among others.
Numerous small animal studies have revealed the ability for
BMSC to induce the healing of critical-sized craniomaxil-
lofacial defects in a murine model,?3! repair critical-sized
femoral defects in rats* and rabbits,*® and induce spinal
fusion in rabbits.?

Moreover, several investigators have also shown the
efficacy of local implantation of BMSC in various large
animal models, including maxillofacial regeneration,”’ spinal
fusion,?’*? and in the healing of the critical-sized appendicular
defects in dogs.*** Similar studies have been performed in
sheep and have demonstrated the efficacy of BMSC to pro-
mote posterolateral spinal fusion,> as well as repair long bone
defects.??* In 2008, Gan et al*® translated these preclinical
findings into a clinical setting and demonstrated the efficacy
of BMSC to induce posterolateral spinal fusion in humans.
Thus, BMSC have shown immense potential in multiple
small and large animal studies and in a wide range of medical
applications involving fracture and bone reconstruction.

In a clinical setting, however, the therapeutic use of MSC
is hindered by several drawbacks that include the low yield of
BMSC procurement, the use of growth factors and extensive
in vitro culture for their expansion to therapeutically useful
levels, and the inherent heterogeneity they display in their
multidifferentiation potential. Because of the extremely
low yields of BMSC progenitors (typically 0.001%—0.01%)
obtained from bone marrow aspirates, large quantities of
bone marrow must be procured, which can cause additional
donor site morbidity.*

Moreover, BMSC require several passages in culture to
purify the original heterogeneous population comprised of
hematopoietic and other cell types.** When poorly purified
from phenotypically different cells, BMSC possess variable
morphology, a limited capacity for self-renewal, and are less

efficiently differentiated.**#' Last, the conditions and dura-
tion of culture can also alter their differentiation potential,
as can the growth factors that are often used to promote the
proliferation of BMSC.*** These significant limitations have
hindered the translation of BMSC into a clinical setting,
leading investigators to seek alternative tissue sources from
which to isolate MSC.

Even with seemingly pure preparations of BMSC, only
a percentage of BMSC in the population are susceptible to
osteogenesis.* In clonal studies characterizing adipogenic,
osteogenic, and chondrogenic potentials, three categories
comprised of four subgroups were shown to account for ~90%
of all colony-forming MSC in healthy donors: tripotent;
bipotent (both osteoadipogenic and osteochondrogenic);
and unipotent (osteogenic) colonies.!! Tripotent cells, which
constituted ~50% of the clones in this study, were highly
proliferative, possessed large colony-forming efficiencies
(35%-90%), and accumulated a more highly mineralized
extracellular matrix than did cells from unipotent osteogenic
clones, which formed colonies 5% or less of the time.* Other
research groups have enumerated this tripotent fraction of
BMSC-derived clones at between 7%—13.3%, and in the latter
case, have exhibited an associated expression of the surface
marker CD271 (the low-affinity nerve growth factor recep-
tor, a p75 neurotrophin receptor) with tripotent clones.*’*
Although specific estimates as to the number of tripotent cells
BMSC vary, it is obvious that unfractioned BMSC expanded
in culture exhibit variable functional efficacy.

Adipose-derived stem cells (ASC)

An alternative site for MSC isolation is adipose tissue. ASC,
initially termed processed lipoaspirate, were first discovered
in 2001 by Zuk et al* and have been extensively evaluated
for tissue engineering — in particular, for bone formation.
Abundant in supply and readily and safely accessible, subcu-
taneous fat obtained via routine liposuction can be digested
with collagenase immediately postisolation to produce a
mixed-cell homogenate termed the stromal vascular frac-
tion (SVF), which contains ASC in addition to endothelial,
hematopoietic, and stromal cells.’*s' Although SVF has
been studied in the confines of bone biology, the cells yield
poor bone formation upon implantation, presumably due
to the presence of mixed stromal and endothelial cells that
both dilute and interact with the ASC present in the SVE.>
Fortunately, MSC may be produced by culturing the SVFs
that are more homogenous for expression of the cell markers
CD73, CD90, CD44, and CD?9.% Following flow cytometry
characterization, it was determined that adipose stem cells
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also express the progenitor cell marker CD34 and secrete
vascular endothelial growth factor, in addition to many other
trophic factors.>**>* Upon allocation for culture, ASC have
been shown to possess trilineage potential and to undergo
osteogenic differentiation when treated with ascorbic acid,
bone morphogenetic protein-2, and -glycerophosphate.™

Like BMSC, population heterogeneity is also exhibited
by ASC (selected by adherence to plastic). In aggregate,
ASC represent a significant stem cell population, as they are
abundant in supply and can be easily procured and isolated.
However, at the clonal level, only 21% of the population of
plastic-adherent ASC clones was determined to be tripotent,
with an additional 31% and 29% possessing bipotent and
unipotent behavior, respectively.’® Interestingly, only 48% of
the clones were osteogenic, which suggests that the surface
marker prognostic for osteogenic potency would improve
the efficacy and consistency of these cells for bone tissue
engineering.

The immense osteogenic potential of ASC has been
demonstrated in numerous preclinical animal studies. In
small animal models, ASC have been demonstrated to
repair critical-sized calvarial defects,’”® to promote bone
formation in appendicular defects,***! and to induce spinal
fusion in murine models.*? Similarly, in a large animal canine
model, implanted ASC were observed to promote bone
formation for craniomaxillofacial repair.®® A wide variety
of scaffolds have been used in ASC-mediated bone repair,
such as organic apatite-coated poly(lactic-co-glycolic) acid
scaffolds,’”® collagen-ceramic carriers,® type I collagen
matrix,® and coral scaffolds,® among others. Thus, ASC have
been validated to possess significant efficacy and consistent
osteogenic potential, as witnessed in various small and large
animal models.

Although robust quantities of bone are induced when ASC
are implanted in vivo, the SVF must be passaged several times
in culture to reduce ASC contamination by other cell types
present in the SVF, which precludes their use at the point of
care. Furthermore, the in vitro cultivation has been shown to
decrease stemness, self-renewal, and multipotency® and, in
some cases, has resulted in genomic instability — a potential
concern for spontaneous malignant transformation.®® The
proliferative capacity of ASC is also inversely correlated
with patient age — a significant drawback for applications
involving geriatric and osteoporotic patients.®

Although also observed in other MSC populations, the
ASC have been reported to release trophic factors, such as
angiopoietin-like 1, EGF, FGF, HGF, TGFp, and CXCL12,
as well as the immunosuppressive cytokines prostaglandin

E2 (PGE2) and indoleamine 2,3-dioxygenase (IDO).5”-7
While growth and stem cell recruitment factors stimulate
tissue regeneration, the immunosuppressive properties of
these cells suggest that either allogeneic or autologous ASC
can be successfully used in tissue repair without triggering a
lymphocyte reaction.”! Further work, however, must be done
to investigate whether an immune reaction may be triggered
when ASC differentiate. This dual mitogenic/immunomodu-
latory potential of ASC, however, may have a dark side, as
it may stimulate cancer cell proliferation, while at the same
time diminish T-cell proliferation, which could have taken
part in a cytotoxic, antineoplastic response.””” Further-
more, mechanisms, such as the ASC-mediated secretion of
CXCL12 and FGFR2, have been shown to increase tumor
cell migration and angiogenesis, respectively.®®* Thus, ASC
may not be the best choice for bone reconstruction after tumor
resection. Overall, while ASC have significant advantages in
their relative abundance and bone-forming potential, culture
requirement and trophic factor elaboration remain safety
concerns for their future use.

Perivascular stem cells (PSC)
As MSC are consistently isolated from tissues rich in
vasculature, such as bone marrow and adipose tissue, we
and other investigators have recently sought to determine
whether MSC ancestors are natively associated with blood
vessels. In 2008, the pericytes, which line capillaries and
microvasculature, were discovered to possess multipotent
differentiation potential.*"*! This led Professor Arnold Caplan
of Case Western Reserve University to speculate and pro-
pose that all MSC are, in fact, derived from pericytes.” In
2012, Corselli et al® reported that in addition to MSC being
derived from pericytes, adventitial cells could also give rise
to MSC. Adventitial cells are a population of CD34+, multi-
potent cells that are antigenically distinct to pericytes and are
observed to mobilize in response to trauma and hypoxia.* %
In a recent article by Zhao et al,* it was demonstrated that
during incisor trauma, periarterial cells (pericytes and adven-
titial cells) are recruited to modulate hemostasis and repair.
Further, in vitro, these cells were shown to exhibit typical
MSC characteristics.®® Thus, when taken together, pericytes
(CD31-/CD45—-/CD34-/CD146+), found encompassing
microvessels and capillaries, and adventitial cells (CD31-/
CD45-/CD34+/CD146-), localized in the outmost layer of
larger arteries and veins, compose PSC.¥’

As adipose is a highly vascularized tissue and is ample
in supply, most PSC safety and efficacy studies have iso-
lated PSC from routine liposuction procedures. Unlike
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plastic-selected ASC, which require weeks of culture,
pericytes (CD45—/CD146—/CD34+) and adventitial cells
(CD45-/CD146+/CD34~) are purified via fluorescent-acti-
vated cell sorting (FACS) in a process that requires merely a
few hours (Figure 2).87% Moreover, the PSC obtained from
fat are superior to BMSC and dental pulp mesenchymal stem
cells (DMSC), as they can be procured in abundance with
minimal patient morbidity. Further, as the PSC are puri-
fied via FACS instead of being cultured, and since they are
autologous, the minimal risk of in vitro transformation and
immunogeneic rejection exists. Thus, PSC are a novel and
promising stem cell population shown to possess trilineage
potential and are superior to the aforementioned stem cell
populations, as they can be isolated in large quantities and
can be purified in a relatively short time.

Since their discovery, PSC have been studied in various
preclinical models to investigate their osteogenic potential.
PSC have been delivered on demineralized bone matrix®-*!
or via HA-coated poly(lactic-co-glycolic) acid.”> Human
PSC significantly improved healing in a mouse critical-
size calvarial defect model when compared to human SVF
(ie, SVF or unpurified lipoaspirates).””> Moreover, the PSC
also induced robust bone formation following implantation
in a murine muscle pouch model and femoral segmental
defect model.’! In a recent study, PSC implantation induced
successful lumbar spinal fusion in rats, with markedly
increased bone formation.®” Samples implanted with PSC
expressed increased bone stiffness and capacity to with-
stand force via finite elemental analysis — a nondestructive
biomechanical assay.”® Thus, PSC combine two separately
studied perivascular stem cell populations that can be read-
ily isolated to homogeneity from lipoaspirates via FACS,

Lipoaspirate

fraction

Collagenase

Figure 2 Purification process for PSC.

Stromal vascular

j—e

whose capability has been validated in the induction of
robust osteogenesis.

Dental pulp mesenchymal stem cells

MSC have also been purified from human exfoliated decidu-
ous teeth, and termed DMSC.* In 2003, Shi and Gronthos*
successfully utilized the antibody STRO-1 to probe and iso-
late dental pulp stem cells through immunoselection. Through
immunohistochemistry, FACS, and immunomagnetic bead
selection, Shi and Gronthos* determined that dental pulp
stem cells express the pericyte markers CD146 and 3G5.
This interesting observation brings up the question as to the
overlapping identity of DMSC and PSC.

The preclinical studies of DMSC have shown some
promise in bone biology. Several small animal studies have
demonstrated the potential of DMSC in the regeneration of
critical-sized calvarial defects in mice.?>* For instance, MSC
derived from the periodontal ligament and gingival tissue
possess the ability to repair critical-size calvarial defects in
mice by promoting the formation of mineralized tissue on
arginine—glycine—aspartic acid tripeptide-modified alginate
scaffolds, as well as on gelatin sponge scaffolds.”>* In canine
and swine models, the local implantation of DMSC with
B-TCP and HA/TCP scaffolds has been shown to induce
successful bone regeneration in critical-sized orofacial bone
defects.””%® Although less efficacious than BMSC, the DMSC
were able to regenerate alveolar bone at 8 weeks postimplan-
tation in a canine model.”® In fact, DMSC have also been
shown to repair alveolar ridge and mandibular defects in
humans, utilizing collagen sponge scaffolds.”!%

While dental pulp might pose as an alternative site for
MSC isolation, the use of DMSC is limited by the small

FACS

Perivascular
stem cells

'

0
C 100

Notes: Although typically isolated from human lipoaspirate, PSC can be extracted from any vascularized organ. After routine liposuction or lipectomy, adipose tissue
undergoes enzymatic digestion with collagenase to yield the SVF of adipose tissue. SVF is then purified for PSC via FACS for the differential expression of perivascular
markers. As is currently understood, PSC are a bipartite population including CD |46+ pericytes and CD34+ adventitial cells.

Abbreviations: FACS, fluorescence-activated cell sorting; PSC, perivascular stem cells; SVF, stromal vascular fraction.
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quantity of pulp in a tooth, the proportionally smaller DMSC
yield that necessitates their expansion by long-term culture,
and the corresponding costs and risks that are incurred. Aside
from the pragmatic concerns, several investigators have also
reported the limited potential of DMSC to regenerate bone
in vivo.'"1% For instance, while DMSC were observed to
promote bone formation in a human mandibular defect, the
de novo bone formed was primarily composed of cortical
bone, lacking vasculature.!® Moreover, in a manuscript by
Annibali et al,’™ DMSC did not significantly induce more
bone than did controls in a critical-sized calvarial defect in
mice. This observation may be a consequence of the fact
that as DMSC undergo high-passage propagation, fewer
and fewer stem cells are present.'” So, despite the fact that
DMSC show some utility for bone regeneration, they do not
supplant therapies enlisting BMSC or PSC.

Embryonic stem cells (ESC)

Several investigators have also explored the regenerative
potential of ESC for applications involving bone. The ESC
are a pluripotent stem cell population which, by definition,
possess an unlimited potential to differentiate into all three
germ tissue lineages: ectoderm; endoderm; and mesoderm.
An unlimited capacity for self-renewal is highly valuable for
continued research and affords ESC a considerable advantage
for regenerative medicine and the consistent manufacture of an
allogeneic product for bone repair. In this context, ESC have
been studied in various preclinical assays to investigate their
innate osteogenic potential as well as their influence in coculture
with other stem cells in the presence of growth factors. Alone,
ESC have been observed to possess robust osteogenic potential
and are capable of osteogenic differentiation with or without the
stage-specific changes that occur in the normal development
of the embryoid body.'” When cocultured with human BMSC
that had undergone osteogenesis, the bone nodules formed from
human ESC (hESC) were more mineralized and were richer in
osteocalcin, an extracellular bone matrix protein. These find-
ings suggest that paracrine factors secreted from differentiated
human BMSC (hBMSC) promote osteogenic differentiation in
hESC.'”® Independently, when ESC are treated with numerous
growth factors, a synergistic effect is observed where osteogenic
differentiation of hESC is enhanced compared to using a single
growth factor.'”

From these studies, it appears that the extracellular matrix
plays a crucial role in contributing to osteogenic lineage
specification during embryonic development;''®''? thus,
in order to successfully optimize ESC for bone regenera-
tion, scaffolds must be implemented that mimic the natural

extracellular matrix of bone tissue and act as a directive
template for the osteogenic specification of ESC.!

Major obstacles exist, however, in realizing the transla-
tional potential of ESC, including allogeneic rejection and
teratoma formation. Previous investigators have witnessed
allogeneic rejection upon implantation, with marked rejection
of donor cells possessing foreign human leukocyte antigens.''*
In arecent study by Aldahmash et al,'"* it was observed that the
implantation of undifferentiated ESC induced teratoma forma-
tion, a tumor comprised of all three cell lineages. As such, the
punctilious removal of any undifferentiated cell is imperative
prior to administration. Although efficacy studies have shown
promise in the osteogenic potential of ESC, safety issues limit
the potential clinical use of ESC for bone tissue engineering.

Induced pluripotent
stem cells (iPSC)

In 2006, the iPSC were created in Shinya Yamanaka’s labora-
tory at Kyoto University from mouse fibroblasts by the retro-
viral ectopic transduction of the genes Oct4, Sox2, KIf4, and
c-Myc.''¢ Although most commonly derived from primary
dermal fibroblasts, iPSC can be created from many differ-
ent adult cell lineages via their cellular reprogramming to a
pluripotent state.!'” 1! Because iPSC possess a pluripotent
potential similar to that of ESC, but they are derived from
the cells of the adult patient undergoing treatment, they do
not generate an allograft immune response.'?

In a preclinical setting, iPSC have been observed to
promote robust bone regeneration both in vitro and in vivo.
In fact, in a 2010 study by Kao et al,'?! the iPSC were
observed to possess comparable osteogenic potential to
that of ESC. Implantation studies have demonstrated the
potential of iPSC to promote bone formation in a mouse
knee defect as well as in the murine ectopic subcutaneous
injection models, utilizing collagen hydrogen scaffolds
and macrochanneled poly(caprolactone) scaffolds.!?%!2
Furthermore, in 2012, Levi et al'** demonstrated complete
healing of critical-sized calvarial defects in mice implanted
with human iPSC. Unfortunately, like ESC, the iPSC that
have not been thoroughly differentiated prior to implanta-
tion can undergo teratoma formation.!'%!>5 Although the
frequency of teratoma formation with iPSC is not as preva-
lent as with ESC, the presence of teratomas, again, shows
the instability of pluripotent stem cell application in bone
and tissue engineering.

Another major drawback of iPSC is their poor yield of
induction; <1% success was observed in the induction of
iPSC from murine adult somatic cells. As such, clinical
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translation is rendered difficult due to the necessity of start-
ing with large quantities of tissue.'*'>’

Conclusion

In conclusion, although several MSC populations hold great
promise in bone-forming potential, the clinical application
will require that the identity, safety, and efficacy of these
cells be well validated.'?® Currently, the very native identity
of MSC is ensconced in some mystery and remains a con-
troversial subject with different investigators isolating MSC
via differing techniques (eg, selection by culture versus
immunophenotype) or establishing MSC identity by differ-
ent parameters. In addition, the perivascular/pericytic origin
of MSC is becoming an increasingly well-accepted theory,
although complete agreement as to the origin, function, and
clinical potential of these cells is lacking, as are the changes
that these cells undergo during isolation, cultivation, and rein-
troduction to the host. In terms of safety, tumor formation and
malignant transformation of MSC remain a possible risk,'*
although most studies suggest that this is a theoretical rather
than a tangible risk. On the other hand, ESC and iPSC, while
capable of bone formation, possess tumorigenic potential by
forming teratomas. Finally, in terms of efficacy, the question
remains as to whether different MSC depots or subpopula-
tions are more osteogenic than others. Comparisons have
been made across MSC obtained from donors of different
ages and sexes, and from different anatomic locations and
tissues, using different cell surface markers for identification.
Yet, an unequivocal cell source (or the gold standard) for
MSC-based bone tissue engineering and regeneration has
not yet been defined. By utilizing a prospectively purified,
noncultured population of stem cells, such as PSC, future
studies can alleviate the number of drawbacks associated
with the utilization of long-term cultured convention MSC.
Thus, despite the great progress made since the discovery
and characterization of MSC, certain key areas of MSC
identity, safety, and efficacy must be addressed before the
clinical translation of MSC-based bone tissue engineering
becomes a reality.
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