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Abstract

This review summarizes recent efforts to create vascularized bone tissue /n vitroand in vivo using
cell-based therapy approaches. The treatment of large and recalcitrant bone wounds is a serious
clinical problem, and in the United States approximately 10% of all fractures are complicated by
delayed or non-union. Treatment approaches using growth factor and gene delivery have shown
some promise, but results are variable and clinical complications have arisen. Cell-based therapies
offer the potential to recapitulate key components of the bone healing cascade, which involves
concomitant regeneration of vasculature and new bone tissue. For this reason, osteogenic and
vasculogenic cell types have been combined in co-cultures to capitalize on the function of each
cell type, and to promote heterotypic interactions. Experiments in both 2D and 3D systems have
provided insight into the mechanisms by which osteogenic and vasculogenic cells interact to form
vascularized bone, and these approaches have been translated to ectopic and orthotopic models in
small animal studies. The knowledge generated by these studies will inform and facilitate the next
generation of pre-clinical studies, which are needed to move cell-based orthopaedic repair
strategies into the clinic. The science and application of cytotherapy for repair of large and
ischemic bone defects is developing rapidly, and promises to provide new treatment methods for
these challenging clinical problems.
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Introduction: The Need for Improved Bone Graft Substitutes

Large bone defects are a significant clinical problem in the United States and worldwide.
According to 2006 data from the U.S. Health and Cost and Utilization Project (HCUP), there
are approximately one million hospital admissions related to appendicular skeletal-tissue
injuries each year in the United States (1). Bone injuries and fractures require over 500,000
grafting procedures and account for over $26 billion of healthcare costs in the U.S. annually,
and skull and facial fractures contribute an additional $1.3 billion to the annual health care
cost. Importantly, approximately 10% of the total fractures in the U.S. are complicated by
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impaired healing, non-unions or delayed unions. “Non-unions” are defined as broken bones
that fail to heal while “delayed unions” are fractures that take longer than usual to heal. A
main cause of delayed and non-union is tissue instability and lack of nutrient supply around
the defect site, since both stability and vascularization are required for the normal bone
healing process. Some bones, such as the head of the femur and the wristbones, have limited
vasculature to provide necessary proteins, vitamins, and calcium required for healing (2),
and these bones therefore tend to be more susceptible to non-unions.

Although the natural healing response can lead to physiological bone remodeling, non-
unions and large-scale traumatic bone injuries require surgical intervention. Autografts,
allografts, and xenografts are currently used as treatment options, but these are associated
with complications including donor site morbidity, disease transmission, and immunological
rejection. The current gold standard for large bone defect repair therefore uses a tissue
autograft from the patient (3). These grafts contain the cell types, matrix, and vasculature
necessary for proper bone regrowth in the injured area. However, autografts require a
secondary operative procedure, which can lead to complications such as pain and donor-site
morbidity. Allografts using tissue from human donors are also commonly used but are
associated with an increased risk of disease transmission and failure rate over long-term use,
relative to autografts (4). Xenografts involve the transplantation of bone tissue across
species; however, they also present the risk of disease transmission after implantation (5).
Further, xenografts must undergo sterilization processes that cause the 1oss of osteoinductive
factors within the grafting material.

Medullary rods and internal fixation using metallic devices is sometimes an option to
enhance bone healing. However, these approaches require permanent implants that are not
remodeled by the patient and are susceptible to fatigue fracture over long-term use (5).
Bonding of such metallic devices to adjacent bone is challenging. Attempts to modify the
surfaces of implants with bioceramics and mineralized coatings have shown some success,
but these surface conditioning techniques can lead to decreased durability of the device (5).
Local stress shielding caused by metallic implants can also lead to a reduction in bone
density and can require revision surgeries (6). Vascularization of regions supported by
metallic implants is also limited (5).

The problems associated with transplanted grafts and stabilization strategies have resulted in
an increasing interest in improved bone graft substitutes and bone tissue engineering
solutions. Current osteobiologic approaches provide a scaffold material that is designed to
allow growth and proliferation of host cells. Many approaches also include osteogenic
growth factors, and in particular the bone morphogenetic proteins (BMPs), to enhance bone
formation in large defects (7). The commercially available Medtronic INFUSE® Bone Graft
combines recombinant human BMP-2 with an absorbable collagen sponge, and has been
used widely in the clinic (8). The product is currently approved for selected spinal fusion,
intramedullary fixation, and sinus augmentation procedures, and it has had a dramatic effect
on treatment of particularly difficult bone healing indications. However, concerns have been
raised about the degree of control of BMP-2 release from the product and potentially serious
reactions when the product is used off-label such as ectopic bone formation, nerve damage,
edema and inflammation (9-11). Most recently, the possibility that BMP is cancer
promoting has further clouded the view of how these products are best used (12-14). The
limitations and potential complications associated with these early osteobiologic treatments
has driven development of even more biologically-based approaches, which included living
cells to provide more refined control over bone formation.

This review summarizes the current status of cell-based approaches to creating improved
bone graft substitutes. In particular, it emphasizes strategies that are aimed at generating
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vascularized bone tissue, through a combined targeting of osteogenesis and vasculogenesis.
We first examine the physiology of bone, including the bone healing cascade, and then
review the main cell types involved in this process. Recent /n vitro and in vivo approaches to
generating vascularized bone tissue are then summarized and discussed. Finally, we offer
perspectives on the current state of the field and promising future directions.

The Physiology of Bone

Composition and Architecture at the Micro- and Macro-scale

Bone is one of the main connective tissues in the human body. It is characterized by a
collagenous extracellular matrix (ECM) that is extensively mineralized with hydroxyapatite
(Cayp(PO4)s(0OH),) (15), which is found as plate-like structures 20-80 nm in length (16).
Hydroxyapatite contributes to the high density and strength of bone which in turn provides
both support and protection to the other tissues and organs of the body. The mineral
component of bone is both reactive and soluble, allowing turnover and remodeling within
the bone structure. Bone tissue also contains a variety of other ionic species such as
carbonate and magnesium, which are liberated to the systemic circulation as bone remodels.
Bone therefore serves as an important storage depot for ions, including calcium and
phosphate, which play roles in homeostatic regulation and metabolic function.

The proteinaceous ECM of bone is composed primarily of collagen type I, with lesser
amounts of collagen type V and a variety of noncollagenous proteins (17). Proteoglycans
found in bone include chondroitin sulfate and keratin sulfate, which consist of a core protein
surrounded by glycosaminoglycans and are found throughout the bone structure. Several key
bone-associated proteins such as osteonectin, osteopontin, bone sialoprotein I and I1, and
osteocalcin play regulatory roles in bone formation and cellular attachment. In addition, the
bone tissue environment includes potent growth factors and cytokines, including insulin-like
growth factors (IGF), tumor necrosis factor alpha (TNF-a), transforming growth factor-f8
(TGF-B), and bone morphogenetic proteins, which direct cell differentiation and
proliferation.

There are two main types of bone structure: cortical (also called compact) and trabecular
(also called cancellous or spongy) (18). Cortical bone is stiffer and more organized than
trabecular bone and forms a compact, dense layer that surrounds the trabecular tissue in the
long bones. Cortical bone consists of highly organized concentric structures called osteons
that serve as the tissue’s anatomical and functional unit. Osteons are supplied with blood
form the marrow through Haversian canals, whereas Volkmann’s canals move blood
between osteons. Trabecular tissue is found in the interior of bones and is also highly
vascular. Trabecular bone is less dense and stiff compared to compact bone, due to the large
marrow cavities it contains. The red marrow within trabecular bone contains hematopoietic
progenitor cells that are responsible for the production of the cells of the blood, as well as a
small population of stem cells that can give rise to mesenchymal tissues, including new
bone. The marrow itself is also highly vascularized and provides nutrients to the surrounding
bone.

There are four primary cell types in bone tissue: osteoprogenitor cells, osteoblasts,
osteocytes, and osteoclasts (17). Osteoprogenitor cells reside in the marrow, periosteum, and
bone canals. When environmental signals initiate the processes that require bone formation,
such as tissue growth or repair, these progenitors migrate, proliferate, and differentiate into
osteoblasts. The primary function of osteoblasts is to secrete the protein ECM of bone,
which subsequently becomes mineralized to form new bone tissue. Found on the outer lining
of bone, these cells can either remain inactive on the surface of bones or become osteocytes.
Alkaline phosphatase (ALP) activity serves as a marker of their action (17). BMPs play an
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important role in the regulation of osteoblast differentiation and activity. As bone is formed,
osteoblasts become trapped in the matrix, and they alter their phenotype to become
osteocytes, which account for the majority of the cells in bone. These cells fill spaces called
lacunae in the osteons and communicate to one another through channels called canaliculi,
maintaining the bone under homeostasis. Osteoclasts are bone-resorbing cells that are
activated during bone injury and remodeling, and their function is to digest bone. The
balance of growth, remodeling, and repair that is important in maintaining skeletal function
is maintained by the orchestrated action of these cell types.

The microenvironment in bone comprises a complex combination of physical and chemical
cues that orchestrate tissue function in both health and disease. Both bone resorption and
formation are intertwined processes that are dependent on loading and mechanical demands
induced by compressive and tensile strain as well as interstitial fluid flow (18). A
comprehensive treatment of the mechanobiology of bone is beyond the scope of this review,
but the reader is referred to recent focused reviews on the topic (19, 20). In general, it is well
established that the cellular components of bone can be stimulated and guided by
mechanical forces. In particular, osteocytes have been suggested to be the mechanosensory
cells of bone. In response to mechanical stimuli, these cells produce and secrete proteins that
form new extracellular matrix, and thereby regulate the function of local osteoblasts and
osteoclasts (21). However osteoblast function has also been shown to be regulated by
mechanical forces as fluid flow induces OPN production (21). Taken together, it is clear that
mechanical environment in bone is a potent regulator of cell function, though the precise
role of mechanobiology in bone regeneration is not fully understood.

The Vascular Supply to Bone

Bone is a highly metabolic tissue requiring an abundant vascular supply throughout its
structure for homeostasis, growth and remodeling. It is estimated that bone tissue uses
approximately 10 to 20% of resting cardiac output (22). A dual blood supply exists in both
flat and long bones, through major arteries surrounding the bones (23). Long bones have a
nutrient foramen in both the diaphysis (midsection of bone) and epiphysis (end of long
bone), which are openings in the hard tissue to allow blood vessels to pass through and reach
the marrow cavities. Smaller epiphyseal and metaphyseal arteries arising from surroundings
joints connect with capillaries throughout the diaphysis. In the outer areas of cortical bone,
capillaries that run through the Volkmann’s canals split into smaller arterioles that enter
Haversian canals and in turn connect with surrounding skeletal muscle (23). Blood and
waste drainage through the venous supply closely follows the nutrient arteries through bone.
As flat bones do not contain diaphyses, metaphyses, or epiphyses, the dual blood supply
runs adjacent to the plates of flat bones providing areas for nutrient and waste exchange
along the bone structure (23). The highly vascularized structure of bone allows the high
demand of nutrient, waste, and ion transfer to be satisfied throughout the tissue and
maintains normal development, growth, and remodeling of bone.

The Bone Healing Process

Injury to bone results in a cascade of events that allows the tissue to regenerate in a manner
in which functionally developed tissue is recreated. These processes are triggered when
skeletal integrity and local vasculature are disrupted at the defect site. 77ssue damage
Initiates bone healing which encompasses an initial inflammatory response, followed by
endochondral bone formation, and finally bone remodeling (Figure 1).

Angiogenesis is the formation of new blood vessels and is a critical component of the bone
healing process, as it is required for the transport of nutrients, wastes, and cells to and from
the injured site. Lack of angiogenesis has been cited as one of the primary causes of

Cytotherapy. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rao and Stegemann

Page 5

delayed- and non-unions. The capillary networks formed during the inflammatory phase of
healing are typically transient in nature and are incapable of forming the functional
vasculature required to heal non-unions. Evidence of this observation has been provided in a
rat distraction osteogenesis model where administration of anti-angiogenic drugs during
osteogenesis caused fibrous tissue formation and resulted in non-union (24).

Immediately after a bone fracture, ruptured blood vessels in the injured area constrict and a
clot is formed to prevent further bleeding (17). The resulting lack of blood supply causes a
local hypoxic environment. Fibroblasts migrate towards the injured site to deposit initial
extracellular matrix and generate granulation tissue (17). The lack of oxygen acts as a signal
for local endothelial cells to proliferate and chondroblasts to differentiate from bone marrow
stem cells, forming a bridge of hyaline cartilage between the ends of the injury site (17). The
chondroblasts subsequently become hypertrophic and express pro-angiogenic factors,
including vascular endothelial growth factors (VEGF) and fibroblast growth factors (FGF),
causing blood vessels to further extend into the cartilaginous matrix (17). The presence of
new blood vessels allows osteoprogenitor and hematopoietic cells to be transported to the
wounded area, where they differentiate in the ossification center to form bone and bone
marrow, respectively. In the final stages of healing, the local osteoprogenitor cells
differentiate into osteoblasts to produce functional bone.

Cell Types Used in Engineering of Vascularized Bone Tissue

The general approach to creating vascularized bone tissue is to combine an osteogenic cell
type with an endothelial cell type, as shown schematically in Figure 2. For regeneration of
defects, 3D hydrogel- or solid scaffold-based approaches are often used, though 2D co-
culture models have been used to study the healing process. There are now a range of
possible osteogenic cell sources, including bone marrow-derived mesenchymal stem cells,
adipose-derived stem cells, or mature osteoblasts. Similarly, a variety of endothelial cell
types or their progenitors can be used. The cell types most commonly applied are described
briefly below.

Osteogenic Cell Types

Mesenchymal stem cells (MSC) are a multipotent cell type found in numerous tissues of the
body. They are characterized as stem cells based on their ability to proliferate in an
undifferentiated state and their potential to differentiate into various mesenchymal cell
lineages (25, 26). MSC are commonly isolated from bone marrow and adipose tissue,
though they have also been extracted from a variety of other tissues, including umbilical
cord, placental tissue, cord blood, amniotic fluid, and the periosteum (27-29). These
different tissues yield MSC that have different proliferative and multipotency profiles (27,
28). Furthermore, age and disease stage are critical factors that can affect MSC function and
potential (27, 28).

MSC differentiation can be controlled by exogenous factors including hormones, growth
factors, and extracellular matrix molecules. /n1 vitro, bone marrow-derived mesenchymal
stem cells (bmMSC) have been shown to differentiate towards bone, cartilage, muscle,
adipose tissue, and tendon (30). In particular, osteogenesis of bmMSC is commonly induced
in vitro by adding dexamethasone, beta-glyocerophosphate (3-GP), and ascorbic acid to the
culture media (31-34). Dexamethasone, a glucocorticoid, induces transcription of
osteogenic factors such as bone sialoprotein (35) and the a5 integrin, an activator of Runx-2,
ALP, and collagen | mMRNA expression (36). Ascorbic acid is an important cofactor in
collagen formation, the most abundant protein in the ECM of bone, and increases ALP
expression. Typically, ascorbic-2-phosphate is used in osteogenic studies as it is more stable
in cell culture (pH = 7.4, 37°C, and 5% CO,) conditions (37). Cell-secreted ALP hydrolyzes
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supplemented B-GP to form the inorganic phosphate that aids in matrix mineralization (38).
Furthermore, growth factors such as TGF-f1, TGF-B2, TGF-p3, and BMPs can be
exogenously applied in specific concentrations to differentiate bnMSC towards both the
osteogenic and chondrogenic lineages (31). MSC differentiation can also be directed
through matrix identity, matrix stiffness mechanical stimulation, substrate stiffness and
nanotopographical cues (39-43). The ability to control the phenotype of these progenitor
cells makes them a valuable resource for tissue engineering approaches to bone
regeneration.

Autologous bmMSC have advantages when designing cell-based therapies, because they
avoid issues of immune rejection and can be harvested from patients using relatively simple
surgical procedures. Clinical studies have been performed in which autologous bmMSC
were purified from bone marrow aspirates, followed by ex vivo expansion and subsequent
reimplantation as therapies for graft-versus-host-disease, liver disease, bone fractures, heart
failure, and multiple sclerosis (44). Biopsy from the iliac crest is the most widely used
procedure for obtaining bone marrow from which bmMSC can be purified. However, this
method is associated with donor site pain and other types of morbidity. Furthermore, bone
marrow aspirates contain bmMSC at a frequency of only 0.001-0.01% of total marrow cells,
and therefore yield a relatively low number of bmMSC after isolation. For these reasons,
other sources of MSC have been examined and developed for cell-based therapies.

Allogeneic cells and tissues typically elicit a host immune reaction upon implantation. This
response can be managed through pharmacological immune suppression, but may also cause
an array of undesired side effects. Interestingly, it has been suggested that bmMSC are
hypoimmunogenic relative to other cell types, and therefore that they may be useful for
therapeutic purposes even in the absence of immune modulation (45, 46). Studies have
shown that bmMSC can inhibit T-cell proliferation through the secretion of soluble factors
such as hepatocyte growth factor (HGF), TGF-B1, and interleukin-10 (IL-10) (47-49). It is
thought that these growth factors and cytokines create an immunosuppressive environment
around bmMSC, resulting in a delayed and attenuated immune response. Allogeneic
bmMSC offer the great advantage that they could be produced in large quantities for
therapeutic use, allowing more comprehensive quality control of both safety and function.
The possibility of using these cells without immunosuppression makes them very attractive
for cell-based therapies.

Adipose-derived stem cells (AdSC) are a subtype of MSC that are derived from fat tissue.
They are considered separately here because of the great interest in their use, engendered by
the ease of isolating them from adipose tissue and their associated translational potential
(50). These cells can be isolated from liposuction aspirates or other biopsies (51, 52), and
have been shown to differentiate into a variety of mesenchymal cell lineages including bone
(53, 54), fat (55, 56), and cartilage (57-59). Similar to bmMSC, AdSC have been shown to
possess immunomodulatory properties allowing for inhibition of inflammatory cytokines
(60, 61).

Osteoblasts are the secretory cells that form the collagen matrix present within the bone
structure. These cells also secrete non-collageneous proteins such as osteocalcin,
osteopontin, and osteonectin, which participate in the mineralization process required to
create mature bone. Osteoblasts also play a primary role in fracture healing. They are
recruited towards fracture sites and deposit matrix to achieve the appropriate geometry
required to fill the defect. In tissue engineering applications, primary osteoblasts (62, 63),
osteoblast cell lines (64, 65), and pre-osteoblast cell lines (66—-68) have typically been used
to demonstrate efficacy in up-regulating osteogenic genes in vitro and bone formation /n
vivo. The use of primary osteoblasts in bone regeneration has the advantage that cell
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differentiation is not required, but an autologous source would be required. However, these
cells have limited proliferative capacity /n vitro and therefore present challenges in
obtaining a sufficient quantity of cells to achieve a therapeutic effect (67).

Endothelial Cell (EC) Types

Endothelial cells (EC) line the blood vessels and are present throughout the vasculature in
the human body (70, 71). These cells have the ability to self-assemble into vascular tubes
when isolated and then cultured in protein materials such as collagen and fibrin (72, 73).
Vessel formation can also occur under the guidance of pro-angiogenic factors such as
VEGF, FGF, HGF, and platelet-derived growth factor (PDGF) (74, 75).

Endothelial cells can be extracted from numerous tissue sources, including umbilical cords,
dermal tissue, and the saphenous vein (71). A commonly used macrovascular cell type is
human umbilical vascular endothelial cells (HUVEC), which can be isolated from discarded
umbilical cords through a facile collagenase digestion procedure. HUVEC can form
capillary-like structures when co-cultured in 3D matrices with stromal cells, including
fibroblasts (76), bmMSC (72, 77), and AdSC (78). Secreted factors from the MSC, such as
MMPs, allow migration of HUVEC through matrices, thereby enabling the cells to combine
and form tubular structures (77). Human dermal microvascular endothelial cells (HMVEC)
are an alternate endothelial cell source for the engineering of vascularized tissue that can be
isolated from neonatal foreskin (79) or adult skin capillaries (80). HMVEC have been shown
to create vessel-like structures /n vitro when co-cultured with stromal cell types such as
fibroblasts (81), and have yielded perfused vessels in vivo (82). An advantage of HMVEC is
that they potentially represent an autologous cell source for therapeutic neovascularization.

Endothelial progenitor cells (EPC) have also been studied for their ability to form capillary-
like structures /n vivo when co-cultured with stromal cells (83). EPC are a somewhat
heterogeneous cell type that can be derived from a number of sources including from adult
bone marrow, adult peripheral blood, and umbilical cords. There are two types of EPC
which can be obtained from peripheral blood: late outgrowth and early outgrowth, which
differ in their culture times, proliferative potential, and gene expression (84). Au et al. (85)
showed that EPC derived from umbilical cord blood and EPC derived from adult peripheral
blood can both form vessels /n vivo when co-cultured with fibroblasts, but the stability and
density of the vessels differed. EPC can be obtained from adult humans, and therefore they
offer the potential of an autologous stem cell use in engineered tissues.

Other sources of EC such as those isolated directly from the bone marrow (bmEC) (86) and
EC derived from an original progenitor cell source such as AdSC (87) or bnMSC (88) are
being explored, including as sourced in vascularized bone tissue engineering applications.
While these cell types are less commonly used, they have potential advantages in terms of
ease of procurement and use as an allogeneic cell source. However, the methods for
consistently isolating these cells are still being developed, and the full functional
characterization of these sources as vasculogenic EC are not yet complete.

In Vitro Co-Culture Models of Vascularized Bone Formation

A variety of two-dimensional (2D) experimental models have been employed to study the
mechanisms of both osteogenesis and angio/vasculogenesis, with the aim of understanding
the relationships and interactions between various cell types /n vitro (Table 1). Early co-
culture studies established a synergistic relationship between endothelial cell types and
osteoblastic cell types. Co-culturing these cell types together caused an upregulation of the
activity of the osteogenic marker ALP in bmMSC, AdSCs, and osteoblasts (89-92).
Increased ALP expression requires direct contact between the two cell types, allowing for
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gap junctional communication between HUVEC and osteoblasts (92). It has also been
suggested that ALP mRNA is stabilized by p38 mitogen-activated protein kinase expressed
by EC in the system (93). However the contribution of EC to osteogenesis is complex, and
other 2D co-culture models have shown downregulation of osteogenic factors such as Runx2
and osteocalcin (94, 95).

Other work has demonstrated a positive effect of EC on both bmMSC and osteoblast
proliferation (96), putatively through inactivation of the pro-apoptotic protein BAD (97).
Conversely, MSC and osteoblasts secrete pro-angiogenic factors such as VEGF (98),
causing upregulation of the VEGF receptor in EC, which in turn increases ALP expression
in bmMSC and osteoblasts (99). The sonic hedgehog pathway is implicated as one of the
main signaling pathways that control both angiogenesis and osteogenesis in these co-culture
models (100). The secretion of pro-angiogenic factors from bmMSC has also been suggested
to be differentiation-state dependent, such that osteogenically induced bmMSC show
reduced secretion of VEGF and FGF-2, leading to a decrease in EPC chemotaxis (101).
Other studies have investigated the effects of modulating cell ratio, cell type, and culture
medium in order to optimize both osteogenic and angiogenic conditions of the two cell types
(102-106).

Three-dimensional (3D) co-culture systems using a variety of natural and synthetic
biomaterials have also been employed as systems to study concurrent angio-/vasculogenesis
and osteogenesis. Three-dimensional spheroid co-culture of bmMSC and HUVEC was
shown to produce well-organized 3D vascular structures /in7 vitro (107). Further, the authors
observed an increase in ALP expression in the bmMSC/HUVEC co-culture system
compared to a control (bmMSC/fibroblast) co-culture system. These effects were attributed
to enhanced activation of Wnt signaling as evidenced by [-catenin expression, as well as
upregulation of BMP signaling through elevated pSmad 1/5/8 expression (107).

Similarly, 3D solid scaffold-based co-culture systems have been investigated. Santos et al
cultured HMVEC with osteoblasts on fiber-mess scaffolds composed of a blend of corn
starch and polycaprolactone (PCL) scaffolds and observed alignment of EC and expression
of collagen IV, an endothelial basement membrane protein, after 21 days of culture (108).
Further gene expression analysis showed upregulation of key osteogenic and angiogenic
genes such as collagen I, VEGF, ALP, and VCAM-1. Direct cell-cell contact between the
two cell types promoted increased VEGF secretion and high expression of the gap junction
protein connexin 43 was detected at the osteoblast-HUVEC interface. These data suggest
that heterotypic intercellular crosstalk between the two cell types impacts their respective
gene expression profiles. Beta-tricalcium phosphate (B-TCP) scaffolds were assessed for
their ability to support both HUVEC and bmMSC co-cultures as shown in Figure 3 (109). /n
this study, the authors investigated the effects of mono- or co-cultured bmMSC and HUVEC
at various ratios (bmMSC:HUVEC ratios of 5.1, 1:1, and 5:1). This system was permissive
to both bmMSC and HUVEC proliferation, vessel-like structure formation by the HUVEC,
and upregulation of ALP. Poly(lactide-co-glycolide) (PLGA) scaffolds have also been
employed as scaffolds to support co-cultures of bmMSC and EPC. Nukavarapu et. al
observed increases in BMP-2 and VEGF gene expression as well as ALP expression on
macro-porous scaffolds fabricated from PLGA microspheres (110). Moreover, other
scaffolding materials such as PCL (86) and polyester-urethane (111) can support co-cultures
of bmMSC and EC.

In Vivo Regeneration of Vascularized Bone Tissue

Combined osteogenic/angiogenic cell-based co-culture systems have been applied to
generating vascularized bone tissue in both ectopic and orthotropic sites /n vivo (Table 2).
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After demonstrating that HMVEC increase osteogenic differentiation of bmMSC through
the secretion of BMP-2, Kaigler et al investigated the co-transplantation of HMVEC and
bmMSC on PLGA scaffolds into the dorsal region of SCID mice and monitored ectopic
bone formation after 8 weeks (112). The authors observed no differences between total
blood vessel content in the implants containing both cell types, compared to implants with
bmMSC alone. However, there was a significant increase in bone formation in the HMVEC
+bmMSC condition, compared to the bmMSC alone implants. In another study, examination
of culture conditions of HUVEC and bmMSC /n vitro suggested that vasculogenesis needed
to be induced prior to osteogenesis (113). The two cell types were then cultured for 6 weeks
on decellularized bone grafts and implanted subcutaneously into nude mice, which resulted
in bone formation.

Scaffold-less co-transplantation of bmMSC and HUVEC has also been investigated as a
means of generating ectopic bone formation (114). A dense cell sheet was constructed by
seeding bmMSC in a monolayer and inducing the cells towards the osteogenic phenotype.
HUVEC were then seeded on top of the bmMSC cell layer, which created a vessel-like
network within the cell sheet. After transplantation of the co-cultured cell sheet into nude
mice, immunohistochemical analysis demonstrated expression of the bone marker
osteocalcin, and integration of transplanted HUVEC with host vasculature. Ectoptic
osteogenesis has also been evaluated through the co-transplantation of EPC and bmMSC on
collagen fiber mesh scaffolds into nude mice subcutaneously (115). Neovasculature and
total bone area, as measured by capillary density and histological analysis, were both
increased in the co-culture group compared to the bmMSC only condition after 12 weeks of
implantation. Ectopic bone formation has also been achieved in a large animal model. Geuze
et al combined EPC and bmMSC on biphasic calcium phosphate scaffolds and implanted
them intramuscularly into a goat model (116). The authors observed significant increases in
bone formation in the co-culture condition compared to acellular controls, however there
was no significant difference in bone generation compared to the bmMSC alone group.
Similar results were observed by Fedorovich et al using goat bmMSC and goat blood-
derived EPC in a subcutaneous ectopic bone model in nude mice (117).

An interesting approach to engineering vascularized bone grafts was demonstrated by
Tsigkou et al (118). Bone marrow MSC were first seeded onto porous PLGA scaffolds and
predifferentiated toward the osteogenic lineage for one week of /n vitro culture (Figure 4).
The scaffolds were then seeded with a collagen-fibronectin hydrogel containing HUVEC
and bmMSC, and were implanted subcutaneously into SCID mice. Seeded HUVEC were
shown to connect with host vasculature, and ectopic bone formation and expression of
osteocalcin was achieved after 8 weeks of implantation.

Orthotopic models in animals have also demonstrated the potential of MSC and EC co-
cultures systems to regenerate bone, but the results have been mixed. Calvarial defects in
rodents are a common orthotopic model. Early studies by Kaigler et al combined bmMSC
and HMVEC on PLGA scaffolds to assess bone regeneration in a rat cranial defect model
(119). Bone mineral density of the bnMSC+HMVEC group was significantly higher after 6
weeks compared to the bmMSC alone condition, but was not statistically different after 12
weeks post-implantation. Conversely, bone volume was not statistically different after 6
weeks of implantation, but was significantly higher in the co-culture condition after 12
weeks. Koob et. al also used calvarial defects in SCID mice to study the effect of bmMSC
+HUVEC co-cultures that were embedded in fibrin/Matrigel™ hydrogels and then seeded
onto decalcified bone scaffolds (120). Human EC were successfully transplanted into the
mice, as demonstrated by positive human CD31 staining. However, the dual (MSC
+HUVEC) group showed no significant increase in either capillary or bone formation in the
implant site, relative to controls. This result was attributed to a lack of direct contact
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between implanted HUVEC and bmMSC as well as the contribution of endogenous
angiogenesis from the host, which enabled comparable bone formation in controls. In a
separate study, pre-differentiation of AdSC toward the bone lineage and co-transplantation
with HUVEC on PCL/PLGA/TCP scaffolds yielded different results (121). More rapid and
more extensive bone regeneration was observed in the AdSC+HUVEC group compared to
the AdSC alone condition, indicating a beneficial response to the addition of HUVEC. In a
study using EPC+bmMSC co-cultures on PLGA scaffolds, no significant increase in
neovascularization was observed compared to the bmMSC alone group (122). Further, the
dual group did not yield improved bone regeneration compared to the bmMSC or EPC
groups, which the authors attributed to low transplantation efficiency of EPC /n vivo.

Femoral defects are another orthotopic model that has been used to study osteogenesis
induced by bmMSC+EC co-cultures. In this model, co-transplantation of bmMSC and
HUVEC embedded within alginate microspheres enhanced bone regeneration compared to
the bmMSC alone condition, suggesting a synergistic response of HUVEC with transplanted
bmMSC (123). Co-transplantation of EPC and bmMSC on fibronectin-coated -TCP
scaffolds also showed promising results (124). Both neovascularization and bone volume
fraction were increased in the dual group compared to the cell types individually at the early
time points of one and four weeks. Importantly, after 8 weeks, bone quality was significantly
higher in the EPC+bmMSC group, as measured by ultimate load measurements, indicating a
potential benefit of generating highly vascularized engineered bone.

Summary and Conclusions

The healing of large bone defects remains a particular clinical challenge due to the need to
establish vascularization in appropriate conjunction with bone regeneration. Approaches to
this problem using growth factor and gene delivery have shown some promise, but results
have been variable, and consistently robust regeneration has not been achieved. Only cells
can create new bone and new vasculature, and therefore cell-based therapies are particularly
promising for the treatment of large bone defects where the native cellular component may
be absent. Numerous cell types have been used in this application, including bone marrow
mesenchymal stem cells, adipose-derived stem cells, osteoblasts, umbilical vein endothelial
cells, dermal microvascular endothelial cells, and endothelial progenitor cells. Each cell type
presents its own advantages and disadvantages, particularly in their capacity to be used as an
autologous or allogeneic source.

In vitro 2D co-cultures models have provided a deeper mechanistic understanding of the
crosstalk between MSC and EC that is critical to regenerating mature and stable tissue. For
example, expression of ALP, an osteogenic protein, by MSC is increased when they are co-
cultured with EC. At the same time MSC secrete VEGF, which induces local EC to form
primitive tubular networks. Similarly, in vitro 3D co-cultures using various natural and
synthetic biomaterials have provided proof-of-concept studies to demonstrate cell survival
and maintenance of both osteogenic and angiogenic phenotypes. Furthermore, these
scaffolds have served as materials to transplant cells /n vivo in both ectopic bone formation
and orthotopic bone regeneration models. The transplantation of MSC and EC co-cultures /n
vivo has shown promising results in generating vascularized bone and in regenerating higher
quality bone faster compared to transplanting either cell type alone.

Cell-based approaches to the engineering of vascularized bone have the potential to promote
faster, more efficient, and more complete healing of recalcitrant bone defects. A key
question is what type of cells are the most appropriate for particular applications, and what
phenotype of each cell type is the most conducive to achieving the desired results. One
strategy that has been investigated recently is to pre-differentiate progenitor cells such as
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bmMSC towards the osteogenic lineage, and use them in conjunction with EC of the
appropriate phenotype to create multiphase, vascularized bone tissue (118). However, other
cell types and cell combinations may also add value in bone regeneration. Work in our lab
has focused on creating defined cellular microenvironments in the form of 3D protein
hydrogel “microbeads” that contain embedded cells. By controlling the composition of the
microbeads, progenitor cell phenotype can be guided toward desired osteogenic lineages
(125, 126). Another advantage of the microbead format is that different types of
microenvironments (containing different cell types) can be created separately, and can
subsequently be combined to form multiphase tissues (127). For example, osteogenic
microbeads could be embedded within a vasculogenic matrix (73) to promote formation of
endothelial networks around a nascent bone phase, and thereby achieving a dual phase
osteogenic/vasculogenic tissue. These and other similar approaches are rapidly emerging as
the fields of organogenesis, tissue engineering, and cell-based therapies advance toward
understanding how multi-component tissues can be created and controlled.

This review has endeavored to summarize the key cellular components and processes
involved in regenerating vascularized bone tissue, and how biologists and bioengineers have
attempted to mimic these processes /n vitroand /n vivo. 1t is clear that an interplay between
osteogenic and vasculogenic cells is required to create vascularized bone, and the studies
summarized above have provided insight into these interactions. The 2D and 3D studies that
have been performed to date suggest that targeting of vasculogenesis concomitantly with
osteogenesis can lead to more rapid, robust, and mature bone formation. However these
early approaches need to be validated in pre-clinical large animal models, before they can be
investigated in humans. The ability to generate well-vascularized bone tissue /in vivowill
expedite clinical translation of cell-based approaches to bone tissue engineering.
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BMPs Bone morphogenetic proteins
ECM Extracellular matrix

IGF Insulin-like growth factor

TNF-a Tumor necrosis factor alpha
TGF-f Transforming growth factor-beta
ALP Alkaline phosphatase

VEGF Vascular endothelial growth factor
FGF Fibroblast growth factor

MSC Mesenchymal stem cells

bmMSC Bone marrow-derived mesenchymal stem cells
AdSC Adipose-derived stem cells

B-GP Beta-glyocerophosphate

EC Endothelial cells
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PDGF Platelet-derived growth factor
HUVEC Human umbilical vascular endothelial cells
HMVEC Human dermal microvascular endothelial cells
EPC Endothelial progenitor cells
bmEC Bone marrow endothelial cells
2D Two-Dimensional
3D Three-Dimensional
PCL Polycaprolactone
B-TCP Beta-tricalcium phosphate
PLGA Poly(lactide-co-glycolide)
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Figure 3.

(A) Kang et al showed endothelial network formation by HUVEC on B-tricalcium phosphate
scaffolds after 14 days of co-culture with bmMSC. CD31 is labeled red and cell nuclei are
labeled blue. Scale bar = 10 um. (B and C) Both cell proliferation and alkaline phosphatase
expression were modulated in co-culture conditions. All panels were adapted from (109).
Copyright 2013 Elsevier B.V.
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(A) Tsikgou et al seeded bmMSC on PLGA scaffolds and pre-differentiated them towards
the osteogenic lineage prior to embedding the scaffolds in a collagen-fibronectin hydrogel
containing a bmMSC and HUVEC co-culture. (B) /n vitro formation of vessel-like
structures after 21 days of culture. MSC (eGFP) and HUVEC (tdTomato) were transduced
with a lentivirus to fluorescently label the cells. Scale bar = 50 um. (C) Von Kossa staining
after 8 weeks of subcutaneous implantation in immunodeficient mice. Calcium deposition
was observed on the pore surfaces of the implanted scaffold. Scale bar = 500 ym. (D)
Osteocalcin, a late marker of osteogenesis, was also present throughout the scaffold. Scale
bar = 100 pm. All panels are adapted from (118). Copyright 2010 National Academy of
Sciences of the United States of America.
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In Vitro Co-culture Models.

Table 1

Study Osteogenic Cell Vasculogenic Cell Culture M ethod
Villars et al (89) bmMSC HUVEC 2D
Laranjeira MS et al (90) bmMSC HMVEC 2D
Wang J et al (91) AdsC HUVEC 2D
Stahl A etal (92) Osteoblasts HUVEC 2D
Hager S et al (93) Osteoblasts HUVEC 2D
Xue 'Y et al (94) bmMSC HUVEC 2D
Guillotin B et al (95) bmMSC HUVEC 2D
Leszczynska J et al (96) bmMSC HUVEC 2D
Steiner D et al (97) bmMSC/Osteoblasts HUVEC 2D
Kaigler D et al (98) bmMSC HMVEC 2D
Grellier M et al (99) bmMSC HUVEC 2D
Dohle E et al (100) Osteoblasts EPC 2D
Hoch Al et al (101) bmMSC EPC 2D/Matrigel coatings
Bidarra SJ et al (102) bmMSC HUVEC 2D
Ma J et al (103) bmMSC HUVEC 2D/3D Cell Pellets
Kolbe M et al (104) bmMSC EPC 2D Fibronectin coatings
Pedersen TO et al (105) bmMSC HUVEC 2D
Thébaud NB et al (106) bmMSC HUVECS/EPC 2D
Saleh FA et al (107) bmMSC HUVEC 3D Spheroid
Santos Ml et al (108) Osteoblasts HMVEC PCL scaffolds
Kang Y et al (109) bmMSC HUVEC B-TCP scaffolds
Nukavarapu SP et al (110) bmMSC EPC PLGA scaffolds
Choong CSN et al (86) bmMSC bmEC PCL scaffolds
Buschmann J et al (111) Osteoblasts Thoracic artery EC PEU scaffolds

wduosnue Joyiny vd-HIN

Abbreviations: bmMSC - bone marrow Mesenchymal Stem Cells; AdSC — Adiposed-derived Stem Cells; HUVEC — Human Umbilical Vein
Endothelial Cells; HMVEC — Human Microvascular Endothelial Cells; EPC — Endothelial Progenitor Cells; bmEC — bone marrow Endothelial
Cells; EC - endothelial cells; 2D — Two-Dimensional; 3D — Three-Dimensional; PCL - polycaprolactone; B-TCP - Beta-tricalcium phosphate;
PLGA - Poly(lactide-co-glycolide); PEU - polyester-urethane
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Table 2

In Vivo Bone Formation and Regeneration Studies.

Page 24

Study Osteogenic Cell | Vasculogenic Cell Scaffold Animal Model
Kaigler D et al (112) bmMSC HMVEC PLGA Mouse SubQ
Correia C et al (113) bmMSC HUVEC Decellularized bone grafts Mouse SubQ

Mendes LF et al (114) bmMSC HUVEC Cell sheet Mouse SubQ
Usami K et al (115) bmMSC EPC Collagen Mouse SubQ
Geuze RE et al (116) bmMSC EPC Biphasic CP Goat IM
Fedorovich NE et al (117) bmMSC EPC Matrigel Mouse SubQ
Tsikgou et al (118) bmMSC HUVEC PLGA/Collagen-fibronectin Mouse SubQ
Kaigler D et al (119) bmMSC HMVEC PLGA Rat Cranial
Koob S et al (120) bmMSC HUVEC Fibrin/Matrigel Mouse Cranial
Kim JY etal (121) AdSC HUVEC PCL/PLGA/TCP Rat Cranial
He J et al (122) bmMSC EPC PLGA Rat Cranial
Grellier M et al (123) bmMSC HUVEC Alginate Mouse Femoral
Seebach C et al (124) bmMSC EPC Fibronectin-coated -TCP Rat Femoral

Abbreviations: bmMSC - bone marrow Mesenchymal Stem Cells; AdSC — Adiposed-derived Stem Cells; HUVEC - Human Umbilical Vein
Endothelial Cells; HMVEC — Human Microvascular Endothelial Cells; EPC — Endothelial Progenitor Cells; PLGA - Poly(lactide-co-glycolide); CP
— calcium phosphate; PCL — polycaprolactone; TCP - tricalcium phosphate; B-TCP - Beta-tricalcium phosphate; SubQ — subcutaneous; IM —

intramuscular
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