Current Strategies for Skeletal Regeneration in
the Early Twenty-First Century

1.1 THE ECONOMIC AND SOCIAL BURDEN OF DISEASES
AFFECTING BONE AND CARTILAGE

There is a growing number of clinical conditions, in which the normal
process of skeletal regeneration is impaired. In health, the maintenance
of stable bone mass is the result of a carefully controlled balance
between the activities of bone-forming osteoblasts and bone-resorbing
osteoclasts [1, 2]. In the clinical setting, the most common form of
intrinsic bone regeneration is fracture healing; however, approximately
10% of fractures fail to heal and require additional interventions [3]. In
orthopedic surgery, there are other conditions that require bone regen-
eration in high quantity, for example, bone reconstruction after tumor
resection or after large loss of bone due to infection, trauma, or skele-
tal abnormality [4]. In dental and maxillofacial applications, the bone
often needs strengthening prior to dental implant surgery and in some
cases, large fragments of bone require “rebuilding” following injuries
to the head. In some conditions, such as avascular necrosis, the innate
regenerative process is compromised, leading to disability, with current
surgical treatments failing to provide long-term improvements [4, 5].

Furthermore, there exist systemic bone abnormalities such as osteo-
porosis (OP), which is one of the commonest diseases among older
females. It is characterized by disequilibrium of bone formation and
resorption, leading to weakening of bone, which in turn contributes to
the increased risk of fractures [6]. With mortality rates of 30% at
1 year post injury, OP fragility fractures pose a great challenge to both
social and insurance-based healthcare economies, with the annual UK
costs alone estimated to be in a region of £2 billion [7]. Another very
common musculoskeletal age-related disorder is osteoarthritis (OA),
the disease affecting both bone and cartilage, which similarly causes
considerable morbidity and mortality [8, 9]. With a prevalence of hip
OA reported to be reaching 8% [10], indirect costs, due to OA-related
workday absences, lead to significant loss in productivity in the
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Western economies [11]. Currently, OA is treated only symphomati-
cally, with the ultimate solution to alleviate pain being joint replace-
ment surgery. Equally, despite recent advances in the treatment of OP
using drugs targeting the osteoclastic lineage [4, 6], these drugs can
lead to a low bone turnover state and reduced osteoblastic activity
[12]; therefore, the disease remains a major health burden to the
European economies.

1.2 CURRENT CLINICAL APPROACHES FOR BONE
REGENERATION: THE DIAMOND CONCEPT

The current management of complex clinical situations in which the
normal process of skeletal regeneration is impaired involves a number
of treatment methods that alone, or in combination, lead to the
enhancement of innate healing processes [13]. In relation to repairing
bone, four equally-important factors have been proposed to be neces-
sary and act in concert: adequate mechanical stability, osteoinductive
agents such as growth factors, osteoconductive scaffolds, and osteo-
genic cells (the diamond concept) [14]. Standard approaches widely
used in clinic, such as distraction osteogenesis/bone transport
(Figure 1.1), primarily act via the biomechanical stimulation route
[15]. Bone voids in large segmental bone defects can be also recon-
structed with the use of bone autografts, most commonly from
anterior or posterior iliac crests of the pelvis [4] (Figure 1.2). The fib-
ula is another donor bone frequently used for the reconstruction of
large defects in long bones; this is due to its size, configuration, and
the ability to promote early remodeling [16] (Figure 1.3A). More
recently, autograft material has been also harvested from the
intramedullary canal of long bones using a new reaming system,
called reaming—irrigator—aspirator [17]. To its advantage, large
volumes of graft material can be collected; however, safety concerns
and complications still exist pertaining to discomfort to the patient
and high cost of the procedure [4]. Despite their known disadvantages,
including pain and discomfort to the patient, autografts remain the
“gold standard” in bone reconstruction as they encompass all four
essential components of the diamond concept [14].

Allografts, including large femoral allografts (Figure 1.3B), can be
used in limb salvage procedures after resection of aggressive bone
tumor; revitalization and durability of the graft remain the most
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Figure 1.1 Technique of distraction osteogenesis illustrating the treatment of a 5 cm tibial bone defect using the
llizarov fine wire fixator following proximal corticotomy. (A, B) Anterior—posterior and lateral radiographs at
3 months follow-up; (C, D) anterior—posterior and lateral radiographs at 6 months follow-up. White arrows show
the regenerative area (A, B) and the maturation of the regenerative bone (C, D).

Figure 1.2 Harvesting of autologous cancellous (A) and tricortical (B, white arrow) bone grafts from anterior
iliac crest. White arrows on the top image show cortical window made to get access to the inner cancellous graft.
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Figure 1.3 Harvesting of vascularized fibular graft from left lower extremity (A) and fresh femoral allograft (B).

significant concerns with this type of grafting [18]. Allogeneic bone is
also available as demineralized bone matrix (DBM) and cancellous
chips [4]. In the majority of allograft preparations, the cellular compo-
nent is removed by irradiation or freeze-drying processes, in order to
avoid immunogenicity [19]. In rare instances, however, allogeneic grafts
may contain nonimmune cells from the donor; interestingly, such grafts
have shown good safety in some clinical investigations [20, 21].

Bone-graft substitutes, commonly termed bone scaffolds, possess
strong osteoconductive properties, that is, they are able to facilitate
cell infiltration, maturation toward osteoblasts, and eventually extra-
cellular matrix (ECM) deposition on the scaffold surface [22]. Natural
scaffolds are commonly made from devitalized bovine bone, whereas
the so-called synthetic scaffolds are based on biomaterials such as
hydroxyapatite, beta-tricalcium phosphate, or glass ceramics [22—24].
The ideal scaffold should be biocompatible and nontoxic, offer bio-
mechanical properties of the replacement bone, and should tolerate
sterilization and reshaping to the required dimensions [22]. New-
generation scaffolds based on synthetic polymers offer an additional
advantage of being “biodegradable”; their degradation rate can be
modified to be near to that of normal bone by copolymerization and
changes in hydrophobicity [22, 24, 25].

The third component of a diamond concept pertains to osteogenic
growth factors. The two growth factors most used in repairing bone
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are bone morphogenetic proteins (BMPs) 2 and 7. The first is manu-
factured by Medtronics as a recombinant BMP-2 embedded in an
absorbable collagen sponge (INFUSE). These two BMPs have been
comprehensively evaluated in many clinical studies of nonunion frac-
ture, open fracture, and spinal fusion [26]. Some surgeons however
remain unconvinced that these BMPs enhance fracture healing to a sig-
nificant degree [27]. Large clinical trials with BMP-2 and -7, including
all appropriate control groups, are still missing and health economics
analysis suggests that BMP treatment may be favorable economically
only when used in patients with the most severe fractures [28].
Furthermore, some concerns have been recently raised regarding
BMP-2 safety in spinal surgery [29].

The osteogenic cells are the most important component of the dia-
mond concept of bone healing. A variety of terms are currently used
to refer to these regenerative cells including skeletal stem cells [30, 31],
osteoprogenitors [32, 33] or self-renewing osteoprogenitors [34], mar-
row stromal cells [35—37], marrow stromal stem cells [38], mesenchy-
mal progenitors [39, 40], and, finally, mesenchymal stem cells (MSCs)
[41, 42]. The terminology has evolved in parallel with the knowledge
on the biology of these cells, the issue which is discussed in the next
chapter.



Mesenchymal Stem Cells: Discovery in
Bone Marrow and Beyond

2.1 DISCOVERY

The history of the biology of Mesenchymal Stem Cells (MSCs) owes it
conception and birth to the earlier discovery of its more illustrious bone
marrow (BM) resident sibling—the hematopoietic stem cell (HSC), whose
existence was first proposed by Maximov in 1909. By 1960, there was a
great interest in applying new emergent knowledge on HSCs toward BM
transplantation strategies. In vitro cell culture and subsequently in vivo
animal model assays showed the potential to transplant freshly isolated
HSCs into primary and secondary recipients [43]. Based on these assays,
new definitions of stem cells emerged, the main defining principle being
an ability of a stem cell to self-renew, as illustrated by the HSCs to fully
reconstitute hematopoiesis in secondary recipients. This new knowledge
paved the way for the widespread adoption of BM transplantation in
lymphoproliferative disease where aggressive antitumor ablation with
irradiation and chemotherapy, followed by transplantation with healthy
HSC:s from tissue-compatible donors, could rescue the marrow [44].

In the Soviet Union, similar work was conducted at the Gamaleya’s
Institute in Moscow where scientists in Dr Alexander Friedenstain’s
group studied cells of BM microenvironment and their resistance to
severe regimes of irradiation, a procedure used to “ablate” patient’s mar-
row prior to transplantation [45]. In a course of their studies, Friedenstein
et al. [46] noted that BM seeded in glass flasks and maintained in fairly
basic culture media produced an intriguing adherent population of non-
hematopoietic cells that formed colonies and were transplantable.
Furthermore, this occurred at a single-colony level with transplanted
colonies being capable of self-renewal and also forming mature nonhema-
topoietic tissues in recipient animals, such as bone, cartilage, and fibrous
tissue thus indicating their potentially true stem cell nature [47].

Arnold Caplan and Darwin Prockop [35, 48] were among the first
to recognize the importance of Friedentein’s discoveries in the West.
Additionally, Caplan proposed a concept of “mesengenesis,” similar to
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a concept of hematopoiesis in the HSC field and was the first to coin
the term “mesenchymal” stem cell (MSC) [48]. Below this ancestral
stem cell, he placed a hierarchy of more mature “progenitor” cells, dif-
ferentiation potentials of which were restricted to a narrower range of
tissues, for example, osteo- and chondro-progenitors that gave rise to
bone or cartilage tissues, respectively [49]. The first marker of a clono-
genic marrow stromal cell, Stro-1, was described as early as 1991 [50].
Paulo Bianco and Pamela Robey [51] later proposed putative pericyte/
reticular cell topography of MSCs in the BM.

The recognition that the high proliferative potential of culture-
expanded MSCs offered an enormous potential for therapeutics in the
fields of skeletal regeneration was first exploited by Osiris Therapeutics, a
Baltimore-based biotechnology company, which brought MSCs to the
forefront of scientific and public attention in a Science article entitled
“Multilineage potential of adult human mesenchymal stem cells” [41].
This work synthesized the available knowledge from seemingly unrelated
fields of bone, cartilage, and fat differentiation to develop novel in vitro
functional assays for MSCs, which still form the basis for MSC character-
ization. Furthermore, the Science article proposed a set of markers to
characterize MSCs retrospectively (i.e., following culture) and also
provided first evidence of MSC heterogeneity at the single-cell level [41].

Finally, work emanating from the Osiris group and others also
showed that culture-expanded MSCs appeared to be immunomodula-
tory and were capable of suppressing an array of inflammatory reac-
tions [52]. Proof-of-concept studies of MSC immunomodulatory
properties have been later performed using human cells [53]; shortly it
proved to be instrumental in explaining some mechanisms of action by
transplanted MSCs in many seemingly unrelated disease applications.

2.2 “EXPLOSION” OF INTEREST IN MSCs

It is hard to narrate more recent development of the MSC field without
appearing “biased” as the field has literally “exploded,” overtaking in
terms of yearly publication volume its “parental” HSC field. Significant
efforts were put toward the study of MSCs in different animal species to
model MSC behavior in disease models and to establish a potential utility
of MSC transplantation to treat these diseases. Such was the extent of
MSC “plasticity” in vitro, that MSC-based experimental therapies have
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entered the fields of liver and neuronal tissue regeneration [54, 55], the
tissues ontogenetically distant from the embryonic “mesenchyme.” A
snapshot of clinical trials involving MSC transplantation for various
disease indications is given in Table 2.1.

In 2001, De Bari et al. [56] demonstrated the presence of MSCs in
the synovium, a connective tissue lining the joint from inside and

Table 2.1. Recently Completed and Published Clinical Trials Utilizing MSC from

Different Tissue Sources

double-blind,

Disease Example of a Trial/Trial Trial Type Type of MSCs | Sponsor
Category Identifier Used
Heart and POSEIDON* Phase /11 Allogeneic National Heart,
Blood Diseases | NCT01087996 [318] randomized versus Lung, and Blood
comparison autologous Institute
BM MSCs (NHLBI)
TIME® Randomized, Autologous National Heart,
NCT00684021 [319] 2 X 2 factorial, BM Lung, and Blood

mononuclear

Institute

Cancers and
other disease
with immune

placebo- cells (NHLBI)
controlled
Safety study of adult MSCs Randomized, Allogeneic Osiris
to treat acute myocardial double-blind, BM MSCs Therapeutics,
infarction placebo- Inc.
NCT00114452 [262] controlled, dose-
escalation study
Transplantation of parental Phase I-11 BM MSCs University of
haploidentical MSCs to feasibility, safety from the Minnesota
promote engraftment in and potential haploidentical Medical School/

derived MSCs to treat a
spinal cord injury [322]

system pediatric recipients of efficacy study parent donors Osiris
component unrelated donor umbilical Therapeutics,
cord blood [320] Inc.
Mesenchymal stem cell Phase II, BM MSCs University of
infusion as prevention for interventional, from third- Liege, Belgium
graft rejection and graft- feasibility/efficacy | party
versus-host disease (GVHD) | study unrelated
NCT00504803 [264] donors
Prochymal to treat Phase II, safety/ Allogeneic Duke University
refractory acute GVHD in efficacy study BM MSCs Medical Center,
children undergoing (Prochymal™) Durham, USA
allogeneic HSC
transplantation [321]
Wounds and Intravenous infusion of Phase I, safety Autologous RNL Bio Co,
injuries human adipose tissue- study adipose- Ltd Republic of

derived MSCs

Korea

Comparison of autologous
mesenchymal stem cells and
mononuclear cells on
diabetic critical limb

Phase I, double-
blind,
randomized,

Autologous
BM MSCs or
BM MNCs

Third Military
Medical
University,

(Continued)
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Table 2.1. (Continued)

Disease Example of a Trial/Trial Trial Type Type of MSCs | Sponsor
Category Identifier Used
ischemia and foot ulcer controlled safety/ Chongqing,
NCT00955669 [323] efficacy study China
Muscle, bone, MSC treatment of early A single-center, Autologous Dalian
and cartilage stage osteonecrosis of the randomized, BM MSCs University
diseases femoral head [324] safety/efficacy Hospital, China
study
MSC transplantation for An observational Autologous Osaka City
cartilage repair [325] safety study BM MSCs University
Graduate School
of Medicine,
Japan
Nervous Safety and immunological Phase I/II open- Autologous Hadassah-
system diseases | effects of MSC safety clinical BM MSCs Hebrew
transplantation in patients trial University
with multiple sclerosis and Hospital,
amyotrophic lateral sclerosis Jerusalem Israel
NCT00781872 [326]
MSC:s for the treatment of Phase Ila, an Autologous University of
secondary progressive open-label, BM MSCs Cambridge,
multiple sclerosis [327] feasibility/safety Cambridge, UK
study
“The percutaneous stem cell injection delivery effects on neomyogenesis pilot study.
" Timing in myocardial infarction evaluation.

responsible for joint lubrication. In the same year, Zuk et al. [57]
described the derivation of MSC-like cultures from the adipose tissue;
significantly the frequency of MSCs, measured as a proportion of clono-
genic fibroblastic cells, was significantly higher in adipose compared to
the BM, a clear advantage for the manufacture of therapeutic MSC
batches (Table 2.1). Similarly, in 2003, Romanov et al. [58] described
the presence of numerous MSCs in umbilical cord matrix, again their
frequency in this waste product was very high [59]. MSCs were found
circulating in fetal blood and also present in fetal BM and other fetal tis-
sues [60]. Later on, similar cells were found in the placenta [61] and
amniotic fluid [62, 63]; interestingly, fetal and perinatal MSCs appeared
to be more proliferative than adult MSCs [59]; however, their differenti-
ation capacities appeared to be linked to the tissue of residence [64].

In 1999, DiGirolamo et al. [65] described that prolonged MSC cul-
ture in standard conditions led to their in vitro ageing. Late-passage
MSCs grew slower and had shorter telomeres, a clear feature of “aged”
cells, and they also had noticeably lower differentiation capacity
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compared to early-passage cells [66]. These findings, alongside several
documented reports of genetic aberrations during prolonged MSC
culture [67], had a significant impact on the development of current
guidelines and standards for therapeutic MSC manufacture [68, 69].

An urgent call for standardization in the MSC field was addressed
by the International Society of Cell Therapy (ISCT); in 2006, the
Society published a Position Statement on the Defining Criteria for
MSCs [70]. Although it remains in use, in our view, it requires updat-
ing and consolidation, as discussed later in this book. According to the
ISCT definition of MSCs, they are described as plastic-adherent cells,
which express CD73, CD105, and CD90 antigens, lack markers of
monocytes, B cells, and HSCs, and are capable of differentiation
toward bone, cartilage, and fat lineages [70]. This definition is primar-
ily based on in vitro expansion and differentiation assays developed by
Osiris Therapeutics; positive and negative MSC markers are also
mainly adopted from their Science study. Significantly, differentiation
assays remain qualitative (i.e., giving no cut-off points below which
differentiation is deemed absent) and no mention are given as to the
degree of MSC proliferation capacity. To enumerate MSCs,
Friedenstain’s CFU-F assay remains in use [71, 72]; colonies of more
than 50 cells (representing 5—6 cell divisions) are scored as single
MSC-derived. According to more stringent criteria, true MSCs are
much more proliferative; commonly 25 divisions (usually referred to as
population doublings) are considered necessary to assure culture’s deri-
vation from MSCs [73, 74]; again these criteria are not included in the
current ISCT definition.

2.3 MSC TISSUE HETEROGENEITY

In respect to skeletal and joint tissues, MSCs were first found in the
synovium, as mentioned already [75]. Subsequently, MSCs were found
in frank bone devoid of soft marrow [76], joint synovial fluid [73], joint
fat pad [77], tendon [78], periosteum [74], and juvenile cartilage [79]. It
has become evident that these MSCs may be responsible for physiolog-
ical repair of joint structures lost as a result of “wear and tear” [80] or
following injury [81]. Novel joint regeneration approaches have begun
to be developed utilizing culture-expanded MSCs from the joint tissues
to repair injuries to cartilage, ligament, and tendon [82, 83], not only
in humans but also in animals such as race horses [84].
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Pioneering studies by De Bari et al. [74, 85], who compared single-cell
derived MSCs from the same donors, but derived from different tissues,
have indicated that MSC differentiation propensities were dependent on
their tissue of residence. Periosteal-derived MSCs were more osteogenic
compared to synovium-derived MSCs [85]. At the same time, Sakaguchi
et al. [86] have proven that synovial-derived MSCs were most chondro-
genic compared to MSCs from other joint tissues. All cultures in these
studies were compatible with the ISCT definition of MSCs; however, the
latter definition was unable to capture subtle differences in their differen-
tiation potentials, a feature critically important in selecting “right” MSCs
for regeneration of a specific skeletal tissue. This further highlights a
shortcoming of the current ISCT definition of MSCs—the lack of robust
measures of differentiation, potentially including “molecular” potency
markers in undifferentiated cells [85, 87]. Figure 2.1 illustrates this by

Bone marrow Dental pulp Adipose tissue

Chondrogenesis Adipogenesis

Osteogenesis

Figure 2.1 Dissimilar in vitro differentiation capacities of MSCs expanded from human bone marrow, dental
pulp, and adipose tissue (infrapatella fat pad). BM and adipose MSCs have robust trilineage differentiation,
whereas dental pulp MSCs have very low adipogenesis. Adipogenesis—oil red staining, chondrogenesis—toluidine
blue staining, osteogenesis—alizarin red staining on day 21 postinduction. Original magnification X 100 (adipo-
genesis) and X 50 (chondrogenesis). Published by Jones and Yang [171]. Elsevier.
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showing the data from our laboratory; despite an identical ISCT-
compatible phenotype, MSCs from human bone marrow, joint fat pad,
or dental pulp have different trilineage differentiation propensities.
Dental pulp-derived and fat pad-derived MSCs are the least and the most
adipogenic, respectively (Figure 2.1).



Traditional Bone Tissue Engineering Using MSCs

3.1 PROOF-OF-PRINCIPLE EXPERIMENTS IN ANIMAL MODELS

MSCs are capable of generating bone-forming osteoblasts in vitro.
This happens when growing MSCs are transferred from an expansion
medium into the osteogenic medium [41, 88]. The latter commonly
consists of chemicals known to promote osteogenesis, including a ste-
roid such as dexamethasone, as well as a source of calcium needed for
mineralization (commonly glycerophosphate) [88]. Osteoblastogenesis
is normally assessed as an increased production of osteoblast-specific
molecules, including alkaline phosphatise, osteocalcin, osteopontin,
osteonectin, and others, followed by a mineralization stage, at which
large amounts of calcium begin to be deposited [41, 88]. Notably, these
in vitro experiments do not recapitulate the formation of osteocytes,
the most mature bone-lineage cells that are trapped in the mineralized
matrix of bone [89].

Initial in vivo experiments performed in the Friedenstein’s labora-
tory have shown that expanded single-cell derived MSCs are capable
of forming histologically mature bone in diffusion chambers [90]. The
latter allow an inflow of nutrients but prevent the ingress of the host
cells; by these experiments, Friedenstein has proved that newly formed
bone was of the MSC origin [90]. Remarkably, this bone was formed
in a nonweight bearing area and without the addition of other stimuli;
on this basis, Friedenstein has initially referred to MSCs as “deter-
mined osteogenic progenitors” [47]. Subsequent animal model experi-
ments have shown that MSCs were able to form bone following
subcutaneous implantation when seeded into osteoconductive scaffolds
[91]. In these “open” models, the donor origin of newly formed tissue
is commonly established using species-specific probes [92].

3.2 CELL THERAPY USING MSCs

The success of these pioneering animal studies has led to the develop-
ment of two types of therapeutic interventions aimed at repairing,
regenerating, or replacing human bone—bone tissue engineering and
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bone cell therapy. Generally speaking, cell therapy with MSCs com-
monly assumes their injection into the circulation with an aim of treat-
ing a systemic bone disease such as osteogenesis imperfecta (OI) or
OP. OI is a genetic disorder, in which osteoblasts produce defective
type I collagen, leading to osteopenia, fractures, and bony deformities
[93]. First results of allogeneic BM transplantation in three children
with OI were reported in 1999 and provided encouraging results [93].
Large-scale studies (i.e., five children) were published in 2001 [94] fol-
lowed by a trial involving an additional administration of allogeneic
culture-expanded MSCs (i.e., six children) [95]. This was followed by
an in utero transplantation of allogeneic human leukocyte antigen
(HLA)-mismatched male fetal MSCs into a female patient with severe
OlI, with encouraging initial results [96]. The rate of clinical improve-
ment in OI children seen early after transplantation did not, however,
persist for long term [97]. The most recent study from Horwitz labora-
tory indicates the role of nonadherent BM cells, and not only MSCs,
in exerting clinical benefits [98]. No similar trials have yet been con-
ducted for OP, most likely due to a less grave nature of the disease
and the lack of an undisputed genetic link to an abnormality in MSCs.

It is noteworthy that MSC therapy can also be performed by direct
MSC injection into a local bone defect, provided such defect is rela-
tively small in volume—these approaches will be discussed later in this
book.

3.3 BONE TISSUE ENGINEERING

Bone tissue engineering, as opposed to cell therapy, assumes a direct
placement of MSCs, seeded on a suitable carrier or scaffold, into a
defect area [99]. It is particularly pertinent for large (or segmental)
bone defects that occur as a result of trauma or tumor resection.
Scaffold-based approaches can also be used for maxillofacial bone
regeneration, due to trauma to the head, where jaw or scull reconstruc-
tion is required [100]. The requirements to osteoconductive scaffolds
have been elaborated upon at the beginning of this book. To the best
of our knowledge, the first scaffold used in combination with culture-
expanded BM MSCs in humans was made of macroporous biocera-
mics; the trial was published in 2001 [37], with 7-year follow-up results
demonstrating good implant integration, no late fractures, and long-
term durability of the implant [101].
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The important factors to be considered, when MSCs are used in
combination with scaffolds, are not only scaffold chemistry and
porosity, but also scaffold surface architecture. This was recently elo-
quently illustrated in Dalby et al. [102] study; they showed that a
novel, nanodisplaced surface topography increased MSC osteogenic
differentiation, whereas highly ordered nanotopographies produced
negligible differentiation. Importantly, this occurred without any
chemical stimulation; the latter fact underscores the importance of
mechanical stimuli including cell stretching and cytoskeletal reorienta-
tion in triggering the conversion of MSCs into osteoblasts [102].

Another key factor to take into account is a physiological and
developmental “state” of seeded MSCs themselves. When MSCs were
expanded in hypoxic conditions and at a low seeding density, they
appeared to favor proliferation of the most immature MSCs, which
can be expanded for more than 50 population doublings [103]. The
mechanism behind these observations remains unclear; it is possible
that standard high-density expansion in normoxic conditions leads to
spontaneous, low-level MSC differentiation. An alternative explana-
tion is that a plastic-adherent MSC population is heterogenous, as
shown first by Pittenger et al. [41], and that standard MSC culture
conditions do not support multipotent and bipotent clones to the same
extent as that of unipotent, less proliferative clones [39].

3.4 SERUM-FREE MSC EXPANSION

A more recent development pertains to cultivation of MSCs in media
lacking fetal calf serum (FCS). Animal-origin serum can be seen as a
potential cause of virus and zoogen transmission to humans [104, 105].
Animal-product-free MSC media has been developed by several media
manufacturers; however, its very high cost prohibits its use in large
investigator-led clinical trials. Some studies have utilized human serum
instead, with varying degrees of success [104, 106—108]. As early as
1995, Gronthos and Simmons [109] showed that platelet-derived
growth factor-BB (PDGF-BB) and epidermal growth factor (EGF)
had the greatest ability to support MSC growth. Even 10 years earlier,
Hirata et al. [110] noted that PDGF was a main growth factor for
CFU-F formation in human serum. It is most likely that commercial
serum-free MSC culture media contains, among other ingredients,
these essential growth factors. Additionally, serum contains proteins
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required for MSC attachment to plastic; this is why when serum-free
media is used for MSC cultivation, MSC attachment “cocktails” are
used in each round of passaging.

Some studies have attempted to reduce serum concentrations and
supplement MSC growth media with cocktails of cytokines (PDGF-
BB and EGF, grown on fibronectin [111]); others used fibroblast
growth factor-2 [112] or low oxygen tension and low cell seeding den-
sity [103]. In all cases, MSC cultures have attained increased prolifer-
ative capacities (over 50 population doublings) indicating that
culturing MSCs in specific culture conditions could in principle over-
come inherent problems of senescence and loss of differentiation com-
mon for MSCs grown in standard FCS-containing media [103].
Interestingly, growing MSCs on an ECM from young animals was
shown to “rejuvenate” MSCs from older animals, by improving their
proliferation as well as osteogenic differentiation capacities [113].

MSC passaging, in general, is very laborious and hard to control.
For example, level of confluency, at which MSCs are trypsinized for
transfer into another flask, is normally judged by eye and is variable,
even within the same laboratory. The duration of trypsinization stage
is also hard to optimize because late-passage MSCs are more tightly
attached to plastic, compared to early-passage MSCs. Given the above
disadvantages inherent to MSC passaging, three-dimensional (3D) cul-
ture bioreactors are becoming very popular for large-scale expansion
of MSCs [114, 115]. Large surface area in these bioreactors allows cells
to grow and expand to a sufficient number without a need for
passaging.

The most recent development in MSC cultivation is the use of plate-
let lyzates (PL) or platelet-rich plasma (PRP) instead of FCS [108,
116—118]. The rationale behind this technology is the fact that plate-
lets are the most potent producers of PDGF, which is one of the fac-
tors required for MSC proliferation [109, 110]. PL and PRP are
readily available from blood transfusion services and are relatively
inexpensive [119]. The functionality of MSCs grown in PL-containing
medium has been shown to be as good as that of MSCs grown in stan-
dard serum-containing media [117]. Furthermore, MSCs expanded in
PL-containing media appeared to be cytogenetically stable and safe
following transplantation to humans [68]. Table 3.1 outlines
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Table 3.1. Advantages and Disadvantages of Different Media Formulations for

Expanding MSCs
Types of Culture

Advantages

Disadvantages

FCS-containing
media (10%)

Relatively inexpensive, good track
record of safety in clinical studies

Tll-defined, batch-to-batch differences

Potential transmission of zoogens,
viruses

Potential xenogenic immune responses

Replicative senescence

Loss of differentiation potential

FCS-containing
media (<2%), low
cell density

Increased expansion capacity, broader
differentiation potential, preservation of
osteogenesis

More expensive due to the use of
recombinant cytokines and increased
volumes of media

Serum free, with the

Well-defined formulation [328, 329]

Poor growth

addition of growth

The requirement for attachment factors
factors

More expensive [108]

Human serum No xenogenic immune responses Limited volume availability

Donor-to-donor variation [107,108]

PL and PRP Good expansion capacity, preservation Donor-to-donor variation [108,119]

of multipotentiality [68]

advantages and disadvantages of different media formulations for
expansion of MSCs intended for bone regeneration.

Murine MSCs tend to acquire chromosome abnormalities very
quickly during passaging and can form tumors following implanta-
tion [120]. Although tumor formation has been never recorded in the
clinical studies published to date [68], the fact that chromosomal rear-
rangements might occur in human MSCs [121] should be given very
serious consideration and be controlled very carefully prior to their
clinical use [122, 123]. As far as PRP is concerned, it is known to be
highly variable in quality depending on a donor and procedure used
for its production [119]. Therefore, there is a clear need to define
quality control criteria for PRP used for MSC-based therapy, poten-
tially specifying the device used to prepare it and the time/method of
storage. Of note, direct PRP injections have shown some promising
results in repairing tendons and other soft tissues of the musculoskele-
tal system [119]. Further studies in animal models and clinical trials
in humans would be needed to investigate the utility of PRP to repair
bone or cartilage.
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3.5 OSTEOCHONDRAL TISSUE REPAIR

Many traumatic injuries to joint involve damage to both cartilage
and bone. Osteochondral grafts (i.e., those containing both tissues)
are very difficult to obtain or engineer. Bone and cartilage tissues are
very different in matrix composition and cell density, furthermore
cartilage is avascular and aneural. Engineering of a living osteochon-
dral constructs is therefore a considerable challenge to those working
in this field. To illustrate the complexity of this challenge, it is worth
mentioning a pioneering study by Prof Mao’s group at the Columbia
University [124]. In this study, MSCs were induced to differentiate
into chondrogenic and osteogenic lineages, suspended in polyethylene
glycol—based hydrogel and subsequently stratified into two separate
layers, by polymerization, that were molded into the shape of a
human mandibular condyle. Histological assessment demonstrated
stratified layers of cartilaginous and osseous tissues [124].
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4.1 OSTEOARTHRITIS (OA) DEVELOPMENT AND THE LOSS
OF CARTILAGE

OA is a degenerative joint disease that represents a growing healthcare
burden, particularly in ageing Western populations [8]. Medical thera-
pies have failed to alter the natural history of this progressive debilitat-
ing condition and the only viable definitive option remains joint
replacement surgery. However, such a strategy is only feasible for a
very limited number of joints including the knee and the hip and the
need for new strategies has long since being recognized.

From a pathophysiological perspective, the joint destruction in OA
has been historically conceptualized in terms of progressive loss of
articular cartilage [125]. Indeed, end-stage OA is inevitably associated
with marked attrition of cartilage with the secondary consequences
being synovial inflammation, joint effusions, and subchondral bone
bruising, all of which contributing to pain and ongoing joint damage.
Understanding the biology of chondrocytes, the sole cellular type in
cartilage and developing strategies to regenerate chondrocyte and
restore their function has therefore been the center stage in joint regen-
erative medicine strategies in the last decades [126].

Although cartilage repair is a perfectly righteous goal, it is now
clearly established that the OA process may originate in other joint
structures including bone, meniscus, and ligaments [127] (Figure 4.1).
In settings where disease of these other structures is the primary driver
of OA, the strategies targeting solely chondrocytes may be proven a
failure. It is therefore key to bear in mind that optimal OA treatment
using regenerative medicine approaches should require a careful stag-
ing of the degree and type of OA and whether the cartilage repair, or
repair or other joint structures including ligaments and meniscus,
should be the primary focus. Nevertheless, the principles that will
emerge from the knowledge of BM MSCs and joint-resident MSCs, as
further discussed, have widespread applicability for regeneration of all
joint components and not just cartilage.

Jones: Mesenchymal Stem Cells and Skeletal Regeneration.
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SF

Figure 4.1 Fat-suppressed MRI of an excised cadaveric knee illustrating normal joint anatomy with cartilage (*),
bone (B), menisci (M), and SF. OA may affect any tissue within the joint despite the presence of MSCs in these
tissues.

4.2 CURRENT CARTILAGE REPAIR STRATEGIES

Going back over several decades, it has been noted that a modicum of
cartilage repair occurs following BM stimulation techniques such as
abrasion arthroplasty, drilling, and microfracture [128]. Microfracture
technique involves drilling into the subchondral bone; the ensuing
blood clot that formed in the defect site is believed to “mobilize” and
entrap BM MSCs leading to some repair and improvement in symp-
toms [129]. While being associated with some temporary symptomatic
improvement and the development of a scar-type fibrocartilage tissue
[129], such a strategy has not been proven to be durable and is likely
to work better in younger subjects and with a proper rehabilitation
regime [130].

The limited repair that occurred during such procedures has led to
the development of the so-called autologous chondrocyte implantation
(ACI) technique [130, 131]. In this technique, chondrocytes are
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procured from regions of normal cartilage, culture expanded, and then
reimplantated at the sites of injury [131]. A periosteal flap is commonly
used to contain the repair area and to stop the egress of implanted
chondrocytes into the joint fluid [131]. Over the years, several modifi-
cations of this technique including the use of potency-tested [132] or
matrix-assisted [133, 134] autologous chondrocytes have been
attempted. Although these ACI-based methods have been used for
nearly two decades, they are expensive [135] and their true cost-
effectiveness remains to be assessed in the longer term (e.g., 20 years),
based on the evaluation of ensuring risk of OA [136].

Besides the ACI development, the state-of-the-art pertaining to car-
tilage regeneration in OA considers several factors that could be a key
to better outcomes including cell selection based on MSC tissue source
[137] or molecular profiling [138] and the use of novel scaffolds and
membranes [126, 134, 139, 140]. As already mentioned, the majority of
work in the field has utilized chondrocytes rather than MSCs as the
substrate. This was likely based on initial demonstrations of the lack
of stable chondrogenic phenotype of MSC-based constructs following
their subcutaneous implantation in mice [141], as opposed to early-
passage chondrocytes that produced durable cartilage [142]. BM MSCs
are additionally disadvantageous due to their known ability to undergo
spontaneous ossification [143]. In one study, expanded BM MSCs
from OA patients were seeded onto polyglycolic acid scaffolds and dif-
ferentiated to chondrocytes in the presence of parathyroid hormone-
related protein (PTHrP) to regulate hypertrophy. The results showed
that PTHrP inclusion resulted in significant suppression of type X col-
lagen and alkaline phosphatase activity, the hallmarks of hypertrophy,
without any loss of the cartilage-specific matrix proteins [143]. Other
studies have utilized cocultures of MSCs with chondrocytes, showing
an enhanced chondrogenesis in vitro [144]. Finally, another recent
investigation proposed a possibility of in situ cartilage maturation from
a fibrocartilage-type to a hyaline cartilage-type using growth factor
treatment [145].

Synovium-derived MSCs appear to be more chondrogenic com-
pared to fat-derived MSCs [146]. Interestingly, joint fat pad-derived
MSCs possess good chondrogenesis [77, 147], possibly due to their
intra-articular location and putative lubrication by synovial fluid (SF).
SF MSCs that we discovered in 2004 [73] possess very good
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chondrogenesis at the single-cell level [148]. It is possible that this fea-
ture of SF MSC:s is driven by their immediate environment in the fluid;
the latter contains hyaluronic acid that has been shown to induce MSC
chondrogenesis [149]. We have already alluded to the ability of low-
passage cultured chondrocytes to generate durable cartilage in vivo;
this was not, however, observed for late-passage chondrocytes that
yielded fibrous tissues only [142]. In contrast, cartilage-derived MSCs,
isolated using a differential adhesion assay to fibronectin [79], were
shown to maintain good chondrogenicity, even after extensive expan-
sion in vitro [150]; this is likely to greatly benefit the development of
new cell-based therapies for repairing cartilage.

Key observations on the presence of endogenous MSCs on the car-
tilage surface and in the SF suggest that the use of exogenously added
chondrocytes or MSCs may not actually be needed to effect joint
repair, provided joint-resident MSCs can be “manipulated” to migrate
into defects areas and exert the desired effect in situ. The observed
instances of spontaneous cartilage repair outlined below suggest that
these processes may occur physiologically.

4.3 SPONTANEOUS CARTILAGE REPAIR

For many years, the biological axiom has been that cartilage itself has
very limited repair capacity [148]. Orthopedic surgeons have been
unknowingly harnessing the power of BM MSCs for many years to
effect cartilage repair through microfracture, but simultaneously held
the belief that the closely juxtaposed articular cartilage itself lacks its
own stem cell activity. In our opinion, this could be a result of another
commonly-held view that MSC affects their repair responses via sys-
temic circulation, whereas cartilage lacks its vascular supply. The dis-
covery of an MSC population in cartilage superficial layer [79], in
particular, argues against this historical axiom and provides a biologi-
cal explanation for many incidences of spontaneous cartilage repair in
human, that can occur in certain circumstances.

One example of this is osteotomy procedures, with joint realign-
ment, which have been associated with good cartilage regeneration
[151]. More recently, temporary joint unloading/distraction procedures
have been shown to be effective in reducing pain and slowing down
structural damage in OA [152, 153]. Both of these biomechanical
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approaches are based on a hypothesis that if “loading” is a major
cause in development and progression of OA, then “unloading” may
be able to prevent progression [152]. These biomechanical approaches
may work by “mobilizing” MSCs from their dormant niches within
the joint and/or by inducing their proliferation and repair responses at
the defect areas.

4.4 HARNESSING THE POTENTIAL OF SYNOVIAL FLUID MSCs
FOR CARTILAGE REPAIR APPLICATIONS

It is generally believed that the regenerative capacity of cartilage
declines with age [154]; this can be due to the decline in the numbers
of resident superficial layer MSCs. In older subjects, other joint-
resident MSCs (synovium- or fat pad-derived) can in principle partici-
pate in repairing cartilage. However, since there is no direct vascular
contact between synovium or joint fat and the central parts of joints
where cartilage denudation occurs, the only migratory route of these
MSCs can be either via the synovial lining surface or through the SF
itself (Figure 4.1). MSCs can be found in healthy SF [80] and their
numbers are elevated following intra-articular ligament injury [81].
The transcriptional profile of SF MSCs is similar to that of synovial
MSCs [81]; this suggests that synovial MSCs can egress into the fluid
as a result of either mechanical or biochemical stimulus to the syno-
vium. Interestingly, SF MSC numbers also rise in OA [73, 80, 155,
156]; this could be a result of their increased egress from the synovium
or of their enhanced proliferation in SF [80].

Novel strategies for in situ cartilage regeneration are therefore based
on enhancing endogenous MSC trafficking and homing to the defect
areas. As mentioned above, the fluid itself may contain yet unknown
compounds that promote MSC egress from the synovium [157] or
from the BM (latter in a case of microfracture) [158]. A comprehensive
study of SF composition in different disease states will be needed to
establish the nature of such compounds. Alternatively, strong gradients
of chemokines, such as stromal-derived factor-1 (SDF-1), can be cre-
ated artificially by embedding SDF-1 into a polymer scaffold that is
placed into the defect area. Such scaffolds have been already shown to
be chemotactic for synovial MSCs [159]. This “smart scaffold”
approach not only “recruits” MSCs from their native niches but also
directs their homing precisely into the area of interest, where their
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differentiation can be further enhanced by the addition of chondro-
genic growth factors [160]. To harness the full potential of joint-
resident MSCs, further work is needed to firmly establish the MSC
“niche” in the synovium and their natural responses to joint injury,
not only in animal models [161], but more importantly in human.



Animal Models for Investigating MSC
Involvement in Bone and Cartilage Repair

5.1 SMALL ANIMAL MODELS

The use of animal models in biomedical research is broadly accepted by
the public; it is an essential method for preclinical testing to advance sci-
entific knowledge and to develop new treatments and reduce suffering
for both human beings and animal themselves [162]. An ideal animal
model for bone regeneration should: (1) mimic clinical conditions of
bone defect in order to create a permissive microenvironment that pro-
vides relevant nutrients, humidity, gaseous concentrations, and growth
factors, (2) utilize fixation of the defect, as in the clinic, (3) allow the ani-
mal to apply mechanical load through the defect, (4) permit angiogene-
sis, (5) provide other types of cells needed for bone repair in situ, and
(6) minimize the suffering of the animal [163].

Animal models used to study bone regeneration vary from simple
subcutaneous implantation to functional complex tissue regeneration
and in vivo bioreactors [164]. The ectopic subcutaneous implant model
(Figure 5.1) is the least invasive model, broadly used for preliminary
screening of new scaffold materials or MSCs from different tissue
sources [164]. In this model, a small scaffold with or without MSCs or
growth factors is implanted directly under the animal skin. To its
advantage, this “open” model offers angiogenesis-supportive environ-
ment, which not only provides nutrient supply and gaseous exchange,
but also serves as a potential route for MSC migration to the scaffold
area [165]. Although a number of different species have been used for
this model [166—168], the immunocompromised mouse remains the
most broadly used species, as it allows the xenogeneic implantation of
human cells without rejection [169, 170]. To its disadvantage, a newly
formed bone may be reabsorbed with time due to lack of appropriate
daily mechanical stimulation [171].

A diffusion chamber model, originally used to study angiogenesis
and first used by the MSC pioneers including Alexander Friedenstein

Jones: Mesenchymal Stem Cells and Skeletal Regeneration.
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(A) (©) (B)

(B) AIS (D) (F)

PLG

Figure 5.1 Subcutaneous implant model (A—B), diffusion chamber model (C—D), and bone defect model (E—F)
in vivo. (A) Human BM stromal cells—biomaterial construct implanted subcutaneously in nude mice and vascular
supply to the implant (arrow); (B) Sirius red staining showing new bone formation within the pleiotrophin
absorbed poly(lactic-co-glycolic) acid (PLGA) porous scaffold; (C) X-ray images showing high-density bone
nodule formation;, (D) Alcian blue staining showing cartilage matrix formation within the diffusion chamber
[174]; (E) segmental bone defect model in which a 2 mm bone defect created in a mouse femur; and (F) the
mouse femur defect was repaired by a porous poly(lactic acid) scaffold and intramedullar pin fixation (scale
bars: 2 mm). Figures (A, E, and F) are reprinted from Horner et al. [164]. Copyright @ Imperial College Press.
The entire figure is published in Jones and Yang [171]. Elsevier. Figure (B) is reproduced from Yang et al.
[349]. Copyright American Society from Bone and Mineral Research). Figure (D) is reprinted from Partridge
et al. [174]. Copyright Elsevier.

himself [90, 172, 173], overcomes some of these limitations (Figure 5.1).
This model provides a “closed” environment within a host animal to
allow free exchange of nutrients (including growth factors) effectively
isolating the implanted cells from the host tissues [174]. Thus, any tissue
formed within the diffusion chamber must originate from the implanted
cells. There are two types of diffusion chambers: with or without an
injection hole. The first type is used to seal test scaffolds with or without
growth factors within the diffusion chamber. At the second stage, exper-
imental cells are injected into the diffusion chamber via an injection
hole which is subsequently closed using a nylon thread. The diffusion
chamber without injection hole is normally used to test cell-scaffold
constructs (e.g., when cells have already grown on the scaffolds).
Thereafter, the diffusion chamber is implanted intraperitoneally in a
nude mouse or rat [170]. The limitation of a diffusion chamber model is
the lack of angiogenic microenvironment and mechanical stimuli that
are very important for bone regeneration.

Site-specific bone defect models offer distinct advantages of allow-
ing for mechanical loading into the defect site. Many scientists refer to
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those models as “critical” bone defect models, but it needs to be borne
in mind that the “critical” size of the bone defect (i.e., of such a size
that is prohibitive of natural healing) is vastly variable between species
and is additionally dependable on age, general condition, and the type
of bone, even in the same species. It is also noteworthy that there are
several in vivo bone defect models that allow for nonweight-bearing
testing and repair (calvarial models) [175]. Calvarial bone defect is
reconstructed using the test material in combination with cells or
growth factors [176, 177]; the periosteum can be additionally used to
cover the defect [178]. Calvarial model can utilize several small species
(e.g., mouse, rat, or rabbit) [179, 180].

For weight-bearing testing, the defect can be made in long bones
(e.g., the femur or tibia) [181] (Figure 5.1). The most commonly used
methods for creating a critical weight-bearing defect are either an
osteotomy or a traumatic approach. Osteotomy surgically removes the
required length of bone, producing a consistent defect with a “clean”
cut. A traumatic injury produces a jagged-edge bone defect, including
the trauma to surrounding soft tissue, which better reflects the real
conditions of fracture in humans. This is achieved using a three-point
bending device or an impact device [182, 183]. Following the creation
of the defect, it subsequently reconstructed with the test material alone
or in combination with cells and growth factors, and fixed externally
[184, 185] or internally [186].

5.2 LARGE ANIMAL MODELS FOR BONE REPAIR AND
REGENERATION

As mentioned above, small animals such as nude mouse or rat are
very useful for testing human cells in vivo. However, considering the
body mass and defect sizes, models in large animals (e.g., sheep, dog,
pig, and goat) are additionally required to reflect the real clinical situa-
tions [164, 187]. To date, different large animal species have been used
to model fracture healing and to test novel tissue engineering
approaches. As early as 1998, Bruder et al. [188] reported to use autol-
ogous BM MSCs and porous ceramic scaffolds to repair a 21 mm
osteoperiosteal segmental cortical defect in an adult dog. After
16 weeks, radiographic observation showed a large osseous callus for-
mation in scaffold plus MSCs group compared to the controls.
Similarly, Kon et al. [189] used a hydroxapatite cylinder loaded with
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BM MSCs to heal a 35 mm sheep tibia bone defect. At 8 weeks, more
callus was observed in animals receiving cell-loaded implants com-
pared to controls, which were confirmed by radiographical and histo-
logical assessments as well as by mechanical testing.

Apart from sheep models [190—193], “critical size” defects have
been created in goats [194]. In the study by Xu et al. [194], 30 mm
diaphyseal femoral defects were filled with allogenic DBM and autolo-
gous BM MSCs. Radiological analysis and biomechanical evaluation
were performed at 12 and 24 weeks after the operation and X-ray
examination showed excellent bone healing in the DBM-MSC group,
whereas only the DBM group was characterized with only partial bone
repair; no healing was observed in untreated controls. As mentioned
above, calvarial defect models are normally performed in smaller ani-
mals. In one recent study, however, Kinsella et al. [195] reported the
use of absorbable collagen sponge to deliver BMP-2 with corticocan-
cellous chips to treat calvarial defects in 12—13-months-old beagles.
Both rediopacity and histology showed consistent ectopic bone forma-
tion in all treatment groups.

5.3 ANIMAL MODELS FOR OSTEOCHONDRAL TISSUE
ENGINEERING

In the so-called osteochondral defects, damaged areas span both the
articular cartilage and the underlying subchondral bone. In order to
repair an osteochondral defect, it is crucial to consider not only the
bone and cartilage tissues per se, but also the bone—cartilage interface.
In the past decade, tissue engineering has emerged as a potential solu-
tion to tackle all three components [196] and considering the complex-
ity of the osteochondral tissue engineering, it is essential to test the
chosen strategies in vivo. Although osteochondral defect can be created
in small animal models (e.g., rabbits and rodents), it is difficult to cre-
ate such a surgical model that is analogous to the clinical situation. In
comparison to the mouse and the rat, the rabbit is relatively large in
body weight and articular cartilage surface area. The osteochondral
defect is most commonly made in rabbit patella groove [197—199].
Recently, Nishino et al. [200] carried out resection of the articular car-
tilage and subchondral bone from the entire tibial plateau of 16 rab-
bits. Their findings suggested that weight bearing had a positive effect
on the quality of the regenerated cartilage. Large animal models that
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were used to test osteochondral repair include dogs [201], goats [202,
203], and sheep [204, 205].

In 2010, Ho et al. [206] reported the creation of critically sized
osteochondral defects at the medial condyle and patellar groove of
pigs. Autologous MSCs were seeded, via fibrin, onto a biphasic
implant comprising of a polycaprolactone (PCL) cartilage scaffold and
a PCL—tricalcium phosphate osseous matrix. The defect was filled
with the construct and resurfaced with a collagen mesh, which served
as a substitute for periosteal flap in preventing cell leakage. Similarly,
Im et al. [207] used a porcine model to test the efficacy of a biphasic
scaffold for the repair of osteochondral defects.

5.4 ANIMAL MODELS FOR CARTILAGE TISSUE ENGINEERING

An in vivo cartilage defect model needs to mimic partial-thickness
defects to cartilage, that is, those that do not penetrate into the sub-
chondral bone. Therefore, they should provide a microenvironment
that lacks angiogenesis and undergoes mechanical stimulation appro-
priate for chondrogenesis and regeneration of articular cartilage. The
anatomical location of the defect must be carefully considered in
respect of whether the site is to be weight bearing or nonweight bear-
ing, as well as the size and type of the defect according to the experi-
mental design and the animal species being used. The use of animal
models for testing the efficacy of cartilage repair is limited due to the
anatomical differences of human and animal cartilage. According to
Hunziker and coworkers [208, 209], cartilage thickness and overall cell
volume densities vary greatly across the different species. In 2010,
Shimomura et al. [210] used synovial MSCs to develop 3D tissue-
engineered constructs which were used to repair chondral defects
(8.5 mm diameter and 2.0 mm depth, which did not breach the sub-
chondral bone) in the medial femoral condyle of both immature and
mature pigs. Interestingly, tissue-engineered constructs promoted the
repair of a chondral lesion in both immature and mature pigs; the
repaired tissue also exhibited viscoelastic properties similar to normal
cartilage regardless of the skeletal maturity.

Another issue to consider is that, damage to cartilage is usually pre-
ceded by chronic degenerative disease (e.g., OA). The presence of
chronic degeneration with multiple underlying causes is neglected in
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most animal models and yet represents the largest challenge to any
reparative attempt [164]. In 2008, Gelse et al. [211] reported the use of
a porcine OA animal model to investigate the potential of using
transgene-activated periosteal cells for permanent resurfacing of large
partial-thickness cartilage defects. The results indicated that such
defects can be resurfaced efficiently with hyaline-like cartilage; how-
ever, the long-term stability depended on biochemical factors that were
active only in deeper zones of the cartilaginous tissue.



Native MSCs

6.1 MSCs AND MARROW RETICULAR CELLS

As mentioned in the previous chapters, ISCT’s position statement
defines MSCs retrospectively, that is, following culture expansion in
standard conditions. It does not provide any real indication as to what
MSC:s look like in their in vivo niches. To address these questions, the
surface phenotype of native MSCs in different tissues needs to be
defined. A range of assays and reagents required to address this issue
should include: (1) a minimum panel of candidate markers potentially
specific for MSCs (ideally including “negative” markers/controls);
(2) sorting candidate “MSC” and control “non-MSCs” populations
from the same tissue; (3) their propagation in culture in order to estab-
lish relative proliferative capacities and finally; (4) differentiation
assays to test for multipotentiality. Most robust investigations also
included the study of clonogenicity at the single-cell level (using limit-
ing dilution assays) [212], single-cell PCR [213], and functional testing
of transplantability and self-renewal capacity in an animal model [34].
In many studies, native MSC morphology [40, 212, 214] and topogra-
phy [213, 215] were also demonstrated using cytochemical and immu-
nohistochemical assays.

Most comprehensively, this inquiry has been undertaken for human
BM MSCs. Following a decade of “searching” and testing individual
candidate markers (Table 6.1), a consensus is now emerging regarding
the in vivo phenotype and topography of MSCs in human BM. In a
mouse system, this search seems to be even more complicated; this is
likely due to relatively large variability between different mouse strains
[216, 217] and the above-mentioned problems with long-term MSC
cultivation [120]. Surprisingly, the most definitive up-to-date marker of
mouse BM MSCs was identified in the study of circadian rhythms of
mouse HSC release into the systemic circulation [218]. This was shown
to occur with the help of nestin-positive marrow stromal cells that had
all the characteristics of MSCs [218].

Jones: Mesenchymal Stem Cells and Skeletal Regeneration.
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Table 6.1. Positive Markers for the Identification and Purification of Human BM

MSCs (From Year 2000 Onward)

Marker Year Reference
CD105 2000 [330]
CD271 2002 [331]
D7-FIB, CD271 2002 [40]
Stro-1/CD106 2003 [212]
CDA49a 2003 [332]
Stro-1/CD146 2003 [250]
D7-FIB, CD105 2003 [333]
CD73, CD105, CD90 2005 [334]
CD105 2006 [335]
ALP? 2007 [336]
D7-FIB, CD106 2007 [281]
GD2 2007 [337]
SSEA-4 2007 [338]
CD73 2007 [339]
CD271, CD140b, CD340, CD349 2007 [340]
CD146 2007 [34]
CD105 2008 [341]
CD200 2008 [342]
CD146 2008 [343]
Fibroblast activation protein « 2008 [344]
PODXL 2009 [333]
Stro-4 2009 [345]
ALP* 2010 [346]
CD271 2010 [347]
CD271/CD146 2011 [213]
CD271/CD146 2012 [348]
“Nontissue-specific alkaline phosphatase.

Many “in vivo” MSC markers including Stro-1 and CD271 are lost
during standard MSC cultivation [40, 50, 214]. It can be hypothesized
that their expression on MSCs in vivo is a result of MSC interactions
with neighboring cells and ECM proteins (commonly referred to as
stem cell “niche”). Not surprisingly, these features are difficult to reca-
pitulate in 2D standard cultivation systems. Nestin-positive MSCs
have been shown to closely interact with vasculature and nerve fibers
in a mouse BM [215]. CD271-positive human BM MSCs have a
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similar topography of reticular cells that form an interconnecting net-
work with vasculature and extend to bone surfaces [40, 213, 219, 220].
Both mouse nestin-positive MSCs and human CD271-positive native
MSCs produce large amounts of a cytokine CXCL12/SDF-1, as well
as bone-related proteins (osteocalcin, osteopontin, and osteonectin)
and fat-related proteins [215, 221]; this highlights a fundamental simi-
larity in human and murine BM MSCs in vivo despite different mar-
kers used for their purification.

6.2 NONADHERENT MSCs

It is worth noting the fact that all MSCs should be necessarily adherent
is not yet unequivocally proven [222]. The fact that MSCs can be
grown in a liquid culture, with good viability and preserved functional-
ity, was shown in 2003 [223]. MSCs can be frequently found in circula-
tion of many animal species and less commonly in humans [30]. Viable
cells can also be recovered from other body liquids such as synovial
[73] and amniotic [73] fluids. Recent trials for OI further supported a
potential role of nonadherent MSCs in bone regeneration.

Our recent study in which we compared the frequencies of CD271-
positive cells and CFU-Fs from the same donors [224], as well as several
other independent studies that used markers other than CD271 to sort
for native MSCs [212, 213], have indicated that only a proportion of
sorted cells have actually produced CFU-Fs (between 1% and 20%).
This suggests the possibility of a nonadherent MSC subpopulation that
is immediately lost during standard MSC cultivation and CFU-F assay.
This idea can be further supported by the observed dramatic differences
in the MSC transcriptome between freshly isolated and culture-
expanded MSCs [221, 225]. Different patterns of expression of integrins
and other matrix-binding molecules in particular [225] strongly suggest
a potential loss of as yet unknown, nonadherent MSC subpopulation.
Further study in this field is needed to identify the phenotype of such
putative subpopulation and its physiological role in vivo.

6.3 SOLID TISSUES: MSCs AND FIBROBLASTS

In vivo MSC identification in solid connective tissues is additionally com-
plicated by the presence of fibroblasts, common mesenchymal-lineage
cells present in most solid tissues. The “borderline” between fibroblasts
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and MSCs has always been rather obscure [226]. Skin fibroblasts, the
most studied fibroblastic cell type, express all ISCT-approved MSC
markers [73, 227, 228]; they also show a degree of multipotentility
[229—231] and immunoregulatory capacity [232]. Similar to MSCs,
skin fibroblasts are quite proliferative, particularly in young donors,
with some clones able to propagate beyond 20 population doublings
[233], a cut-off point commonly used for MSCs. Furthermore, fibro-
blasts display “a positional memory,” that is, different transcriptional
and surface marker profiles depending on the part of the body they are
derived from [233, 234]. This is reminiscent of the observed “tissue-
specific” profiles of MSCs resident in anatomically different tissues
[85, 235]. Therefore, in our opinion, a conceptual framework allowing
a clear discrimination of an MSC from a mundane fibroblast has not
been yet constructed. On this basis, the identification of “positive” MSC
markers in solid connective tissues such as adipose [236], placenta [237],
or synovium [238] remains rather empiric. Some candidate markers have
been derived from high-throughput screening by quantitative Polymerase
Chain Reaction (QPCR) and flow cytometry [227, 228]; however, no
consensus yet exists on the native phenotype of MSCs in the majority of
connective tissues.

In relation to bone itself, Noth et al. [239] and Tuli et al. [76] were
the first to show that it harbors large numbers of MSCs. They utilized
explant cultures showing MSCs “outgrowing” from fragments of bone,
even when enzymatically “cleaned” of soft marrow. In 2005,
Sakaguchi et al. [240] demonstrated that bone-resident MSCs are pres-
ent in high numbers in enzymatically digested cellular fractions [240].
In 2010 and 2012, our studies showed that bone-resident MSCs, both
in trabecular [241] and cortical bone [242], have the CD271-positive
phenotype. These bone-resident MSCs are very similar in functionality
to BM MSCs, possibly due to their intraosseous location [241, 242].
Relative functionalities of CD271-positive MSCs that are attached to
bone and those located in interstitial space, in a guise of marrow retic-
ular cells [213, 220], are yet to be established.

6.4 MSC AS A PERICYTE

Recently, a revolutionary concept of an MSC as a pericyte has been
popularized by a pioneer MSC, biologist Arnold Caplan [243]. This
concept postulates that in all tissues, MSCs have the topography of
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pericytes [243—245]. Pericytes are defined topographically as contractile
cells specifically located surrounding the endothelial cells and support-
ing blood vessel integrity [246]. The concept is based primarily, but not
exclusively, on recent studies by Sacchetti et al. [34] and Crisan et al.
[244]. However, it is worth mentioning that this concept has a somewhat
longer history. In 1998, a pioneering study by Doherty et al. [247] dem-
onstrated that vascular pericytes have an inherent osteogenic potential.
In 2001, Bianco et al. [248] proposed the pericyte identity of MSCs in
the marrow. In 2003, Short et al. [249] as well as Shi and Gronthos [250]
gave their support to this hypothesis; however, only recently has strong
and independent experimental evidence using the CD146 marker been
obtained to substantiate these ideas and to prove a perivascular topog-
raphy of MSCs in a number of tissues [34, 244]. These results should,
however, be taken with a certain degree of caution. Besides the
pericytes, CD146 is also expressed on endothelial cells [251, 252] that
are located in close proximity to pericytes. CD146-based MSC isolation
approaches using solid tissue digests are therefore bound to coisolate
resident endothelial cells leading to mixed cultures, at least early in culti-
vation. Furthermore, the authors of this concept acknowledge that not
all pericytes are MSCs [253] and the markers differentiating “MSC”
from “non-MSC” pericytes are yet to be found.

A pericyte concept for MSC topography is very appealing; it
explains the abundance of MSCs in solid tissues, given their almost
ubiquitous vascular supply [254, 255]. Furthermore, in their recent
review, Caplan and Correa [256] propose a novel concept for MSC
“mobilization” approaches by using cytokines and other factors to
“unlock” MSCs from their pericytic niches thus allowing their
enhanced migration through the tissue and toward the damaged areas.
Although as yet hypothetical, this concept is very valuable in terms of
developing novel approaches for skeletal repair based on native MSCs,
the issue that will be discussed in the last chapter of this book. To add
further complexity to this very appealing theory, some recent cell-
tracking studies have shown that a proportion of MSCs in some tissues
do not have a topography of pericytes [161, 257]. Another, extreme
example of this is cartilage, a completely avascular tissue, in which
MSC activity was found to be present in its superficial layer [79, 150].

Based on all of these studies, it is possible to speculate that MSC activ-
ity may be inherent to a plethora of mesenchymal-lineage, connective
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tissue cells, including some fibroblasts and pericytes, which may lay dor-
mant but can be rapidly activated in response to external stimuli. The
MSCs “fates” may not be limited to differentiation and can also include
migration, homing, growth factor release [258] and, as proposed recently,
MSCs are “polyrized” towards one of these two phenotypes [259]. All of

these responses are likely to contribute to the regenerative capacity of
MSC:s in vivo.



“Trophic” Actions of MSCs

7.1 DISCOVERY OF THE TROPHIC ACTION OF MSCs IN
CARDIAC REPAIR TRIALS

As mentioned in the previous chapters, the rationale for using MSC
for repairing bone has originated from Friedenstain’s diffusion cham-
ber experiments, in which expanded BM MSCs were able to form his-
tologically normal bone via their differentiation to osteoblasts [90].
According to the Caplan’s model [49] and supported by several initial
experiments using mesenchymal cell lines [260], MSCs were similarly
shown to differentiate into muscle myoblasts [261]; this has formed the
foundation for several clinical trials, chiefly supported by Osiris
Therapeutics, for the treatment of myocardial infarction using MSCs
[262]. However, ensuing animal model experiments and clinical trials
data have unexpectedly shown very minimal differentiation of MSCs
to myoblasts [263]; furthermore, MSCs were very short-lived in situ
and appeared to exert their action via a release of factors supporting
the survival and improving the functionality of resident cardiac pro-
genitor cells [263].

A similar “trophic” mechanism of action is believed to occur with
MSCs used for graft-versus-host disecase (GVHD) treatment [264,
265]. The mechanism of immunosuppressive actions of MSCs in this
disease setting is not yet completely understood [266], but it seems to
be based on the MSC immunoregulatory action, which is mediated
via a release of numerous cytokines and metabolites such as indolea-
mine 2,3-dioxygenase and prostaglandin E2 [267]. Additionally,
MSCs are known to trigger cellular cascades of events leading to
“dampening” immune responses via the functions of many immune
cell types, including T cells, B cells, natural killer cells, monocyte/
macrophages, dendritic cells, and neutrophils [268, 269].

7.2 OTHER DISEASE APPLICATIONS

In relation to neurological disease applications such as spinal cord
injury [270], multiple sclerosis [271], or amyotrophic lateral sclerosis

Jones: Mesenchymal Stem Cells and Skeletal Regeneration.
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(ALS) [272], MSC “neuroprotective” action is worth mentioning. The
growth factors implicated in MSC neuroprotection include brain-
derived neurotrophic factor (BDNF), nerve growth factor (NGF),
neurotrophin-3 (NT-3), glial cell-derived neurotrophic factor (GDNF),
and some members of basic fibroblast growth factor (FGF) family
[270]. Interestingly, MSCs have also been shown to inhibit immune-
mediated damage to neurons and rescue them from apoptosis; the
molecular mechanisms for this are yet poorly understood however the
inhibition of oxidative stress molecules by activated macrophages and
microglia known to damage neurons have been implicated [271, 273].
In relation to liver regeneration applications, the secretion of growth
factors such as hepatocyte growth factor (HGF) by infused MSCs is
believed to trigger paracrine mechanisms that promote the survival
and proliferation of hepatocyte progenitors and other liver-resident
regenerative cells such as oval cells and stellate cells [274, 275].

Haemopoiesis-supportive growth factor production by cultured BM
MSCs has been first demonstrated in a study by Majumdar et al.
[276]. MSCs were shown to constitutively express mRNA for interleu-
kin (IL)-6, IL-11, leukemia inhibitory factor (LIF), macrophage
colony-stimulating factor (M-CSF), and stem cell factor (SCF). More
recently, our group have shown that the amount of produced
CXCL12/SDF-1 by native uncultured BM MSCs is ~ 1,000-fold
higher compared to cultured MSCs [221]. SDF-1 is a potent chemoat-
tractant for both HSCs [277] and MSCs [278, 279].

The need for direct interactions between MSCs, HSCs, and neurons
to fine-tune local SDF-1 production by MSCs has been recently shown
in a murine system [215, 218] leading to a novel concept of the pivotal
role of the SDF-1/CXCR4 axis in determining HSC fate in vivo [280].
This cross-talk is certainly lacking in conventional 2D MSC cultures
potentially leading to the down-regulation of their innate SDF-1
production [221]. Native BM MSCs can also produce B-cell activating
factor (BAFF), the cytokine needed for maturation and survival of B
cells in the BM [281]. Interestingly, MSCs not only produce soluble
ligands such as SDF-1 and IL-7 [215, 282], but they also express sur-
face receptors for these molecules [282, 283]; this points toward auto-
crine mechanisms of regulation of the respective molecules.



Novel Approaches for Bone Regeneration
Targeting Native MSCs

A regulatory path for cell therapies based on culture-expanded MSCs
is very long and the cost of one “dose” of cell therapy treatment
remains very high (considerably higher for autologous compared to
allogeneic MSCs) [135]. Not surprisingly, scientists, clinicians, and bio-
tech companies alike seek new ways to develop treatments that involve
shorter regulatory routes and lower manufacturing costs. Examples of
such solutions based on native, minimally manipulated MSCs are out-
lined below.

8.1 MEDICAL DEVICES ALLOWING MSC CONCENTRATION

Business analysts refer to this approach as a “new on-site solution”; it
takes advantage of no transportation costs and the use of fairly simple
equipment that can be housed at the hospital site. In these settings,
native uncultured MSCs are obtained using cell separation/centrifuga-
tion devices and cells are implanted immediately using the same day
surgery. Such devices are commonly based on unique physical charac-
teristics of MSCs such as their size or cellular density. The concept of
MSC filtration based on their unique size was first proposed in Hung
et al. [284]. For MSCs residing in the BM, centrifugation devices can
be also based on differential cell density and such devices have already
been tested in both animal [285] and human studies [286—289]. These
devices primarily eliminate red cells and concentrate MSCs in a smal-
ler volume [290] allowing their direct injection or implantation (in con-
junction with a carrier) into a defect. Of note, large volumes of
marrow are required to achieve sufficient concentration of MSCs per
unit volume [291]. Additionally, MSCs are only “concentrated” but
not “isolated,” which means that the injected cell mixtures contain
other, potentially inhibitory, cells. Nevertheless, concentrated cellular
preparations containing native BM MSCs have been already used in
many clinical studies with reported safety [289] and, in many cases,
good efficacy in repairing nonunion fractures [291], osteonecrosis of
femoral head [292], and bone cysts [293].

Jones: Mesenchymal Stem Cells and Skeletal Regeneration.
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Similar devices have been developed for fresh MSC extraction from
subcutaneous fat/lipoaspirated tissue [294], another readily available
source of MSCs. Similar to BM “concentrators,” native adipose MSC
preparation involves centrifugation; however, a brief tissue digestion
step using a low concentration of collagenase is sometimes used to
allow better tissue dissociation [294, 295].

8.2 HOST MSC “MODIFIERS”

These are small molecules that, once administered, control host MSC
functionality [135]. The downstream effects can be broadly divided
into: (1) molecular control of MSC differentiation toward the desired
lineage and (2) directing host MSC migration toward the repair site.
There are growth factors other than BMP-2 and -7 that have been so
far tested for their potential to regenerate bone [296]. These include
PDGF, vascular endothelial growth factor (VEGF), and FGF [26].
PDGF is manufactured by Biomimetic Therapeutics and is available
in a recombinant form for the treatment of periodontal bone defects
[26]. It does not induce MSC differentiation but is believed to have a
mitogenic effect and enhances MSC stimulation of angiogenesis [26].
Recombinant human FGF-2 (thFGF-2) in a gelatin hydrogel form has
been used in a prospective, randomized, placebo-controlled clinical
trial of 70 patients, showing an accelerated healing of tibial shaft frac-
tures with a good safety profile and no adverse events [297]. To date,
no published clinical studies utilizing VEGF alone or in combination
with other growth factors are available. A systemic administration of
new growth factor, insulin-like growth factor-I (IGF-1) in conjunction
with cultured MSCs, was recently evaluated in a mouse model [298].
The increase in soft and new bone tissue volumes, which correlated
with increased biomechanical toughness, was documented [298].

As mentioned earlier in this book, PDGF, produced chiefly by pla-
telets, is additionally believed to unlock MSCs from their native peri-
cyte niches allowing their free migration [256]. PDGF is present in
platelet-rich concentrates (PRPs) and some clinicians use autologous
PRP instead of purified recombinant growth factors for augmenting
musculoskeletal tissue repair [119]. The advantages of PRP include low
manufacturing costs and the presence of other potentially useful
growth factors. More promising results have been observed, however,
in relation to soft rather than hard tissue repair. Current lack of
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consistency in results emanated from various PRP-based clinical stud-
ies can be explained by the absence of standard protocols for the pro-
duction and characterization of PRP (e.g., in relation to platelet/
leukocyte ratios) [119].

The second group of host MSC modifiers includes molecules
enhancing MSC migration. Most interesting of those is a chemokine
SDF-1, whose role in MSC/HSC interaction was already outlined in
previous sections. SDF-1 chemotactic gradients have been shown to
influence MSC migration in animal studies [278, 299]. Most recently,
SDF-1 was shown to stimulate bone growth by additionally mediating
chondrocyte hypertrophy [300]. In relation to cartilage repair, both
SDF-1 and transforming growth factor beta (TGF-beta) have been
shown to act in concert attracting synovial MSCs to the sites of carti-
lage damage and inducing their chondrogenesis [159]. Recently, type 1
collagen scaffold containing SDF-1 was used in a rabbit model to cre-
ate a matrix environment conducive to synovial MSC migration and
retention [301]. This provided proof-of-principle that partial-thickness
cartilage defects can be also repaired [301] by using smart scaffolds
triggering endogenous MSC homing [160].

8.3 “IN VIVO” BIOREACTORS AND PERIOSTEUM-LIKE
MEMBRANES

These are used primarily for the repair of large maxillofacial or seg-
mental bone defects. The example of a former is a pioneering study of
Warnke et al. who were the first to demonstrate the feasibility of treat-
ing an extended mandibular discontinuity defect using a “living biore-
actor” [100]. Three-dimensional computed tomography was used to
produce a titanium mesh cage that was filled with bone mineral blocks
and infiltrated with BMP-7 and autologous BM. The transplant was
implanted into the latissimus dorsi muscle and 7 weeks later trans-
planted as a free bone—muscle flap to repair the mandibular defect.
Six months after transplantation, patient’s speech and mood improved
and bone formation was detected in all parts of the mandible replace-
ment [302]. The patient enjoyed improvement in his quality of life, but
unfortunately died as a result of cardiac arrest 15 months after implan-
tation [302]. Although initially successful, such complex tissue-
engineering procedures remain to be validated in large-scale studies
before they can be used routinely in clinic [303].
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The second example is a novel approach for the reconstruction of
critical size long bone defects called the Masquelet technique [304] .
The reconstruction requires a two-stage approach; at the first opera-
tion radical debridement is undertaken and cement spacer is implanted
at the site of bone defect. Significantly, the cement spacer not only acts
as a mechanical stabilizer and a barrier to stop fibrous tissue invasion,
but it also represents a foreign body, inducing the formation of vascu-
larized “pseudomembrane” around the spacer [305]. At the second
stage, approximately 6—8 weeks later, the cement spacer is carefully
removed and the defect is filled with autograft material or its substi-
tutes. The induced membrane acts as a “biological chamber” and pos-
sesses osteoinductive, osteogenic, and angiogenic properties [306]. The
advantage of the induced membrane is that it contains the bone graft
and prevents its resorption; additionally it is rich for growth factors
implicated in vascularization and osteogenic differentiation [305, 306].
An increased production of VEGF and BMP-2 by the membrane sug-
gests the presence of membrane-resident MSCs, which are likely to
have migrated from the surrounding tissues.

Current efforts are directed toward fabricating a similar, but “artifi-
cial” membrane; this would reduce the treatment to a one-stage proce-
dure. In one recent study, a permeable collagen membrane/wrap was
used in conjunction with a hydroxyapatite bone graft to repair 10-mm
segmental long-bone defect in rabbits [307]. The use of the collagen
wrap showed increased bone ingrowth and periosteal remodeling. The
authors proposed that, similar to “induced” membrane in Masquelet
technique, the wrap contains the local bone-healing environment while
reducing fibrous infiltration. In another recent study, a periosteal sub-
stitute was engineered using a PRP membrane incorporating autolo-
gous BM MSCs and wrapped around an osteoconductive scaffold for
regeneration of segmental bone defect in a rabbit model. The results
provided good evidence of membrane’s capacity to biomimic a perios-
teal response and to enhance bone regeneration [308].

8.4 TARGETING MSCs IN SYSTEMIC BONE DISEASES: NOVEL
BONE ANABOLICS

Compared to fractures, systemic bone diseases including OI and OP are
significantly harder to treat with MSC injections. To have a systemic
effect, an effective treatment should be delivered via the systemic
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circulation, but this is known to lead to MSC loss due to their entrap-
ment in lungs [309]. One recent study has proposed that injecting native
uncultured MSCs, in comparison to cultured MSCs, may lead to their
lesser retention in Iungs due to a different integrin-expression pattern
[225]; proof-of-principle experiments in animal models are needed to
test this idea. Intra-bone injections have been attempted in animal mod-
els and resulted in better MSC engraftment into the marrow [310]. The
pioneers of this concept believe that the injection of cells directly into
the BM cavity facilitates the engraftment of both donor HSCs and
MSCs and that using this method many age-associated bone diseases,
including OP, could be potentially treated [311].

At present, several “anabolic” (i.e., targeting the osteoblast lineage)
approaches for OP treatment are being developed based on the modu-
lating of Wnt pathway activity in native MSCs [312]. These treatments
fall into a category of “host MSC modifiers.” OP MSCs have been
recently shown to have an enhanced mRNA expression of genes cod-
ing for inhibitors of Wnt signaling, such as sclerostin [313]. Wnt pro-
teins are extracellular glycoproteins that can activate an intracellular
signaling leading to an accumulation of a protein called beta-catenin.
Wnts bind to the membrane receptors frizzled and lipoprotein-
receptor-related protein 5/6 (LRPS5/6). In the absence of Wnt, beta-
catenin is degraded via the ubiquitin—proteosome pathway. In the
presence of Wnt, the protein complex is disrupted and beta-catenin
translocates to the cell nucleus and binds to transcription factors that
affect the expression of Wnt-responsive genes, which are important in
bone formation [312]. Inhibitors of Wnt signaling can bind to frizzled
(serum frizzled-related proteins), Wnts or LRP5/6 (sclerostin and dick-
kopf-1). These inhibitors prevent Wnt from activating the signaling
pathway, leading to a decrease in signaling and a consequent reduction
in bone formation. High sclerostin expression in OP MSCs can there-
fore explain their poorer osteoblastogenesis [313]. Antibodies to scler-
ostin and another Wnt inhibitor, dickkopf-1, have been shown to
stimulate bone formation in animal models leading to ongoing clinical
trials aimed to evaluate their effects in humans [314].

Another approach involved further activation of Wnt signaling in
OP MSCs by inhibiting glycogen synthase kinase 3 (GSK-3), an
enzyme that phosphorylates beta-catenin, making it amendable for
degradation via the ubiquitin—proteosome pathway [312]. In one
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recent study, a novel inhibitor of GSK-3, AR28, was used in a BALB/c
mouse model demonstrating an enhanced bone mass after 14 days of
treatment [315]. The authors concluded that the increased bone mass
was the result of early amplification of bipotent MSC clones (osteo-
genic and adipogenic), which was driven to osteoblast differentiation at
the expense of adipogenesis. Therefore, GSK-3-beta can represent an
attractive therapeutic target not only for cancer chemotherapy [316], or
to treat inflammation [317], but also for inducing osteoblastogenesis
and regenerating bone in OP [315].
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Regenerative medicine approaches offer new and exciting possibilities
for repairing bone, cartilage, and other skeletal tissues. The choice of
available “cellular” options is growing exponentially, with new types
of MSCs being discovered and characterized almost on a monthly
basis. Similarly, the biotech industry has been very active in developing
new scaffolds and biomaterials capable of delivering these cells into
the defects. Animal models have been used very extensively to “bridge
the gap” between blue-sky, proof-of-principle in vitro studies, and clini-
cal trials in humans and such works should continue. Importantly, eco-
nomic “viability” of new approaches and appropriate business and
adoption models should be considered from the start, to ensure the
uptake of these new therapies by health care providers in different
countries. An effective dialog between scientists, clinicians, business
professionals, and regulators is therefore of a paramount importance
to enable these new MSC-based therapies to become a clinical reality
in the twenty-first century.
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