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Cell Sources for Bone Regeneration:
The Good, the Bad, and the Ugly (But Promising)

Pamela Gehron Robey, Ph.D.

Based on the extensive investigation of various ways to regenerate bone, bone marrow stromal cells, in con-
junction with ceramic scaffolds, show great promise for application in human patients, and are already in use in
a limited number of clinical trials. In preparing for clinical trials, scale-up current good manufacturing processes
(cGMP) must incorporate the use of appropriate assays to ensure that the resulting cell product has maintained
its biological activity. Future developments are needed to identify better scaffolds, and better ways to deliver
cells with either injectable carriers, or by developing techniques to aide in their escape from the circulation and
their incorporation into the pre-existing tissue. Lastly, development of methods that faithfully direct pluripotent
stem cell differentiation into populations of osteogenic precursors (and ideally, containing skeletal stem cells)
represents a new challenge in the field of bone regeneration, but also offer new opportunities to not only to study
the biology of bone formation, but also to develop a robust cell source for bone regeneration.

Introduction

There is no doubt that there is an increasing need
worldwide for the ability of orthopedic and oral sur-

geons to reproducibly regenerate bone and associated tis-
sues that are lost due to trauma, surgical resection of
cancer, or pathologies that affect the skeleton. The field of
tissue engineering aims to fulfill this need through a variety
of approaches that utilize (1) morphogens, growth factors,
and cytokines, (2) scaffolds and carriers, and (3) cells. Various
combinations of these different components, tailored for
specific applications, have shown great promise in preclin-
ical animal models, and there are a number of small clinical
trials underway around the world (http://clinicaltrials
.gov/). The ultimate goal is to induce endogenous repair
without the need for surgical intervention. However, the
right cocktail of factors has yet to be formulated that is
long-lasting, without potential unwanted effects (bone
where it should not be), and able to regenerate large seg-
ments of bone where the number of endogenous cells (ei-
ther local or recruited) are insufficient to complete the task.
Scaffolds, either alone or in combination with factors, can
be used to guide regeneration by endogenous cells in cer-
tain situations, but again, may not suffice in large skeletal
defects. Consequently, cell-based therapy tops the list of
potential approaches by supplying sufficient numbers of
cells that can not only form bone and associated tissues, but
also maintain bone as it undergoes turnover throughout

life. What follows is a discussion of the isolation and
characterization of potential cell sources and various ap-
proaches to cell-based bone regeneration.

Cell Sources: Overview

Based on the pioneering studies of Friedenstein and co-
workers,1 and others who followed (reviewed in Ref.2), it is well
established that bone marrow contains a type of non-
hematopoietic stem cell, lurking within the sea of blood cells,
that is a component of the bone marrow stromal cell (BMSC)
population. When populations of cell culture-expanded BMSCs
devoid of hematopoietic cells are transplanted in vivo in diffu-
sion chambers (a closed system), they form bone and, in the
interior of the chamber, cartilage.3 When transplanted with an
appropriate carrier (an open system), a bone/marrow organ is
formed, composed of osteocytes, osteoblasts, hematopoiesis-
supportive stroma and marrow adipocytes of donor origin, and
hematopoietic cells of recipient origin4,5 (Fig. 1A). More re-
cently, it has been determined that these multipotent cells arise
from specialized clonogenic BMSCs that are found wrapping
around the surfaces of bone marrow sinusoids, otherwise
known as pericytes.6 Further, their ability to self-renew was
established by serial transplantation assays of clonogenic cells
in vivo.6 Based on these findings, it is clear that bone marrow
stroma contains a stem cell by the most rigorous criteria: the
ability of a single cell to reform and support a complete tissue
(bone with marrow), and the ability to self renew.
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While Friedenstein and others have been precise in their
terminology by calling this multipotent stem cell a bone
marrow stromal stem cell or a skeletal stem cell (SSC) (re-
viewed in Ref.7), it has also gone by the name of the ‘‘mes-
enchymal stem cell,’’ (MSCs) based on its ability to recreate
tissues that originate from embryonic mesenchyme (re-
viewed in Ref.8). By applying some of the techniques de-
veloped for the isolation and characterization of BMSCs/
SSCs, studies that have followed during the last decade have
purported to identify MSCs with the ability to form bone in
virtually all connective tissues (Table 1). However, the true
differentiation capacity and ability to self-renew of non-bone
marrow MSCs has often not been rigorously determined
using appropriate differentiation assays, as described below,

leading one to believe that any MSC can be used for bone
regeneration. Further, while some non-bone marrow MSCs
may form bone (usually after encouragement with a bone
morphogenetic protein [BMP]), most, if not all, lack the
ability to support the formation of marrow. Few publications
on non-marrow MSCs comment on the ability to support
hematopoiesis; however, examination of the histological re-
sults of in vivo transplantation assays highlight the fact that
MSCs from adipose tissue (Ref.9; Balakumaran, Cherman,
and Robey, unpublished results), dental pulp,10 and peri-
odontal ligament,11 as examples, do not support the forma-
tion of hematopoietic marrow.

In considering cell sources for bone regeneration, the ability
to form hematopoiesis-supportive stroma could be considered
to be essential because the SSC, needed for bone regeneration
during bone turnover, resides in the bone marrow stroma that
supports hematopoiesis. If the SSC is depleted due to lack of
self-renewal, diversion solely to osteogenesis, or is over-diluted
by transiently amplifying cells, during ex vivo expansion of
the BMSC population, bone turnover, which relies on the
presence of the SSC, may be extinguished. Scaffolds could
be designed to encourage the ingrowth of marrow stromal
elements (containing SSCs), primarily by increasing the pace
and extent of creeping substitution. However, in the case of
extremely large (critical size) defects, this may not be sufficient
to repopulate the entire construct with SSCs derived from
surrounding tissues, and may require a long period.

Lastly, when evaluating a potential cell source, it is critical
to determine by rigorous assays that bone with identifiable
osteocytes and osteoblasts of donor origin is formed (Fig.
1A), rather than dystrophic calcification (Fig. 1B), which can
arise from certain pathological conditions. Establishment of
marrow, which could be considered as a surrogate marker
for the presence of the SSC, would also appear to be essential
(Fig. 1A).

FIG. 1. (A) The goal of bone regeneration. The develop-
ment of bone with morphologically identifiable osteoblasts
(ob) and osteocytes (ocy) with the support of hematopoietic
marrow with adipocytes (ad), formed in conjunction with an
appropriate scaffold (s) upon in vivo transplantation. (B)
Dystrophic calcification in vivo is noted for the lack of iden-
tifiable osteoblasts and osteocytes, and lack of marrow. (C)
In vitro, intact cells (*) and matrix mineralization (large ar-
row, and inset showing mineral on banded collagen fibrils)
characterize physiological mineralization. (D) In cases of
prolonged culture in osteogenic conditions, dystrophic cal-
cification (large arrows) is formed in association with dying
cells (**). (C and D, courtesy of Dr. Lynda Bonewald,24 inset
in C—Heywood and Robey, unpublished data). The orga-
nization of mineralized matrix is cell-type specific with dis-
tinctive patterns for bone (E), dentin (F), and cementum (G).
(E–G, courtesy of Drs. Alan Boyde and Sheila J. Jones34).
Color images available online at www.liebertonline.com/teb

Table 1. Potential Cell Sources

The gooda The bada
The ugly

(but promising)

Bone marrow
stromal cellsb

Trabecular bone
cells

Dental pulp cells hESCs

Periosteal cells Periodontal
ligament cells

iPSCs

Cord blood Adipose derived
cells

Direct reprogramming
(has not yet been
reported for
development of
osteogenic cells)

Amniotic fluid
cells

Cells from
virtually any
connective tissue

Circulating
skeletal cells
(endogenous
cells)

aMesenchymal stem cells.
bTo date, the most reliable source for bone regeneration.
hESC, human embryonic stem cell; iPSC, induced pluripotent stem

cell.
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Methods of Isolation

BMSCs can be isolated from iliac crest aspirates, core bi-
opsies, and surgical waste. While aspirates are less invasive
than core biopsies, aspirates are often contaminated with
peripheral blood when large volumes are aspirated, even
with frequent repositioning of the aspiration needle, and
excess peripheral blood can have a negative impact on
growth of BMSCs.12 When core biopsies and surgical waste
are available, repeated washing releases high numbers of
cells (reviewed in Ref.13). In addition, more mature trabec-
ular bone cells can be isolated using a series of enzymatic
treatments, or by explants culture of bone fragments without
or with collagenase pretreatment.14–16 Cells from periosteal
tissue, and from other soft tissues purported to contain cells
with osteogenic capacity, can also be generated via enzy-
matic treatment, or by explant cultures (e.g., see Refs.17,18)
(Fig. 2). Additionally, it has been reported that peripheral
blood contains osteogenic progenitors, although they are
extremely rare in humans.19,20

Characterization

Cell surface markers

FACS is often used to isolate specific populations from
freshly isolated cells (lavage of bone fragments, aspirates,
and enzymatically released cells) (Fig. 2). A long list of
markers has been associated with MSCs purported to have
osteogenic differentiation capacity. In humans, these popu-
lations are negative for hematopoietic markers (CD34, CD45,
CD14, and CD11b) and endothelial markers (CD31 and
CD62E), but positive for CD13 (aminopeptidase N), CD29
(b1 integrin subunit), CD44 (hyaluronan receptor), CD49a
(a1 integrin subunit and VLA), CD63 (lysosomal membrane-
associated glycoprotein 3), CD90 (Thy-1), CD105 (endoglin),
CD106 (VCAM-1 and a4 b1 integrin ligand), CD146
(MCAM/MUC18), CD166 (activated leukocyte cell adhesion
molecule), and Stro1 (identity unknown to date) (to name a
few, reviewed in Ref.13). Of these markers, many are found
on connective tissue stromal cells and are involved in cell–
matrix interactions (CD29, CD44, and CD49a), but do not
specifically define an SSC. However, some of these markers

may be critically important in the biological function of
BMSCs, such as CD105/endoglin, which is the regulatory
subunit of the transforming growth factor (TGF)-b receptor
that modulates responses to TGF-b, CD90/Thy-1, thought to
mediate hematopoietic stem cell differentiation, and CD
106/VCAM-1 and CD146/MCAM, which may regulate in-
teractions with endothelial cells. From an applicative point of
view, it is not practical to achieve sufficient numbers of cells
for bone regeneration by FACS without ex vivo expansion,
and expression of these markers can be altered with time in
culture. Nonetheless, assessment of the cell surface profile
provides key information on the nature of the cell population
in that absence of expression of key cell surface markers
would be indicative of a less than optimal population.

Colony forming efficiency

Clinical bone regeneration protocols are unlikely to rely on
the use of clonal strains due to the number of population
doublings that would be required to achieve a sufficient
number of cells. However, interrogation of a potential pop-
ulation for the presence of SSCs by performing clonogenic
assays is warranted, given that SSCs are needed for bone
turnover (Fig. 2). Because of the lack of specific markers, an
estimate of the number of SSCs comes from colony forming
efficiency assays. In this assay, single-cell suspensions of
bone marrow are plated at low density (0.14–14.0 · 103 nu-
cleated cells/cm2 for aspirates, 0.007–3.5 · 103 nucleated
cells/cm2 for core biopsies).13 Of note, when this assay is
performed on cells released from tissues by enzymatic di-
gestion, clonal density is 1.63 cells/cm2 because hematopoi-
etic cells, which are nonadherent in human samples, are
underrepresented compared to bone marrow. Within
2–3 h of plating, a single cell of fibroblastic character (the
colony forming unit-fibroblast [CFU-F]) adheres, and within
24–48 h proliferates to form a colony, demonstrating density-
independent growth.21 In human bone marrow, the colony-
forming efficiency ranges from 10 to 50 per 105 nucleated
cells, and substantial deviations signify either inade-
quate culture conditions,22 or a potential skeletal pathology
(Kuznetsov et al., submitted).

Multipotency

To determine that a multipotent stem cell actually exists
within a given population, rigorous clonal analysis of
differentiation capacity is required. With respect to bone
regeneration, a clone’s ability to form bone, hematopoiesis-
supportive stroma (where the SSC resides), and marrow
adipocytes marks the multipotential nature of the original
CFU-F. In vitro, differentiation is induced by various cock-
tails, and assessed for calcium accumulation by Alizarin Red
staining (osteogenesis), and for fat accumulation by Oil Red
O or Nile Red (adipogenesis) (reviewed in Ref.13), and the
ability to support hematopoiesis is assessed in Dexter-type
cultures.23 However, in many cases the results of these
in vitro assays, in particular for osteogenesis, are artifactual in
nature, and often misleading. The use of prolonged time
intervals with cells at high density and high levels of b-
glycerolphosphate can induce dystrophic calcification (Fig.
1D) rather than matrix mineralization24 (Fig. 1C). As such, this
assay cannot be reliably used to predict osteogenic capacity.
Culture conditions for support of complete hematopoiesis

FIG. 2. Methods of isolation and characterization of po-
tential cell sources for bone regeneration. Color images
available online at www.liebertonline.com/teb
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(including the hematopoietic stem cell) by human BMSCs
in vitro have yet to be optimized. Therefore, osteogenesis and
support of hematopoiesis is best determined by in vivo
transplantation of clonal cells with an appropriate scaffold.
When a series of clonal strains (i.e., the clonal strain arises
from a single CFU-F) are transplanted in vivo, only *10%–
20% of the single-cell-derived strains were found to recreate a
bone/marrow organ.25 This points to the fact that SSCs are a
fraction of the population, and that not all BMSCs, not even
all CFU-Fs, are multipotent. Thus, one does not establish a
culture of stem cells, as is often stated in the literature; one
establishes a culture in which a subset of cells are stem cells.
That is not to say that the BMSC population as a whole, with
its subset of SSCs, is inferior in any way, it is only to say that it
is necessary to document the existence of multipotent SSCs
within the population. In summary, documentation of the
presence of SSCs within the population, as evidenced by
support of hematopoiesis upon in vivo transplantation (as in
Fig. 1A), is necessary when devising ex vivo expansion and
scale up procedures to ensure that SSCs have not been elim-
inated by inappropriate culture conditions, or over-diluted
due to excessive passaging.

Cell Sources Reconsidered

Two factors, in addition to the tissue source, must be taken
into consideration in protocols for bone regeneration: (1)
autologous (self ) versus allogeneic (nonself ) and (2) em-
bryonic origin. It has been reported that BMSCs are immune
privileged; that is, BMSCs can escape rejection when used in
an allogeneic setting.26 While this may be true when allo-
geneic or xenogeneic BMSCs are introduced into developing
embryos before establishment of the immune system, there
are studies that indicate that allogeneic and xenogeneic
BMSCs are indeed rejected when infused systemically into
immune competent recipients,27 and are even more likely to
be when they are induced to differentiate into osteogenic
cells based on their expression of histocompatibility antigens.
Thus, for bone regeneration, cells will most likely have to be
autologous to avoid the need for immunosuppression of the
recipient.

With respect to the embryonic origin, bones in the facial
region of the skull derive from neuroectoderm, whereas
those in the axial and appendicular skeleton derive from
mesoderm (reviewed in Ref.28), and recent studies indicate
that cells from these two different embryonic sources are not
identical.29 Oral surgeons have long noted that transplanta-
tion of iliac crest into the jawbones does not last long-term,30

suggesting some sort of incompatibility, and pointing to the
need for a better understanding of bone derived from these
two different embryonic origins. With regard to the selection
of the tissue sources, evaluation of the potential populations
that have been reported for use in bone regeneration based
on rigorous cell characterization as outlined above must be
carefully considered (Table 1).

The good

It has been shown that periosteal cells and trabecular bone
cells form bone upon in vivo transplantation6; however, these
populations have yet to be shown to support hematopoiesis
in vivo, indicative of a lack of SSCs. Consequently, it is pos-
sible that in the face of the need for bone turnover, grafts

formed by these cells may ultimately fail. However, it is
possible that in certain scenarios that the amount of bone
formed would be sufficient for short- and mid-term goals.
Furthermore, in-growth of cells from the margins (creeping
substitution) may provide the necessary stem cell for bone
turnover. Amniotic fluid cells (fetal in origin) can also form
bone and perhaps support hematopoiesis (Ref.31, Balaku-
maran and Robey, unpublished results). Some populations
of adherent cells from first trimester cord blood (fetal in or-
igin) have been reported to be osteogenic as well, but have
not been tested in vivo.32 Cells from human peripheral blood
have been identified that do make bone in vivo, but they are
extremely scarce.19,20 Other populations that have been re-
ported from human peripheral blood have not been rigor-
ously tested. Taken together, these findings mark BMSCs as
currently the most appropriate cell source (Table 1).

The bad

Some MSCs from non-bone marrow sources do have the
capability to form mineralized tissues in vivo, but it is not
clear that they can substitute for BMSCs. For example, cells
from dental pulp of deciduous teeth make dentin and induce
a bone-like structure,11 and cells from adult teeth make
dentin and a pulp-like complex,10 as do cells from the apical
papilla of extracted teeth.33 Cells from periodontal ligaments
make a PDL-like structure and cementum.33 However, the
mineral crystal size and shape, and the organization of
mineral within the matrix is very different in bone (Fig. 1E),
dentin (Fig. 1F), and cementum (Fig. 1G),34 and may not
have the same mechanical properties as bone. It is also un-
likely that enough cells could be generated from these
sources for use in regenerating large segments of bone in
humans (Table 1).

Other MSCs have been isolated from a variety of tissues
such as fat, muscle, and virtually any connective tissues
(reviewed in Ref.35). These cells share certain features with
BMSCs, such as the expression of connective tissue cell sur-
face markers. However, their osteogenic potential has been
demonstrated primarily by in vitro assays (often with treat-
ment with BMPs), and to date, there is little data showing
their capacity to form bone (and maintain bone) with oste-
ocytes and osteoblasts of donor origin, and to support the
formation of marrow by in vivo transplantation, making
them less suitable for use in bone regeneration (Table 1).

The ugly (but promising)

With the revolutionary derivation of human embryonic
stem cells (hESCs),36 and the creation of human induced
pluripotent stem cells (iPSCs),37 both with extensive prolif-
eration capacity, there is the hope that they can be coerced
into osteoblastic differentiation to produce larger numbers of
cells to treat human patients than are achievable from adult
stem cells. However, there are a limited number of hESC
lines currently available, and their use in bone regeneration
would be allogeneic, at best. iPSCs can be generated for
autologous use, but there are major issues relating to the
method of reprogramming (viral vs. nonviral), completeness
of reprogramming, epigenetic changes, and genomic insta-
bility (reviewed in Ref.38) (see Table 2 for comparison of
different types of stem cells). Efforts are also underway to
transdifferentiate cells from one phenotype to another
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(lineage reprogramming) (both iPSCs and lineage repro-
gramming are reviewed in Ref.39). There have been several
reports on the osteogenic differentiation of murine iPSCs
based on adenoviral transduction with runx2 (e.g., Ref.40), or
treatment with TGFb or BMP (e.g., Ref.41). Standard osteo-
genic differentiation medium has been used to induce bone
formation of human iPSCs (e.g., Ref.42), and others have used
treatment with basic fibroblast growth factor, platelet-de-
rived growth factor-AB, and epidermal growth factor, fol-
lowed by cell sorting to generate MSC-like lines (e.g., Ref.43).
However, to date, the identification of bone of donor origin
formed by in vivo transplantation has yet to be reported for
human iPSCs.

In spite of the fact that it is doubtful that hESCs would be
used for bone regeneration in humans due to histocompati-
bility issues, they are a pure form of pluripotent stem cells
(i.e., have not been genetically manipulated) and provide a
valuable tool to establish methods for bone formation that
can be adapted to iPSCs. Several reports have shown
promise,44,45 whereas others have failed to demonstrate bone
of donor origin (with identifiable human osteocytes and os-
teoblasts). However, to date (1) bone was not the only tissue
formed upon in vivo transplantation, (2) hematopoiesis was
not supported, and (3) long-term studies have not proven
that these unpurified populations were free of hESCs, which
could subsequently form a teratoma. Further refinement is
needed to coax the cells through a developmental process
starting with differentiation into mesoderm (or neuroecto-
derm for facial bones), and from there, into osteoprogenitors.

Currently, techniques devised for hESC differentiation are
being applied to iPSCs derived from a variety of sources
such as skin fibroblasts and BMSCs, but there is much to be
done. First, derivation of zero footprint (no viral integration)
iPSCs in xeno-free culture conditions need to be developed,
and methods for expansion in a simpler fashion (monolayers
vs. colonies) would be desirable. Lastly, embryoid bodies
(spheres that contain tissues from all three germ layers),
followed by liberation of cells for FACS to isolate specific
populations for subsequent differentiation, may not yield the
number of cells needed for bone regeneration. Consequently,
scale-up represents a major hurdle. Nonetheless, the possi-
bility of directing iPSCs into osteogenic differentiation would
mark a major advance in bone tissue engineering, providing

the potential to generate larger numbers of autologous cells
than what can be obtained with BMSCs.

Cell Therapy for Bone Regeneration

Cell processing

While some applications have envisioned using freshly
isolated, concentrated bone marrow (containing BMSCs) for
treatment of local bone loss such as avascular necrosis as an
example,46 treatment of large defects calls for the generation
of large numbers of cells by ex vivo expansion in a current
good manufacturing processes (cGMP) facility. However,
care must be taken to maintain the stem cell within the
BMSC population. Excessive passaging will dilute the stem
cell (if one thinks of self-renewing asymmetric division
and the generation of transiently amplifying cells). Further,
addition of growth factors may also alter the kinetics of stem
cell division (symmetric division resulting in loss of the stem
cell), leading to the generation of less than optimal populations.
In generating clinical-grade populations of cells, assessment of
colony-forming efficiency, cell surface properties, and in vitro
(if done appropriately) and in vivo differentiation of nonclonal
populations defines the potency of the cell product (a term
used extensively by the U.S. Food and Drug Administration
[FDA] in validation of the processing procedure). Ex vivo ex-
pansion also provides the opportunity to improve the perfor-
mance of defective BMSCs (i.e., from patients with genetic
bone disease) through the use of molecular engineering to
correct gene defects (see Ref.47 as an example) (Fig. 3).

Orthotopic applications

There have been a large number of preclinical studies and
a number of small human trials showing the efficacy of using
ex vivo expanded BMSCs in conjunction with an appropriate
scaffold for direct orthotopic delivery into large segmental
defects (reviewed in Ref.48). In some approaches, cells are
precultured on a scaffold before transplantation. However, it
is not clear that this is an advantage, especially if osteogen-
esis is induced, which may preclude the cell population’s
ability to maintain the stem cells. Additionally, the nature of
the scaffold plays a major role in the performance of the cell
population. While many synthetic and natural scaffolds have

Table 2. Comparison of Different Types of Stem Cells

Adult stem cells that form
mineralized tissues Embryonic stem cells Induced pluripotent stem cells

Derivation Tissue-specific protocols from
different tissues

Inner cell mass of the
blastocyst

By viral transduction, or
plasmids, or small
molecules, or mRNAs
of adult cells

Advantages Moderate division, commitment
to specific cell types, can be
autologous

Unlimited division, pluripotent,
no molecular alteration

Unlimited division (?),
pluripotent, no
destruction of a blastocyst,
autologous

Disadvantages May not be able to generate
enough cells needed for therapy,
may take too long to generate
cells

Destruction of embryo,
incomplete differentiation,
possibility of teratoma,
allogeneic

Viral integration, equivalence
to hESCs (?), genetic
memory, incomplete
differentiation, possibility
of teratoma
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been fabricated, to date, three-dimensional (3D) scaffolds
that contain ceramics (usually hydroxyapatite/tricalcium
phosphate) as part of their formulation (reviewed in Ref.49),
appear to be the most reliable with respect to the formation
of bone and the support of hematopoiesis when seeded with
BMSCs (Fig. 3). However, many of these scaffolds are re-
sorbed very poorly and can persist for long periods of time
in vivo. Consequently, scaffolds composed of polymers such
as poly(lactic-co-glycolic acid) and poly(e-caprolactone), with
and without calcium phosphate components or further
functionalization, have been developed (reviewed in
Refs.50,51). However, it is not clear whether these scaffolds
also maintain the BMSC population’s ability to support he-
matopoiesis. Of note, many studies to identify new scaffolds
rely on in vitro assays to evaluate the performance of newly
developed scaffolds; however, these assays may not ade-
quately determine osteogenesis or support of hematopoiesis,
and in vivo transplantation is required.

In addition to the use of 3D scaffolds, it would also be of
benefit to develop techniques for the use of injectable scaf-
folds that would hold cells in place, and support their dif-
ferentiation, and thereby avoid the need for open surgery.52

Injection of concentrated bone marrow aspirates has been
shown to be beneficial in the treatment of avascular necro-
sis,46 but it would be of interest to determine if their efficacy
could be enhanced through the use of an injectable carrier. It
could also be envisioned that this approach would be useful
for the treatment of unicameral bone cysts and nonunions
(Fig. 3).

Systemic delivery

It has been envisioned that systemic administration of
BMSCs could be used as a way to treat generalized skeletal
disease. In the intact animal, systemically administered
BMSCs (either autologous or allogeneic) are predominantly
trapped in the lungs based on their size,53 and because they
lack cell surface properties that allow them to associate with
the luminal surface of endothelial cells and migrate into the
extravascular spaces. Recent studies have shown that BMSC
cell surface modification with a fucosyltransferase converts
CD44 on the BMSC surface into a variant that is able to bind
to E-selectin on endothelial surfaces, thereby allowing escape

from the circulation into the extravascular space.54 In the
case of injury or disease, small numbers of cells can escape
due to vascular damage. However, it is not clear whether
either when using surface-modified cells or in the case of
vascular leak that cells can escape in sufficient numbers to
have a biological effect; that is, to incorporate into a pre-
existing 3D structure (Fig. 3).

In spite of the fact that systemic infusion of autologous or
allogeneic BMSCs does not lead to a broad distribution of
cells that persist for long periods, it has been noted that there
is a beneficial effect in a wide variety of diseases and disor-
ders, such as in acute graft versus host disease and inflam-
matory bowel disease (reviewed in Ref.55). It was initially
thought that BMSCs transdifferentiate into nonskeletal cell
types to bring about repair; however, this occurs very rarely,
if at all. However, it appears that the beneficial effect ema-
nates from the BMSCs’ ability to secrete copious amounts of
a large repertoire of growth factors and cytokines. In the
bone marrow microenvironment, these factors support he-
matopoiesis, but in areas of disease or injury, these factors
are immunomodulatory, and appear to allow local cells to
begin the repair process. In some cases it has been deter-
mined that cell-to-cell contact is necessary for reasons that
have yet to be determined.56 However, given the pericyte
nature of BMSCs, it is a possibility that they associate with
vascular cells, thereby stabilizing them during blood vessel
ingrowth into the diseased or injured tissue. It can further be
envisioned that the immunomodulatory properties of
BMSCs would also play a role in bone formation in a site
under reconstruction by reducing inflammation, and other
local factors that may oppose endogenous bone regeneration.

In summary, the field of tissue engineering, specifically for
bone regeneration, has made great strides in the past several
decades. While a number of cell sources would appear to be
available, currently BMSCs lead the way. However, the de-
velopment of ex vivo expansion facilities that not only meet
FDA requirements, but also maintain the biological proper-
ties of the cells as assessed by several critical assays will be
essential for clinical translation. Newer and better scaffolds
and carriers are also needed to move the field forward. Fi-
nally, the rising of pluripotent stem cell technology on the
horizon offers that possibility to create large numbers of cells
that will be required for most types of bone regeneration

FIG. 3. Cell therapy for bone regeneration,
requiring ex vivo expansion that maintains
the stem cells within the population, but
also allowing for molecular engineering
to improve performance or correct gene
defects. Appropriate scaffolds for direct
orthotopic application and for percutaneous
delivery are required. Systemic injection
may be used to treat generalized skeletal
disease; however, the cell surface
characteristics of bone marrow stromal cells
prevent their escape from the circulation,
even in the face of vascular defects, and
sufficient numbers may not be able to
incorporate at a sufficient level to have a
biological effect. Color images available
online at www.liebertonline.com/teb
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applications, and defining their differentiation conditions
remains a challenge to cell biologist and tissue engineer alike.
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