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Summary

Mesenchymal stem cells (MSC) are of major interest to regenerative medicine, because of the ease
of harvesting from a variety of sources (including bone marrow and fat aspirates) and ability to
form a range of mesenchymal tissues, in vitro and in vivo. We focus here on the use of MSCs for
engineering of cartilage, bone, and complex osteochondral tissue constructs, using protocols that
replicate some aspects of the natural mesodermal development. For engineering of human bone,
we discuss some of the current advances, and highlight the use of perfusion bioreactors for
supporting anatomically exact human bone grafts. For engineering of human cartilage, we discuss
limitations of current approaches, and highlight engineering of stratified, mechanically functional
human cartilage interfaced with bone by mesenchymal condensation of MSCs. Taken together, the
current advances enable engineering physiologically relevant bone, cartilage and osteochondral
composites, and physiologically relevant studies of osteochondral development and disease.
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Introduction

Bone, cartilage, and their interface are each unique and complex tissues, but together they
provide the structure and support systems necessary for load-bearing and movement.
Damage to any of these tissues, caused by trauma or diseases such as osteoarthritis, can
cause pain, inhibit functionality and restrict mobility of the patient. In the United States
alone, there are over 1.7 million osteochondral surgical procedures performed each year (1).
Such invasive surgeries were previously limited to elderly patients suffering from extensive
osteoarthritis or brittle bones caused by osteoporosis. However, the last 20 years has seen a
substantial increase in the number of corrective procedures performed in younger age groups
(2). Characteristically, this younger age group is more active, and demands higher
performance from treatment options (3).

Currently, surgical treatments include manufactured, natural, and autologous options.
Manufactured options mostly use a combination of metal and plastic. These solutions
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provide excellent mechanical properties that restore structure and mobility, factors especially
important for joint replacements (4). However, despite extensive research on bio-integration
into native tissue, a high percentage of implants still do not fully integrate with the host
tissue and eventually experience failure (5). Currently, the average lifetime of a
manufactured implant is 10-15 years (6), meaning younger generations will undergo
multiple replacement surgeries during their lifetime. In addition, inert solutions lack the
ability to grow and adapt with the native tissue, and in some cases induce negative
adaptation, which in turn requires surgical intervention (5).

Natural treatment solutions are based on the use of tissues that are xenogenic (from animals)
and allogenic (from other patients). With advancements in removing cellular material,
decellularized allografts and xenografts have become a frequent treatment option (7).
Decellularized grafts maintain the original structure, composition and mechanical properties
of the extracellular matrix, while the removal of the cellular components prevents the
activation of immune responses and graft rejection (5). In principle, decellularized tissue
grafts provide a natural, non-inflammatory framework for cell infiltration, graft
incorporation, and regeneration of the tissue structure. However, in clinical practice these
grafts have limited osteogenicity and clinical outcomes are not predictable. Recent research
has focused on the use of growth factors doped into these scaffolds to elicit more predictable
and robust outcomes (5, 8).

Autologous solutions (tissues harvested from another region in the same patient) are the
current gold standard for bone and cartilage repair. Autologous grafts have the advantage of
being from the patient’s own body, thereby preventing rejection events. In addition, the
presence of native cells and vasculature within the tissue should result in predictable
regeneration and recovery of the treated tissue (9). A major disadvantage of the autologous
solution is the need to harvest donor tissue, which is always in limited supply (5). Besides
requiring additional time for the patient on the operating table, the harvest site experiences
donor-site morbidity (7, 8). Also, the harvested tissue is not in the correct anatomical shape,
so the surgeon must shape the graft.

These limitations in the use of tissue autografts have heightened interest in the fast-
developing field of tissue engineering. Tissue engineering proposes to combine the benefits
from each of the current solutions to produce an autologous, integrative solution with
adequate mechanical properties, thereby providing a customized graft for the osteochondral
surgical intervention that does not require tissue harvest. Tissue engineers strive to construct
patient-tailored tissue grafts utilizing a combination of three elements: scaffolds, bioreactors
and cells (10). Scaffolds provide the main framework of the tissue, and have been created
from both synthetic and natural sources (11). With synthetic scaffolds, engineers are able to
control the chemical make-up, degradation rate, isotropy, and mechanical properties of the
tissue (11). Scaffolds derived from natural tissues, such as decellularized allografts, have
fantastic biocompatibility and usually contain important factors that aid in the regeneration
process (11).

Bioreactors allow engineers to recreate on the benchtop, key aspects of the in vivo
environment (10). Common osteochondral bioreactors include perfusion bioreactors, to
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replicate vasculature by providing adequate nutrient transport and waste removal, and
bioreactors with mechanical stimulation, to replicate the physiological stresses placed on
tissues (12-14). These bioreactors can be used to develop and mature tissue before
implantation, and also as highly controllable tools for investigating normal and diseased
tissue states (15).

The cells, incorporated /n vitro, modify the tissue engineered construct in preparation for
implantation, and can have a critical impact on regeneration after placement /n vivo. Initially
in tissue engineering strategies, primary cells were utilized. These cells had the capacity to
create and maintain a desired tissue and have produced exciting results (16-19). However,
sources of these cells can be a problem. Allogeneic sources are readily available and the
cells can be easily harvested, but cause tissue rejection when implanted, while autologous
cells can only be obtained by sacrificing tissue at another location in the body, similar to
tissue harvest for autografts.

In response to problems with the use of primary cells, mesenchymal stem cells (MSC) have
been actively explored as a source of cells with a major clinical interest. Residing in the
mesoderm that drives the formation of the entire osteochondral tissue, mesenchymal stem
cells have been harvested from a variety of tissues (see Table 1 for an overview of tissue
sources for isolation of MSC), with evidence suggesting that stem cells can be isolated from
any vascularized construct (20, 21). The mesenchymal nature of MSCs provides an ideal
solution for engineering osteochondral grafts. These cells enable replication of the natural
mesodermal development, leading to the formation of entire ostepchondral constructs
comprising multiple tissue types from a single batch of easily harvested autologous cells
(20, 22, 23).

In this chapter, we focus on the use of MSC for tissue engineering of osteochondral tissues.
We also discuss recent developments in engineering of cartilage and bone from human
MSCs, and describe potential strategies to unify multiple tissue types into a single, complete
osteochondral graft.

MSC for Engineering Bone

Over the last two decades, advancements have been made in determining the appropriate
scaffold to influence MSC differentiation. Mechanically stiff substrates (29), the application
of mechanical forces (30) and the inclusion of minerals into the scaffold (31) all stimulate
osteogenic differentiation and bone formation. A majority of studies have shown satisfactory
bone formation /n vitro, and many have even shown the ability of engineered bone to
regenerate and integrate into the native skeleton (32-35). The /n vivo studies were most
commonly performed in the mouse subcutaneous pouch or a rat calvarial defect.

The small size of the animals necessitated the use of similarly small constructs. During
cultivation of these small constructs, passive diffusion was sufficient to ensure adequate
nutrient delivery and waste removal. However, increasing the complexity and size of the
constructs has proven difficult, primarily due to passive diffusion no longer being sufficient
for cell cultivation. The lack of nutrition and waste management causes cell death and
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necrosis in the interior, destroying the scaffold. Current research is focused on resolving this
problem, by designing strategies to enhance transport throughout the bone interior, allowing
eventually the production of complex, anatomical constructs.

One important strategy enables pre-vascularization of bone grafts facilitating communication
with the vasculature of the host. Current research initiatives are pursuing smart scaffold
designs, providing structural pathways and growth factors to attract vascular formation (36,
37). Another research direction utilizes co-culture of MSC/MSC-derived osteoblasts with
vascular cells (38—40). These studies aim to facilitate interactions between the cells and
promote the construction of natural vascular pathways. Therefore, upon implantation, the
host will integrate with the pre-formed structures, establishing circulation more readily.

In parallel studies, media compositions were developed to differentiate MSC into
hypertrophic chondrocytes (41, 42). Triggering of chondrogenic maturation /n vitro resulted,
following implantation /7 vivo, in the formation of bone and bone marrow, replicating the
endochondral ossification pathway that is associated with bone development and fracture
repair (42, 43). Hypertrophic chondrocytes are essential for endochondral ossification as
they initiate transition from the soft callus to provisional bone by provoking vascular
invasion and depositing the bone template (44). Hypertrophic chondrocytes are an attractive
tool for tissue engineering because of their survival in the hypoxic environment of cartilage,
thereby withstanding the time delay necessary for vascular development /n vivo (42).

A promising route for growing bone grafts /n vitro, and maintaining their viability for an
extended period of time to allow differentiation and maturation, is with perfusion bioreactors
(45-47). Perfusion bioreactors provide nutrients and — most critically — oxygen to the entire
construct, permitting cell growth and maturation regardless of the complexity of the scaffold
shape. Perfusion is critically important for engineering bone and other metabolically active,
vascularized tissues, as the diffusional depth of oxygen supply is only a fraction of a
millimeter.

In the following section, the highlighted paper details the advancement of perfusion
bioreactors from those supporting generic, small-size constructs to those designed to
engineer anatomically exact human bone grafts. To create these complex grafts, Grayson, et
al. approached the problem in three separate steps: generation of the anatomically exact
scaffold, construction and validation of a unique bioreactor, and integration of the two
during cultivation (48).

Highlight: “Engineering Anatomically Shaped Human Bone Grafts”

Grayson et al. (48)

The exact anatomical dimensions of the mandibular condyle, selected as a model due to its
complex shape and need for bone grafting solutions for the temporomandibular joint, were
determined by computed tomography scans. Using specialized, commercially available
computer software, the 2D slices of the scan were reconstructed into a 3D file that could be
imported into computer-aided manufacturing (CAM) software to produce the necessary
fabrication steps for the computer-numerical-control (CNC) milling machine. Decellularized
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trabecular bone was chosen as the scaffold for its structural, biochemical, osteoinductive and
mechanical properties, and micromilled to the exact anatomical shape.

Control of perfusion through the bone scaffold was dictated by the design of a specific
anatomically shaped perfusion chamber, also created using the converted computed
tomography scans. The perfusion chamber - a PDMS negative mold of the scaffold - was
compressed by two manifolds to direct the medium flow through the cell-seeded scaffold.
Clamps on the flow tubing allowed control of the flow rate. Computational modeling was
conducted to verify that the chosen flow rates produced satisfactory perfusion to all areas of
the scaffold. The method is shown in Figure 1.

Human bone marrow stem cells were expanded and seeded into the anatomically shaped
scaffolds using the spinner flask method. After loading into the bioreactor, the scaffolds
were cultured for five weeks in osteogenic medium. After cultivation, constructs under
perfusion had a 7.5 fold increase in DNA compared with statically cultured constructs, with
histological analysis showing significant cell viability and bone deposition in all parts of the
scaffold. In the static controls, the interior of the complex scaffolds was devoid of cells and
showed only minimal bone deposition. Temporal evaluation of the constructs using uCT
demonstrated a significant increase in bone volume over five weeks, and displayed
significantly more bone volume than the statically cultivated constructs. Differences in the
development and matrix deposition between the two groups are shown in Figure 2.

In summary, the use of a custom-designed perfusion system allowed successful,
development of viable, anatomically shaped engineered tissues, proving their validity and
advancing tissue engineered bone grafts towards clinical translation.

Engineering Cartilage using MSCs

Early studies demonstrated the efficacy of synthetic materials, such as polyglycolic acid
(PGA) and poly-L-lactic acid (PLLA), as scaffolds for primary chondrocytes both /n vitro
and /n vivo (49, 50). In addition to the scaffold-based cell carriers, hydrogels such as agarose
and alginate, consisting of water-swollen networks, were also widely used as carriers to
maintain chondrocyte phenotype and provide local microenvironmental control (51). While
trophic factors such as TGF-p are essential for chondrogenesis, biophysical stimulation such
as deformational loading has also been used to modulate cartilage development in vitro (18,
52). These studies contributed to an overall tissue-engineering paradigm involving three-
dimensional environments with tissue-specific biochemical and biophysical stimulation.

Despite their well-established ability to form cartilage in vitro, chondrocytes have limited
proliferative ability and are prone to de-differentiation /n7 vitro. Investigators attempted to
extend methods successfully used with chondrocytes to the engineering of cartilage from
MSC, but only with limited success. In particular, studies comparing the use of agarose to
engineer cartilage from chondrocytes and from MSCs revealed that MSCs formed
cartilaginous tissues with subnormal biochemical and mechanical properties (19, 53). Still,
several studies showed that long-term culture with the application of TGF-f, mechanical
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stimulation, osmotic loading and enzymatic treatment all improved the properties of
cartilage grown from agarose seeded with MSCs (19, 53-55).

Multiple labs have shown that incorporation of glycosaminoglycans such as hyaluronic acid
and chondroitin sulfate by polymerization into hydrogels recreated a biomimetic
microenvironment for chondrogenesis (56-58). Furthermore, scaffold architecture can also
be designed to mimic that of native cartilage matrix, as studies showed that interlocking
woven polycaprolactone (PCL) supported the formation of cartilaginous tissue (59).
Interestingly, investigators adapted these techniques for making cell-instructive and bioactive
scaffolds to further enhance cartilage formation by controlling differentiation of hMSC. For
example, Bian et al showed that neo-cartilage formation by hMSC /n vivo could be
enhanced by incorporating N-cadherin, an intercellular cell binding protein implicated in
cell condensation that precedes cartilage formation, into methacrylated HA (60). Similarly,
Brunger et al showed that a viral vector immobilized on a woven PCL scaffold could
mediate transduction of hMSC and drive TGF-B3 expression, thus leading to potent
chondrogenic differentiation (61).

self-assembly of hMSC into functional and stratified cartilage

While it is evident that biomimetic methods enhance tissue formation by simulating the
native microenvironment, the formation of physiologic tissue by progenitor cells ultimately
required lessons taken from native tissue morphogenesis. Self-assembly has been proposed
as an /n vitro method for recapitulating mesenchymal condensation that precedes
chondrogenesis.(62)

Scaffold-free cartilage formation by self-assembly of hMSC was first introduced as the
pellet culture, whereby cells centrifuged into high-density aggregates were cultured in
chondrogenic medium. This method was shown to recapitulate the progression of
chondrogenesis (63, 64). Still, the proponents of scaffold-based cartilage tissue engineering
criticized the use of pellets for their physiologically irrelevant size, geometry and
mechanical properties. Similar to earlier studies with chondrocytes, studies also showed that
MSC self-assembled on scaffold formed cartilaginous tissues that resembled hyaline
cartilage with dense ECM and zonal organization (65-70).

Our lab recently showed that fusion of condensed mesenchymal bodies (CMBs) on
decellularized bone (DCB) can lead to the formation of large, functional and well organized
cartilage grafts (71). To overcome the limitations in size and geometry of the pellets,
numerous CMBs were packed, within a mold, onto the surface of decellularized bone and
cultured for up to 5 weeks (Figure 3). For the first time, centimeter-sized cartilage with
physiologic stratification, mechanical and tribological properties comparable to native
cartilage was successfully grown in vitro from hMSC (Table 2).

Interestingly, we also observed that the formation of boundaries around CMBs, indicated by
the presence of tenascin-C, limits integration of CMBs that must be fused within 3 to 5 days
following chondrogenic induction to achieve successful integration. The boundaries between
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CMBs that were fused after one week of condensation persisted for a long time in culture,
hindered integration and resulted in formation of cartilage with subnormal mechanical and
tribological properties. Other early chondrogenic markers characteristic of mesenchymal
condensation were also increasingly expressed during the first week of culture prior to the
onset of ECM production. This study showed the feasibility of engineering cartilage by self-
assembly of hMSC pellets, using a method that mimics mesenchymal condensation.

Engineering Osteochondral Composites using MSCs

The osteochondral composite consists of a cartilage layer above a bone layer, with a
functional interface between the two tissue layers. Engineering such a complex tissue
presents significant challenges, as the articular cartilage and the subchondral bone comprise
different cell types and different microenvironments. Also, the subchondral bone has a much
higher mechanical stiffness than articular cartilage.

The strategies proposed and evaluated for fabrication of osteochondral composites have been
summarized in two excellent recent reviews (72, 73). Broadly, the strategies can be classified
according to their selection of the scaffold and cell source for cartilage and bone layers
(Figure 4). Some investigators formed the cartilage layer using chondrocytes, while others
chose to form both the cartilage layer and the bone phase using MSCs in order to overcome
the limitations of chondrocytes.

Most commonly, investigators used bi-layered scaffolds whereby the cartilage layer
comprises a synthetic or natural polymer and the bone layer comprises polymers, ceramics
or metals. The cartilage and bone layers were combined using sutures and adhesives, such as
fibrin. Interestingly, several groups used a scaffold-free approach similar to self-assembly
methods for culturing cells at high density on top of the bone layer. In these various
approaches, desirable outcomes of the /n vitro culture and /n vivo implantation were
generally associated with strong integration between the cartilaginous and bone layer,
sometimes with the formation of a calcified transition zone.

In a functional osteochondral unit, the interface needs to recapitulate the transition between
bone and cartilage with strong integration between the layers. In the articular cartilage, deep
zone collagen fibrils extend into the calcified layer that inter-digitates with the subchondral
bone. In addition to integrating the cartilage and bone, the calcified cartilage distributes load
across the interface between the biomechanically incompatible non-mineralized cartilage
and mineralized subchondral bone.

Depending on the method of seeding and the choice of scaffold for the bone layer, the
production of cartilaginous ECM and the transition of this matrix into calcified cartilage at
the interface can be enhanced using various methods. For example, Schaefer and colleagues
reported that a chondrocyte-seeded PGA mesh sutured with a collagen-hydroxyapatite (Col-
HA) sponge had the ability to integrate following long term implantation (74). Similarly,
Wang and colleagues showed that the scaffold free, high density seeding of chondrocytes
atop of a porous osteoconductive scaffold resulted in neo-cartilage integration with the
collagen-hydroxyapatite (Col-HA) scaffold (75). Kandel and colleagues showed the
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formation of mechanically strong cartilage by self-assembly of chondrocytes on calcium
polyphosphate (CPP) in a long-term orthotopic sheep model. Finally, Allan and colleagues
subsequently showed enhanced cartilage-bone integration with deep zone mineralization of
chondrocytes cultured on CPP in the presence of B-glycerophosphate (8-GP) (76, 77). Thus,
it is evident that ECM integration and calcified layer formation are important determinants
of the composite outcome.

Osteochondral composites and the calcified cartilage

Several groups have reported that high-density scaffold-free cultures of chondrocytes on
polymer-ceramic bone scaffolds could result in the formation of well-integrated
osteochondral composites. Our lab introduced the fusion of scaffold-free mesenchymal
bodies with the bone substrate, followed with bioreactor culture of the composite tissue.

This new method resulted in the formation of a physiologically stratified cartilage layer that
resembled the stiffness and frictionless properties of native cartilage and was well integrated
with the underlying bone matrix (71). RemTuli et al also showed in an earlier study, the
formation of an organized osteochondral composite with distinct cartilage-bone transition by
press coating a PLA scaffold with a chondrogenically induced hMSC pellet (78). Both
investigations reported scaffold free formation of an organized cartilage layer that was well
integrated with the bone substrate. Of note, our use of DCB as the bone layer scaffold is
similar to the successful use of Col-HA scaffolds in earlier investigations. Also, we
optimized the approach to scaffold free cartilage formation on an anatomical scale from
hMSC by fusion of numerous CMBs.

In our study, we did not observe the formation of calcified cartilage and our bone layer
consisted of native bone matrix permeated with cells from the cartilage layer without
osteogenic induction. Tuli et al showed the concomitant formation of a bone layer by
separately seeding the bone scaffold with ostegenically induced MSC. The studies in the
Kandel lab and Allan lab observed deep zone hypertrophy and the formation of a calcified
layer at the cartilage-bone interface when scaffold free chondrocytes were cultured on a
ceramic scaffold in the presence of a phosphate source (§-GP). Interestingly, Khanarian et al
recently reported enhanced mineralization and matrix deposition by hypertrophic
chondrocytes in a hydrogel-ceramic composite containing micro-HA particles that
recapitulated the aggregate size and content of the native mineral (79).

Taken together, these studies show that a suitable biomimetic approach to engineering
osteochondral composites from hMSC could involve a scaffold-free formation of the
cartilage layer by high density culture of hMSC atop an osteoinductive scaffold seeded with
osteogenically induced hMSC. Further, formation of a calcified layer at the interface could
be enhanced with a soluble phosphate source and the incorporation of ceramic at the
interface as well as in the osteoinductive scaffold.

Future Directions

The use of MSC in osteochondral tissue engineering is a highly attractive proposition, as
autologous MSC are easily accessible and readily form bone and cartilage. For the purpose
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of personalized regenerative medicine, it is evident that cartilage and bone grafts as well as
their composites can be entirely derived from MSC taken from each subject, with the
application of tissue engineering methods that are inspired by cartilage and bone
development. As highlighted above, the pursuit of engineering bone, cartilage and
osteochondral composites from MSC have taken interesting directions, and the progress
made is gratifying. Still, there are numerous problems that need to be addressed, as
investigators search for biologically inspired regenerative approaches.

For MSC based bone tissue engineering, concerns remain about the long-term viability of
grafts following implantation. It is believed that after implantation, cells in the interior will
die before the host vasculature can penetrate the graft, triggering necrosis and graft failure.
To address this issue, investigators are using two complementary approaches: promoting pre-
vascularization of bioengineered grafts and directing maturation of MSC to recapitulate
endochondral ossification. Pre-vascularization of the bone graft is expected to facilitate rapid
vascularization following implantation. Current initiatives are pursuing smart scaffold
designs to provide structural pathways and growth factors for connecting the graft to the host
vasculature (37, 80), and co-cultures of MSC/MSC-derived osteoblasts with vascular cells
(81, 82).

Another fascinating direction emerged from the studies of Mueller et al and Scotti et al who
developed media for differentiating MSCs toward hypertrophic chondrocytes (42, 83).
Triggering chondrogenic maturation resulted in the formation of bone and bone marrow /in
vivo, by replicating the endochondral ossification pathway utilized in bone development and
long bone fracture repair (42, 43). Hypertrophic chondrocytes are essential in endochondral
ossification as they trigger transition from the soft callus to preliminary bone by provoking
vascular invasion and deposition of the initial bone template (44). Hypertrophic
chondrocytes are an attractive tissue engineering tool due to their survival in the hypoxic
environment of cartilage, thereby withstanding the time delay necessary for the vascular
development they help orchestrate (42). Tissue engineered bone grafts are on the verge of
clinical translation, and the relentless progression of the field will hopefully produce the
most clinically appropriate grafts for treating numerous patients requiring bone grafts. The
rapid advancement in bone tissue engineering is likely to convert this exciting bone
technology into routine practice.

Similarly, MSC based cartilage tissue engineering has its unique problems, even though the
functional properties of /in vitro grown cartilage are increasingly approaching the functional
properties of native cartilage. Of note, hMSC derived cartilage is prone to hypertrophy and
mineralization not seen with chondrocyte based cartilage. Recent investigations have shown
that hypertrophy correlates with the tendency to mineralize ectopically /n vivo and that
cartilage formed by MSC was unstable and could spontaneously mineralize in long term /n
vitro cultures (83-86).

Interestingly, the mineralization of cartilage formed by MSC is usually localized, which
suggests that MSC could have different chondrogenic fates. Whether the organization and
differentiation fate of MSC can be controlled during /in vitro cartilage formation is still very
much a work in progress. Still, some recent studies have shed light on how we might be able
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to better control chondrogenic differentiation of h(MSC. With the availability of compound
libraries and high throughput screening technology, potent small molecules for chondrogenic
differentiation of hMSC are being discovered. Recent studies have shown that these small
molecules can enhance the in vitroand /n vivo cartilage formation by association with a key
transcription factor, RUNX1 (87, 88).

The role of oxygen tension during /n vitro chondrogenesis has also been clarified as
investigators have shown that sustained hypoxia promoted the formation of cartilage by
hMSC with denser ECM and this construct is less prone to mineralize (89). Further, the
requirements of cartilage homeostasis have also been elucidated as investigators have shown,
using /n vivo models, that the depletion of either superficial zone progenitors or superficial
zone proteins resulted in articular cartilage degradation (90, 91). These studies have
advanced our collective understanding of what drives cartilage formation, maturation and
homeostasis. For tissue engineers, the problem remains to specify cartilage formation
effectively and accurately so that cartilage grown /n vitro can be used to treat cartilage
injuries and diseases as well as restore joint homeostasis.

Osteochondral composites have been proposed as an 7 vitro model for understanding the
pathogenesis of degenerative joint diseases with cartilage and bone etiologies such as
osteoarthritis. To recreate osteochondral composites from MSC, accurate spatiotemporal
control of trophic factors is essential as the articular cartilage and the subchondral bone
consist of different cell types in different microenvironments. We are now moving towards
developing bioreactors for optimizing simultaneous chondrogenic and osteogenic
differentiation of MSC within a biphasic osteochondral composite. Biophysical cues such as
compressive loading and interstitial shear, which have been shown to benefit chondrogenic
and osteogenic differentiation, should be made compatible with bioreactor designs (92-95).

Moving forward, the methods for engineering physiologically relevant bone, cartilage and
osteochondral composites from MSC need to be inspired by a keen understanding of the
development, maturation and homeostasis of native cartilage and bone. The interactions
between multiple signaling pathways and multiple cell types governing joint morphogenesis
and endochondral ossification are just a few aspects of the complexities that are the focus of
current undertakings by biologists and clinicians (62, 96-99). These investigations should
provide critical insights into strategies for engineering osteochondral grafts from MSC, and
aid development of models for studying osteochondral development and disease.
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Figure 1. Tissue engineering of anatomically shaped bone grafts
(A-C) Scaffold preparation. (A, B) Clinical CT images were used to obtain high-resolution

digital data for the reconstruction of the exact geometry of human temporomandibular joint
(TMJ) condyles. (C) These data were incorporated into the MasterCAM software to
machine TMJ-shaped scaffolds from fully decellularized trabecular bone. (D) A photograph
illustrating the complex geometry of the final scaffolds that appear markedly different in
each projection. (E) The scaffolds were seeded in a stirred suspension of hMSC, using 3
million cells per scaffold (~1 cm3 volume), pre-cultured for 1 week to allow cell attachment,
and cultured with perfusion through the cell-seeded scaffold for an additional 4 weeks. (F) A
photograph of the perfusion bioreactor used to cultivate anatomically shaped grafts /n7 vitro.
(G-1) Key steps in the bioreactor assembly. Images are reproduced with permission from
reference (48).
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Figure 2. Effects of perfusion on bone formation in vitro
(1) Computational models of medium flow through TMJ constructs during bioreactor

cultivation. (LA) Color-coded velocity vectors indicate the magnitude and direction of flow
through the entire construct based on experimentally measured parameters. (1B) Construct is
digitally sectioned, and the color-coded contours are used to indicate the magnitude of flow
in the inner regions. (2A-H) Bone formation was markedly enhanced by perfusion, in a
manner dependent on the fluid flow pattern. (2A-D) Constructs cultured under static
conditions. (2E-H) Constructs cultured with medium perfusion. (2A, E) Trichrome staining
of the entire cross-section of scaffolds showing differences in the new matrix distribution
(red) compared with the original scaffold (green) for the static (2A) and perfused (2E)
culture groups. (2B, F) Major differences in osteoid formation (arrows) in the central regions
of constructs cultured statically (2B) and in perfusion (2F). (2C, D, G, H) SEM images of
the central construct regions. (2C, D) Statically cultured constructs exhibit empty pore
spaces and loosely packed cells. (2G, H) Constructs cultured in perfusion demonstrate the
formation of dense and confluent lamellae of bone tissue that fill entire pore spaces. (Scale
bars - 2A, E: 5mm; 2B, C, F, G: 1 mm; 2D, H: 500 pm.) (3A-C) Architecture of the
mineralized bone matrix developed over time and in a manner dependent on culture
conditions. The reconstructions of 3D uCT images demonstrate the changes in pore structure
(relative to the initial state) that were evident at the end of the 5" week of cultivation. (Scale
bar: 5 mm.) Images reproduced with permission from reference (48)
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Figure 3. In vitro formation of physiologically stratified, stiff and frictionless human cartilage
interfaced with a bone substrate

Cartilage was formed from condensed mesenchymal bodies (CMBs) press fit onto a bone
substrate, and cultured /n vitro, as reported by Bhumiratana et al (71). (A-B) CMBs were
press-fitted within molds on a decellularized bone scaffold (DCB), forming cartilage after 5
weeks of chondrogenic induction. Histological and immunohistochemical analysis showing
representative stains of (C-F) H&E, (G-J) Alcian Blue for GAG, (K-N) collagen type I,
(O-R) lubricin, (S-V) collagen type I, and (W-2Z) collagen type X. (Scale bar: 500 pm in
low-magnification images, 50 um in high-magnification images.)
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Figure 4. Approach to assembling osteochondral composites
The schematic shows one of the scaffolds and cell based strategies for engineering

osteochondral composites discussed here, proposed by Martin et al (72).
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Figure 5. Osteochondral composites obtained by combining pre-grown cartilage and bone
The panel shows osteochondral constructs cultured for 10 weeks following the assembly of

cartilage and bone regions. (A—-C) H&E for the cells and matrix of the cartilage layer (A),
sharply demarcated transition zone (B, arrows), and an osseous layer (C); (D-F) alcian blue,
for proteoglycan that is strongly positive in the cartilage layer (D), diminishingly positive in
the transition zone (E, arrows), and negative in the osseous layer (F); (G-I) alizarin red
staining, for mineralization that was negative in the cartilage layer (G), and strongly positive
in the transition zone (H, arrows) and the osseous layer (I). CL: cartilage layer; OL: osseous
layer. Scale bars: 80 pm. Reproduced with permission from Tuli et al (78).
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Tissue sources for deriving mesenchymal stem cells for osteochondral tissue engineering

Tissue Source

Abbreviation

Citation

Bone Marrow BMSC Pittenger, et al. (23)
Adipose ASC Zuk, etal. (24)
Dental Tissue DTSC Seo, et al. (25)
Periosteum PSC Yoshimura, et al. (26)
Amnion AMSC Int” Anker, et al. (27)
Umbilical Cord UCBSC Erices, et al. (28)
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Table 2

Mechanical properties of human cartilage engineered by CMB fusion

Avrticular cartilage constructs ~ Young’s modulus, kPa ~ Minimum friction coefficient, unin ~ Equilibrium friction coefficient, tmax

Day 3 CMBs 788 + 200 0.049 +0.008 0.276 +£0.033
Day 5 CMBs 825+ 197 0.046 +0.010 0.283 £ 0.042
Day 7 CMBs 457 + 46" 0.064 +0.013 0.334 £ 0.053
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