BONE AND CARTILAGE REGENERATIVE
ENGINEERING

Control Arthritis Arthritis + OPG

Osteoprotegerin (OPG, the decoy receptor for the tumor necrosis factor family molecule osteopro-
tegerin ligand or OPGL) prevents bone and cartilage destruction in the presence of severe inflam-
mation. (A, D), Bone and joint structure in the normal hind paw showing dense bony plates, intact
articular cartilages and marrow cavities containing scattered hematopoietic precursor cells. Proxi-
mal (p) distal (d) intertarsal joints. (B, E), Disrupted bone and joint structure in AdA rats (day 16)
with severe mononuclear infiltration in the bone marrow (asterisk), and pannus (arrow); advanced
destruction (arrowheads) of cortical (c), subchondral (s), and trabecular (t) bone; and erosion of
the articular cartilages. The marrow cavity contains a marked mononuclear cell infiltration (aster-
isk) containing numerous osteoclasts (0). These rats show severe clinical crippling. (C, F), Pre-
served bone and joint structure of AdA rats (day 16) treated with OPG (1 mgkg™ day™) on days
9-15. OPG-treated rats exhibit extensive mononuclear cell infiltration of bone marrow (asterisk)
and pannus formation (arrow), but cortical (c), subchondral (s), and trabecular (t) bone and articular
cartilages are intact. Note the absence of osteoclasts as compared with non-OPG-treated rats (E).
See color insert.
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These rats do not show any clinical signs of crippling. (G) Normal cartilage integrity in control
rats as determined by toluidine blue staining. The matrix of normal articular cartilage is uniformly
stained, and the underlying bony plates are dense. (H) Cartilage matrix degeneration in AdA rats
(day 16). Uniform pallor (small arrow) in the upper half of articular cartilages denotes extensive
loss of matrix proteoglycans. Subchondral (s), cortical (c), and trabecular (t) bone is extensively
eroded, and the marrow cavity is filled with inflammatory cells (asterisks). (I) OPG treatment pre-
serves matrix proteoglycans of arthritic rats (day 16) treated with OPG (1mgkg™ day™) on days
9-15. Note modest reduction of toluidine blue staining in peripheral cartilage regions that are in
direct contact with inflamed synovial tissue (asterisks) or pannus (arrows). Subchondral (s), cortical
(c) and trabecular (t) bone is intact. Staining: H&E (A-F); toluidine blue (G-I). Magnifications:
50x (A-C); 250x (D-F); 75% (G-I). (Reprinted by permission from Macmillan Publishers Ltd.:
Kong YY et al: Activated T cells regulate bone loss and joint destruction in adjuvant arthritis
through osteoprotegerin ligand, Nature 402:304-9, copyright 1999.) See color insert.

ANATOMY AND PHYSIOLOGY OF THE BONE

Structure [22.1]

Bones are considered hard connective tissues and are major constituents of the skeletal
system. A typical bone is composed of several structures, including the periosteum,
compact bone, cancellous bone, and endosteum. The periosteum is a soft connective tissue
structure, which covers the exterior of the bone. The periosteum is composed of several
layers, including an external connective tissue layer containing blood vessels and nerve
fibers and an internal cellular layer containing osteoblasts, osteoclasts, and osteochondral
progenitor cells. The compact bone is a thick layer immediately beneath the periosteum.
This layer consists of primarily hard bone matrix, a component that carries mechanical
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loads. The compact bone consists of blood vessels, which enter the bone from the perios-
teum through perforating canals. The cancellous bone is located internal to the compact
bone and is a spongy meshwork composed of trabeculae (about 100 um in size) and small
cavities between the trabeculae. The trabeculae are aligned in the direction of weight-
bearing stress. The endosteum is the innermost layer of a bone, which is composed of cell
types including osteoblasts, osteoclasts, and bone progenitor cells. In long bones, such as
the femur and tibia, there is a central cavity known as the medullary cavity. Short and flat
bones are not composed of a central cavity. The small cavities of the cancellous bones
and the medullary cavity contain bone marrow, where hematopoietic stem cells and
stromal cells are located.

At the micro-structural level, a bone is composed of two types of components: bone
cells and matrix. There are four types of bone cells, including osteoblasts, osteocytes,
osteoclasts, and osteochondral progenitor cells. Osteoblasts are cells that generate extra-
cellular matrix components, including collagen and proteoglycans. These cells also play
a critical role in osteogenesis or the formation of the hard bone matrix, known as hydroxy-
apatite crystals, by controlling the accumulation, release, and metabolism of calcium and
phosphate ions. Osteocytes are mature osteoblasts that are located within the bone matrix.
The function of the osteocytes is similar to that of the osteoblast. However, the activity
of the osteocytes is reduced compared to the osteoblasts. Osteoclasts are cells that induce
and regulate bone degeneration and resorption. These cells are located in the inner layer
of the periosteum and endosteum. Osteoclasts can produce and release enzymes that break
down the bone matrix. The matrix debris is endocytosed by osteoclasts. Osteochondral
progenitor cells are cells that can give rise to osteoblasts and osteoclasts in the bone and
chondroblasts in the cartilage. These cells are located in the internal layer of the perios-
teum and endosteum. Damaged osteoblasts and osteoclasts are replaced with newly gener-
ated cells from the osteochondral progenitor cells. A typical bone is composed of about
40% cellular and extracellular matrix components (primarily collage fibers) and about
60% hard mineral materials. The extracellular matrix and the mineral materials constitute
the bone matrix. The mineral phase is composed of hydroxyapatite, a calcium phosphate
crystal structure. The mineral materials provide mechanical strength, while the extracel-
lular matrix provides flexibility to the bone.

Functions of the Bone [22.1]

Structural and Mechanical Support. Bones and cartilages provide support to tissues and
organs, ensuring the structural integrity and stability of tissues and organs. There are a
large number of bones in the body. These bones are connected by soft connective tissues
known as ligaments. Bones participate in the movement of the body. Skeletal muscles
attach to various bones by tendons. Forces generated by muscular contraction are trans-
mitted to the bones, resulting in the movement of the involved body parts. Bones are
the most important components for the protection of internal organs from mechanical
injury. For instance, the skull protects the brain and the rib cage protects the heart and
lungs.

Generation of Stem Cells. Bones contain bone marrow in the internal cavities. Bone
marrow is composed of hematopoietic stem cells, which are capable of generating blood
cells. In addition, the bone marrow contains marrow stromal cells, which support hema-
topoietic stem cells by providing necessary soluble factors for the development, survival,
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and differentiation of the hematopoietic stem cells. The marrow stromal cells also contain
stem cells for a number of systems, including the connective tissue, blood vessels, heart,
brain, and liver. These aspects are discussed in detail on page in Chapter 9.

Bone Formation and Resorption. The skeletal system conducts coordinated bone forma-
tion and resorption. The function of the bone is dependent on the maintenance of the
dynamic balance of both processes. When bone resorption exceeds bone formation, the
mass and strength of the bone reduces, resulting in a disorder known as osteoporosis (see
page 918 of this chapter). Bone formation is a series of regulated processes, including the
generation and release of collagen-dominant extracellular matrix (primarily type I colla-
gen) by osteoblasts, the organization of collagen matrix into a framework, and the deposi-
tion of calcium and phosphorus minerals in the matrix framework, forming crystal
structures of hydroxyapatite. Bone formation is influenced by a number of factors, includ-
ing the activity of osteoblasts and the concentration of calcium and phosphorus. Osteo-
blasts control the production and release of collagen matrix, which nucleates mineral
deposition and bone formation. Thus the rate of collagen production influences the rate
of bone formation. A critical concentration of calcium and phosphorus is required for the
formation of the mineral phase. The concentration of calcium and phosphorus is propor-
tional to the rate of bone formation.

Osteoblasts are a major cell type that controls bone formation. These cells differentiate
from the mesenchymal progenitor cells. The mesenchymal progenitor cells also give rise
to myocytes, adipocytes, and chondrocytes. The specification of the mesenchymal pro-
genitor cells to different cell types is controlled by distint proteins (Fig. 22.1). For instance,
a protein known as runt-related transcription factor 2 (Runx2) promotes osteoblast forma-
tion. Another protein known as osterix (Osx) acts downstream of Runx?2 to stimulate the
maturation of osteoblasts. Two types of protein known as myogenic regulatory factors
(MRFs) and myocyte-enhancer factor 2 (MEF2) stimulate the mesenchymal progenitor
cells to form myocytes. The proteins CCAAT-enhancer-binding protein (C/EBP) and
peroxisome proliferator-activated receptor Y (PPAR 7) induce the differentiation of mes-
enchymal progenitor cells to adipocytes. The proteins Sox5, —6 and —9 and signal trans-
ducers and activators of transcription-1 (STAT1) stimulate the formation of chondrocytes
from the mesenchymal progenitor cells.

A number of biochemical factors are known to regulate the activity of osteoblasts and
bone development. A typical factor the Wnt protein. This protein promotes the survival,
proliferation, and expansion of pre- and immature osteoblasts, thus enhancing bone forma-
tion. The Wnt-mediated signaling activities are counterregulated by several molecules,
such as Dkks, Sfrps, and Wif-1. These molecules antagonize the Wnt signaling processes
in osteoblasts to facilitate the death of immature cells, resulting in a reduction in bone
formation (Fig. 22.2).

Bone resorption is a process by which the bone matrix is degenerated, collagen matrix
is resorbed, and calcium and phosphorus ions are released from the bone to the blood.
Osteoclasts are responsible for bone resorption. These cells can create a low pH environ-
ment and release proteinases. The acidic condition induces the degradation of the mineral
phase of the bone. Proteinases can cleave extracellular matrix components, including col-
lagen and proteoglycans. These activities result in bone resorption. The regulatory mecha-
nisms of osteoclast activation are demonstrated in Fig. 22.3. The relative activities of bone
formation and resorption vary during the different developmental stages. During the child-
hood, bone formation is dominant. During the adulthood, bone formation and resorption
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Figure 22.1. Transcriptional control of osteoblastic, chondrocytic, adipocytic and myocytic dif-
ferentiation. Osteoblasts differentiate from mesenchymal progenitor cells that also give rise to
myocytes, under the control of MRFs and MEF2?', to adipocytes under the control of C/EBP «, f3
and & and PPAR ¥, and to chondrocytes under the control of Sox5, -6 and -9* and STAT1. Runx2
is essential for osteoblast differentiation and is also involved in chondrocyte maturation. Osterix
(Osx) acts downstream of Runx2 to induce mature osteoblasts that express osteoblast markers,
including osteocalcin. Abbreviations: MRFs, myogenic regulatory factors (including MyoD, myo-
genin, myogenic factor 5 and myogenic regulatory factor 4); MEF2, myocyte-enhancer factor 2;
C/EBP, CCA AT-enhancer-binding protein; PPARgamma, peroxisome proliferator-activated recep-
tor y; STAT1, signal transducers and activators of transcription-1; Runx2, runt-related transcription
factor 2; Col-I/Il/X, type I/II/X collagen; Ihh, Indian hedgehog; BSP, bone sialoprotein; OC,
osteocalcin. (Reprinted by permission from Macmillan Publishers Ltd.: Harada S Rodan GA:
Control of osteoblast function and regulation of bone mass, Nature 423:349-55, copyright 2003.)

are dynamically balanced, maintaining a relatively constant density of bone matrix.
During the late stage of the lifespan, the rate of bone resorption exceeds that of bone for-
mation, often resulting in osteoporosis, a disorder with reduced bone matrix and strength
(Fig. 22.4).

The process of bone resorption is controlled by the osteoclasts. These cells are differ-
entiated from the haematopoietic precursor cells, which are present as bloodborne mono-
nuclear cells. Osteoclastogenesis or the formation of osteoclasts is regulated by several
biochemical fators, including M-CSF (CSF-1) and RANKL (Fig. 22.5). The activation of
M-CSF (CSF-1) and RANKL can induce the recuitment of the haematopoietic precursor
cells to the target bone. The recuited haematopoietic precursor cells can be transformed
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Figure 22.2. Effects of Wnt signaling on osseous cells. The canonical Wnt signaling pathway
promotes the proliferation, expansion and survival of pre- and immature osteoblasts. Dkks, Sfrps,
and Wif-1 antagonize Wnt signaling in osteoblasts to facilitate death of immature cells, but they
may also downregulate the pathway in mature cells to induce terminal differentiation. (Reprinted
from Westendorf JJ, Kahler RA, Schroeder TM: Wnt signaling in osteoblasts and bone diseases,
Gene 341:19-39, copyright 2004, with permission from Elsevier.)

to osteoclasts. The molecular mechanisms of osteoclast formation and maturation are
shown in Fig. 22.6. Another factor known as osteoprotegerin (OPG) serves as an antago-
nist for these osteoclast-stimulating factors. OPG can bind to and reduce the activity of
RANKL and M-CSF, resulting in a reduction in osteoclastogenesis and the activity of
osteoclasts.

Bone Metabolism. The bone matrix is constituted with minerals including calcium and
phosphorus. The bone is a tissue for the storage, transport, and metabolism of these ele-
ments. Calcium and phosphorus are transported from the blood to the bone for storage.
When the blood level of these elements is reduced, the elements are released from the
bone, ensuring an appropriate level for metabolic and regulatory processes. Calcium and
phosphorus are fundamental elements that participate in the regulation of cellular pro-
cesses such as cell division, migration, adhesion, and contraction.

There is about 1-2kg calcium in an adult body. More than 95% of the total calcium is
stored in the bone. Calcium can be mobilized and released from the bone matrix when
the calcium concentration in the extracellular space is reduced below a critical level,
whereas calcium is deposited to the bone matrix when the extracellular calcium concentra-
tion is increased. The concentration of extracellular calcium is maintained within a narrow
range from 9 to 10 mg/dL. The maintenance of such a calcium concentration is essential
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Figure 22.3. Regulation of osteoclast formation and activity. In physiologic remodeling, activation
of bone resorption requires contact between cells of the osteoblast and osteoclast lineages. M-CSF,
which may be either membrane bound or secreted, interacts with its receptor, c-fms, to stimulate
differentiation and proliferation of hematopoietic progenitors, which then express RANK as pre-
osteoclasts. Osteoclast differentiation and activity are stimulated by RANK/RANKL interaction,
and this interaction can be blocked by soluble osteoprotegerin (OPG). Bone-resorbing factors can
also stimulate COX2 activity, which may amplify responses to RANKL and OPG by producing
prostaglandins. In pathologic conditions, inflammatory and malignant cells can increase osteoclas-
togenesis by producing soluble or membrane-bound M-CSF and RANKL as well as PTH-related
protein (PTHrP), cytokines, and prostaglandins. (Reprinted with permission from Raisz LG, Patho-
genesis of osteoporosis: concepts, conflicts, and prospects, J Clin Invest 115:3318-25, copyright
2005.)

to the regulation of cellular activities such as cell adhesion, migration, proliferation, and
contraction.

The blood concentration of calcium is controlled by several factors, including calcium
absorption from the intestinal tract, calcium mobilization from and deposition to the bone
matrix, calcium excretion by the kidneys, and calcium loss via sweating. Calcium is
absorbed from diets via active transport and diffusion in the small intestine. Vitamin D
regulates the absorption of calcium (see section below). The urinary excretion of calcium
is influenced by the concentration of blood calcium. A reduction in calcium intake and
the level of blood calcium, or hypocalcemia, is associated with a decrease in urinary
calcium excretion. Hypocalcemia may occur in the presence of vitamin D deficiency,
intestinal disorders, and dietary calcium deprivation.
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Figure 22.4. In vivo radiological survey of typical mineralization in young (18 months, panel A)
and old (8 years, panel B) sheep tibia. Note in particular the overall reduced X-ray absorption in
the old tibia due to lowered mineral density, the reduction in trabecular organization, the lack of a
defined border towards the marrow cavity (arrows), and the thinning of the cortical bone (double
arrowheads), all features pointing to significant osteoporosis in the old animal. (Reprinted from
Sachse A et al: Osteointegration of hydroxyapatite-titanium implants coated with nonglycosylated
recombinant human bone morphogenetic protein-2 (BMP-2) in aged sheep, Bone 37:699-710,
copyright 2005 with permission of Elsevier.)

Phosphorus is not only a constituent of the bone matrix, but also an element participat-
ing in the regulation of molecular signaling processes, such as phosphorylation and
dephosphorylation. There is about 1kg phosphorus in an adult body. About 85% of the
total phosphorus is stored in the bone matrix. When blood phosphorus is low, phosphorus
can be mobilized from the bone matrix to form free phosphorus. Free phosphorus is
present in the form of inorganic phosphate (HPO,*~, H,PO,~, or NaHPO,"), which is found
in the blood and extracellular space (3—4mg/dL). Dietary phosphorus is absorbed in the
small intestine. The rate of intestinal absorption controls the blood level of phosphorus.
In addition to phosphorus mobilization from the bone and absorption from the intestine,
the kidney also participates in the regulation of blood phosphorus. The renal tubules can
efficiently reabsorb phosphorus from the glomerular filtrate. When the blood level of
phosphorus is low, the renal tubules can reabsorb all phosphorus from the glomerular fil-
trate if necessary.

Regulation of Bone Metabolism

Role of Parathyroid Hormone. Parathyroid hormone is a protein that stimulates bone
resorption and mobilizes calcium and phosphorus from the bone, resulting in an increase
in the blood concentration of calcium and phosphorus. The hormone is produced in the
two parathyroid glands, which are located near the thyroid glands. The parathyroid glands
are composed of several cell types, including the chief cells and oxyphil cells. The chief
cells produce parathyroid hormone. The function of the oxyphil cells remains poorly
understood. Parathyroid hormone is synthesized in the ribosomes in the form of a prepro-
hormone polypeptide with about 110 amino acids. The preprohormone is modified in the
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Figure 22.5. Osteoclastogenesis. Development schema of haematopoietic precursor cell differen-
tiation into mature osteoclasts, which are fused polykaryons arising from multiple (10-20) indi-
vidual cells. Maturation occurs on bone from peripheral bloodborne mononuclear cells with traits
of the macrophage lineage shown below. M-CSF (CSF-1) and RANKL are essential for osteoclas-
togenesis, and their action during lineage allocation and maturation is shown. OPG can bind and
neutralize RANKL, and can negatively regulate both osteoclastogenesis and activation of mature
osteoclasts. Shown below are the single-gene mutations that block osteoclastogenesis and activation.
Those indicated in italic font are naturally occurring mutations in rodents and humans, whereas
the others are the result of targeted mutagenesis to generate null alleles. Shown above are the
single-gene mutant alleles that increase osteoclastogenesis and/or activation and survival and result
in osteoporosis. Note that all of these mutants represent null mutations with the exception of the
OPG and sRANKL transgenic mouse overexpression models. (Reprinted by permission from
Macmillan Publishers Ltd.: Boyle WJ, Simonet WS, Lacey DL: Osteoclast differentiation and
activation, Nature 423:337-42, copyright 2003.)

endoplasmic reticulum and Golgi apparatus to form parathyroid hormone. The functional
form of the hormone is stored in the secretory granules.

Parathyroid hormone can be released in response to a decrease in calcium concentra-
tion. The hormone can activate osteocytes and osteoblasts within a period as short as
several minutes. These cells can release intermediate signals, which in turn activate osteo-
clasts, a type of bone-degrading cell. Note that, although the primary function of osteo-
cytes and osteoblasts is to promote mineral deposition and bone formation, these cells
mediate the activity of the bone-degrading osteoclasts in the presence of a high concentra-
tion of parathyroid hormone. Activated osteoclasts degrade bone matrix, releasing calcium
and phosphorus from the bone matrix to the extracellular space and blood. In addition,



ANATOMY AND PHYSIOLOGY OF THE BONE 915

Adhesion and cytodifferentiation Secretion and ecto-resorption

Figure 22.6. Activation of bone resorption. (A) Multinucleated polykaryons are recruited by the
action of CSF1 and RANKL, which then adhere to bone and undergo cytodifferentiation into a
mature osteoclast. (B) RANKL stimulates osteoclast activation by inducing secretion of protons
and lytic enzymes into a sealed resorption vacuole formed between the basal surface of the osteo-
clast and the bone surface. Acidification of this compartment by secretion of protons leads to the
activation of TRAP and CATK, which are the two main enzymes responsible for the degradation
of bone mineral and collagen matrices. (C) Transmission electron micrograph of an activated mouse
osteoclast with a visible ruffled border in a resorption lacunae on the periosteal femoral cortical
bone surface. Red propeller, osteoclast; black arrow, a resorption pit. (D) Scanning electron micro-
graph of human osteoclasts generated in vitro on cortical bone slices from CSF1- and RANKL-
treated peripheral blood mononuclear cells. Red propellers, osteoclasts; black arrows, a resorption
pit where the normally smooth lamellar bone surface has been resorbed to expose collagen bundles;
yellow star, nonresorbed bone surface; blue triangles, mononuclear cells (potential osteoclast pre-
cursors). (Reprinted by permission from Macmillan Publishers Ltd.: Boyle W], Simonet WS, Lacey
DL: Osteoclast differentiation and activation, Nature 423:337-42, copyright 2003.)

parathyroid hormone can stimulate the proliferation of osteoclasts. Increased osteoclasts
further enhance bone resorption and mineral release.

Parathyroid hormone can also act on the epithelial cells of the small intestine and the
tubular cells of the kidney. In the intestine, parathyroid hormone enhances the absorption
of calcium and phosphorus, resulting in an increase in the blood concentration of these
ions. In the kidney, the effect of parathyroid hormone is more complicated than that in
the intestine. The hormone stimulates the renal tubular epithelial cells to reabsorb calcium,
while it reduces the reabsorption of phosphorus. Such activities result in an increase in
the blood concentration of calcium and a decrease in the blood concentration of phospho-
rus. At the same time, the hormone also regulates the transport of magnesium, sodium,
and potassium in the kidney. It enhances the reabsorption of magnesium, while it reduces
the reabsorption of sodium and potassium.

Role of Vitamin D. Vitamin D is a hormone that is derived from 7-dehydrocholesterol, a
precursor of cholesterol, and plays a critical role in the regulation of calcium metabolism
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and homeostasis. Vitamin D is synthesized in the epidermal cells under the stimulation
of ultraviolet radiation from the sunlight. Such a stimulation can induce a photobiochemi-
cal process, by which 7-dehydrocholesterol undergoes a conformational change, resulting
in the formation of previtamin Ds;. Previtamin D; can be spontaneously converted to
vitamin D; under the stimulation of the body temperature. Vitamin D; is transported from
the epidermis to the blood via the mediation of vitamin D-binding proteins. In the liver,
vitamin D; is further converted to 25-hydroxyvitamin D [25(OH)D], a major form of
vitamin D that exists in the blood. The blood concentration of 25-hydroxyvitamin D varies
considerably under physiological conditions, ranging from 5 to 80ng/mL. However,
25-hydroxyvitamin D is not active. This form of vitamin D is metabolized in the kidney
and converted to an active form known as 1,25-hydroxyvitamin D [1,25(OH),D] under
the action of 25(OH)D-1a hydroxylase. 1,25-hydroxyvitamin D is an active form of
vitamin D.

The level of 1,25-hydroxyvitamin D is controlled by a number of factors, including the
level of sunlight exposure, the intensity of ultraviolet light, aging, the calcium concentra-
tion, and the level of parathyroid hormone. An increase in exposure to sunlight enhances
vitamin D; synthesis and promotes the formation of 1,25-hydroxyvitamin D. Aging is
associated with a progressive reduction in the rate of vitamin D; synthesis. A decrease in
the blood concentration of calcium stimulates the conversion of 25-hydroxyvitamin D to
1,25-hydroxyvitamin D. Such a calcium change also stimulates the secretion of parathy-
roid hormone, which acts on renal tubule cells and enhances the formation of 1,25-
hydroxyvitamin D. There exist many forms of vitamin D metabolites in the blood and
extracellular matrix. These forms are mostly products of vitamin D degradation and
possess vitamin D activity. However, the vitamin D metabolites are not as active as 1,25-
hydroxyvitamin D.

There are a number of functions for 1,25-hydroxyvitamin D. These include the regula-
tion of calcium and phosphorus absorption in the epithelial cells of the small intestine,
the regulation of bone resorption, and the control of cell proliferation and differentiation.
It is well known that 1,25-hydroxyvitamin D stimulates the absorption of calcium and
phosphorus in the epithelial cells of the small intestine, resulting in an elevation in the
blood concentration of these ions. The influence of vitamin D on bone resorption is depen-
dent on the concentration of vitamin D. At a high concentration in the extracellular space,
1,25-hydroxyvitamin D enhances bone resorption. This is possibly due to the stimulatory
effect of vitamin D on the bone-resorption activity of the parathyroid hormone. Such an
effect results in an increase in the concentration of calcium and phosphorus in the extra-
cellular space and blood. However, at a low level, 1,25-hydroxyvitamin D enhances bone
mineralization and matrix formation. A possible mechanism for this phenomenon is that
a low level of vitamin D may reduce the activity of the parathyroid hormone. 1,25-
hydroxyvitamin D has also been hsown to inhibit the development and activation of
osteoclasts (Fig. 22.7), thus reducing bone resorption.

Experimental investigations have demonstrated that 1,25-hydroxyvitamin D exerts
inhibitory effects on the proliferation of normal and cancer cells. For instance, 1,25-
hydroxyvitamin D inhibits the generation and secretion of renin in the renal arteries,
resulting in a decrease in the level and activity of angiotensin II. Since angiotensin II
enhances the proliferation of vascular smooth muscle cells, 1,25-hydroxyvitamin D sup-
presses vascular mitogenic activities via mediating the function of angiotensin II. Vitamin
D is also known to promote cell differentiation A treatment with 1,25-hydroxyvitamin D
can induce the differentiation of monocytes to osteoclast-like cells.
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Figure 22.7. 10.-25(OH),D; inhibits osteoclast development through VDR by acting directly on
osteoclast precursor cells in bone marrow. (A) Osteoclast precursor cells were isolated from the
bone marrow of wildtype C57BL/6J and VDR Knockout mice as M-CSF—dependent adherent cells,
and were further treated with RANKL (40ng/mL) in the absence or presence of 107M la-
25(0OH),D; for 3 days. Note that the development of TRAP-positive multinucleate osteoclasts
induced by RANKL (receptor activator of NFkB ligand) was markedly inhibited by cotreatment
with 10i-25(OH),Ds. (B) The inhibitory effect of 10-25(OH),D; on the formation of TR AP-positive
multinucleate cells (MNCs) was dose-dependent and was not seen in marrow cultures derived from
VDR knockout mice, even at the highest dose of 107 M. Data are expressed as a percentage of
vehicle-treated cultures. *P < 0.05 versus vehicle group, n = 6. (C) Expression of VDRs in the
intestine (lane 1) and osteoclast precursor cells (lane 2) as detected by RT-PCR. EF-1oo mRNA
served as control for PCR. Lane 3 contained water as a negative control. (Reprinted with permis-
sion from Takasu H et al: c-Fos protein as a target of antiosteoclastogenic action of vitamin D, and
synthesis of new analogs, J Clin Invest 116:528-35, copyright 2006.)

Mammalian cells express a nuclear receptor for 1,25-hydroxyvitamin D. The interac-
tion of 1,25-hydroxyvitamin D with this receptor induces the phosphorylation and activa-
tion of the receptor. The complex of 1,25-hydroxyvitamin D and activated nuclear receptor
serves as a transcription factor and can translocate to the cell nucleus, initiating the tran-
scription of specific target genes. The gene products in turn regulate related physiological
activities.

ANATOMY AND PHYSIOLOGY OF THE CARTILAGE [22.1]

Cartilage is a connective tissue that is mostly associated with the bone except for several
organs such as the large airways and ears. Cartilage is composed of two structures: peri-
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chondrium and internal cartilage. The perichondrium contains an external and internal
connective tissue layer. The external layer is composed of fibroblasts, extracellular matrix
(collagen fibers, elastic fibers, and proteoglycans), blood vessels, and nerves. The internal
layer is composed of cells known as chondroblasts. These cells can generate cartilage
matrix components, including collagen and proteoglycans. Chondroblasts can self-
reproduce and are responsible for cartilage growth. The internal cartilage is composed of
chondrocytes and cartilage matrix. Chondrocytes are developed from chondroblasts and
are surrounded by cartilage matrix. The cartilage matrix is an amorphous structure, which
contains scattered chondrocytes. It should be noted that a cartilage layer can be found on
the terminal surface of the bone at a joint. This type of cartilage, called articular cartilage,
does not contain perichondrium.

There are several functions for the cartilage. It provides support to adjacent bones,
serves as a structural framework for several organs, including the trachea, nose, and
ear, and constitutes the surface structure of the joint, ensuring smooth interaction
between bone surfaces. In addition, cartilage plays a critical role in mediating
bone growth. In long bones such as the femur and tibia, there exists a cartilage plate
between the end and the body of the bone. This plate is responsible for the growth of
the bone, which determines the height of the entire body. When bone growth is ceased,
the cartilage growth plate is ossified into a thin bone matrix structure known as the
epiphyseal line.

BONE AND CARTILAGE DISORDERS

Osteoporosis

Pathogenesis, Pathology, and Clinical Features [22.2]. Osteoporosis is a bone disorder
characterized by increased degeneration or resorption of the bone matrix in the entire
skeletal system, resulting in a progressive reduction in the mass of the bone, the thickness
of the compact bone, and the size and number of the trabeculae of the cancellous bone.
Osteoporosis often results in bone deterioration and fracture. Osteoporosis is a conse-
quence of imbalance between bone formation and resorption. In the healthy population,
the rate of bone formation is dynamically balanced with the rate of bone resorption. When
the rate of bone resorption exceeds that of bone formation, the bone mass reduces and
osteoporosis occurs. In such a case, the skeletal system is no longer able to resist the
physiological level of mechanical loads. A slight increase in the mechanical load may
result in bone fracture. In the normal population, bone resorption starts to exceed bone
formation at the age of 40-50. The rate of bone resorption increases with aging. Osteo-
porosis is a common disorder in the population over the age of 60.

Based on etiological factors, osteoporosis is classified into several types, including
idiopathic, postmenopausal, glucocorticoid, thyrotoxicotic, and inherited osteoporosis.
Idiopathic osteoporosis is defined as osteoporosis without identified etiological factors.
This disorder is often found in young people, especially premenopausal women. The dis-
order is associated with a decrease in blood calcium and phosphorus. Idiopathic osteopo-
rosis can be self-cured spontaneously within several years. Postmenopausal osteoporosis
is found in women with reduced production and release of estrogen, a hormone that sup-
presses bone resorption. A decrease in the level of estrogen in postmenopausal women
induces increased bone resorption and osteoporosis.
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An excessive increase in glucocorticoids, as seen in Cushing’s syndrome, can reduce
bone formation and simultaneously enhance bone resorption, often resulting in osteopo-
rosis. Glucocorticoids have been shown to enhance the effect of parathyroid hormone,
which activates the osteoclasts and mobilizes calcium from the bone matrix. Furthermore,
glucocorticoids inhibit calcium absorption in the intestine. All these effects contribute to
the development of osteoporosis.

Thyrotoxicity is a condition with increased secretion of the thyroid hormone, which is
also referred to as hyperthyroidism. Increased thyroid hormone mobilizes calcium and
phosphorus from the bone, promotes bone resorption, and enhances the excretion of
calcium and phosphorus via urine and feces. These changes can lead to osteoporosis if
hyperthyroidism prolongs. In postmenopausal women, hyperthyroidism may induce more
severe osteoporosis than the general population.

Osteogenesis imperfecta is an inherited form of osteoporosis and is characterized by
heterogeneous reduction in the mass of bone matrix. There are two types of disorder:
autosomal dominant and autosomal recessive osteogenesis imperfecta. The autosomal
dominant type of imperfecta is associated with relatively mild bone resorption and func-
tional defects. In contrast, the autosomal recessive subtype is often found within a short
period after birth and is associated with a severe reduction in the bone mass. Patients may
experience recurrent fracture of long bones such as femurs and tibias. Pathological exami-
nations usually demonstrate reduced synthesis of type I collagen and altered organization
of collagen matrix.

Conventional Treatment [22.2]. Osteoporosis is a group of disorders induced by differ-
ent etiological factors. One of the strategies for the treatment of osteoporosis is to eliminate
or alleviate the primary etiological factors, if known. For instance, postmenopausal osteo-
porosis is caused by a reduction in the level of estrogen. Administration of estrogen is the
primary choice of method for the treatment of postmenopausal osteoporosis. In osteopo-
rosis induced by increased level of glucocorticoids and thyroid hormone, a primary
approach is to treat the original diseases that enhance the production and secretion of
these hormones. Since calcium is a major component of the bone matrix, calcium admin-
istration is often necessary. An increase in the level of extracellular calcium reduces bone
resorption. In addition, fluorides can be incorporated into the bone matrix, enhancing the
crystal formation and strength of the bone. Thus fluorides have been used to treat
0Steoporosis.

Molecular Engineering Therapy. Osteoporosis is induced by progressive degeneration
of the bone matrix. Molecular regenerative approaches can be used to protect the bone
from degeneration and promote bone matrix formation. There are a number of genes
encoding proteins that are known to regulate bone matrix formation and mineralization,
including vitamin D receptor, estrogen receptor alpha, type I collagen, transforming
growth factor, and interleukin-6. The mutation of these genes and/or disorders in regulat-
ing the expression of these genes may predispose to bone degeneration, leading to osteo-
porosis. Thus, the genetic manipulation of these genes may potentially enhance bone
formation and prevent bone degeneration. Here the application of these genes to osteopo-
rosis is briefly discussed.

Vitamin D Receptor (VDR) [22.3]. The vitamin D receptor (Table 22.1) interacts with
vitamin D and participates in the regulation of calcium metabolism and bone formation.
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TABLE 22.1. Characteristics of Vitamin D Receptor*

Amino Molecular
Proteins Alternative Names  Acids ~ Weight (kDa)  Expression Functions
Vitamin D VDR, 1,25- 427 48 Ubiquitous  Serving as a
receptor dihydroxyvitamin trans-acting
D3 receptor transcriptional

regulatory
factor, which
is similar to
steroid and

thyroid
hormone
receptors in
structure,
regulating
genes involved
in mineral
(calcium)
metabolism
*Based on bibliograhpy 22.3.
TABLE 22.2. Characteristics of Selected Collagen Molecules*
Amino Molecular
Proteins Alternative Names  Acids  Weight (kDa)  Expression Functions
Collagen COLI1AL, 1464 139 Bone, skin,  Constituting
type I ol collagen tendon collagen type 1
ol(I) chain together with
collagen type I
a2
Collagen COLI1A2, 1366 129 Bone, skin,  Constituting
type I 02 collagen I 0.2 tendon collagen type 1
polypeptide together with
collagen type I
al

*Based on bibliograhpy 22.4.

At arelatively low level, vitamin D can activate the vitamin D receptor, enhancing calcium
deposition and bone mineralization. Furthermore, vitamin D inhibits the activity of osteo-
clasts, suppressing bone resorption. The mutation of the vitamin D receptor gene induces
disorder of calcium metabolism, influencing the mineralization process of the bone matrix.
When the mutation of the vitamin D receptor is an identified cause for osteoporosis, the
transfer of the wildtype vitamin D receptor gene may be considered for the treatment of
the disorder.

Type I Collagen Gene [22.4]. Type I collagen is a major type of matrix molecule in the
bone. This collagen is composed of collagen type I ol and collagen type I o2 chains (both
are listed in Table 22.2). The genes encoding these chains are COLIAI and COLIA2,
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respectively. The mutation of these genes may influence the formation of the collagen
matrix. For instance, there exists a polymorphism in the introns of the COLIAI gene.
This polymorphism induces alterations in the regulation of gene transcription, resulting
in a shift in the ratio of the alphal to alpha2 collagen chains. These abnormalities affect
the formation of type I collagen as well as the collagen matrix in the bone. Since the
integrity of the collagen matrix is critical to the mineralization of the bone matrix, any
disorder in the formation of collagen matrix may contribute to bone degeneration and the
development of osteoporosis. When disordered formation of collagen matrix is the cause
of osteoporosis, the transfer of the wildtype type I collagen gene should be considered for
the treatment of the disorder. Furthermore, when gene mutation is the cause of bone dis-
orders, targeted correction of mutant genes by transfecting cells with viral vectors may
be an effective approach for the treatment of bone disorders.

Estrogen Receptor [22.5]. This receptor interacts with the hormone estrogen and enhances
bone formation. Postmenopausal women are often associated with osteoporosis because
of estrogen reduction or deficiency. Estrogen is known to suppress the activity of
cytokines, including tumor necrosis factor ¢, interleukin (IL)1, IL6, IL11, macrophage-
colony stimulating factor, and prostaglandin E, via interaction with the estrogen receptor.
The loss of estrogen and/or estrogen receptor is often associated with activation of these
cytokines, which stimulate the proliferation of osteoclasts. Activated osteoclasts induce
bone resorption. Mutation of the estrogen receptor gene may also lead to enhanced bone
resorption. In the case of osteoporosis due to the malfunction of the estrogen receptor
gene, the transfer of a functional gene into the skeletal system may help to enhance bone
formation.
Characteristics of several estrogen receptors are listed in Table 22.3.

Calcitonin [22.6]. Calcitonin (Table 22.4) is a peptide hormone that is synthesized by
the parafollicular cells of the thyroid. Its function is to inhibit the activity of osteoclasts,
resulting in the suppression of bone resorption and a reduction in serum calcium. Calci-
tonin exerts an effect opposite to that of the parathyroid hormone. The protein form of
calcitonin can be delivered to disordered bones for the treatment of osteoporosis. Clinical
studies have provided promising results for the use of calcitonin. Alternatively, the gene
of calcitonin can be cloned, amplified, and used for therapeutic purposes. As for other
therapeutic genes, the delivery of the calcitonin gene can prolong the effectiveness of the
hormone compared with direct delivery of the calcitonin protein.

Osteoprotegerin (OPG) and Osteoprotegerin Ligand (OPGL) [22.7]. Osteoprotegerin is
a secreted soluble receptor protein that belongs to the tumor necrosis factor receptor
superfamily and exists in the extracellular matrix. Osteoprotegerin is produced by the
osteoblasts and is capable of suppressing the activity of osteoclasts and thus inhibiting
bone resorption. Osteoprotegerin can bind to a ligand known as osteoprotegerin ligand
(OPGL), which is a member of the tumor necrosis factor cytokine family and is also
known as tumor necrosis factor ligand superfamily member 11 (TNFSFI11). Osteoprote-
gerin ligand is a protein that can interact with a cell membrane receptor in hematopoietic
cells to induce the differentiation of hematopoietic stem cells to osteoclasts. The binding
of osteoprotegerin, which serves as a decoy receptor in the extracellular matrix, to osteo-
protegerin ligand inhibits the interaction of the osteoprotegerin ligand to cell membrane
receptor and thus suppresses the formation of osteoclasts from hematopoietic stem cells.
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Since osteoclasts are responsible for bone resorption, the activation of osteoprotegerin
leads to a reduction in bone resorption. Animals without the osteoprotegerin gene usually
develop osteoporosis-like disorders. The application of osteoprotegerin to osteoporotic
bones has been shown to prevent bone degeneration. In animal models with oophorectomy
(surgical removal of the ovary), the administration of osteoprotegerin reduces estrogen
deficiency-induced bone degeneration. The transfer of the osteoprotegerin gene into osteo-
porotic bones is a potential approach for the treatment of osteoporosis.

Properties of osteoprotegerin and its ligand are listed in Table 22.5.

Integrin-Binding Proteins [22.8]. The integrin complex owvP3 is expressed in osteoclasts,
plays a role in regulating the adhesion and proliferation of osteoclasts, and thus enhances
osteoclast-mediated bone resorption. A family of integrin-binding proteins, known as
disintegrins, can bind to the oivB3 integrin and inhibit the activity of the integrin, resulting
in the suppression of osteoclast activation and bone resorption. Disintegrins are small
proteins found in the venom of snakes. The disintegrin family includes several members,
which are echistatin, kistrin, albolabrin, bitistatin, elegantin, flavoridin, halysin, and tri-
flavin. These proteins can specifically bind to B1 and B3 integrins and block the interaction
of integrins with extracellular matrix components. Disintegrins also inhibit the activity of
parathyroid hormone-induced bone resorption. Thus, the proteins or genes of disintegrins
can be potentially used for the treatment of osteoporosis.

Growth Factors [22.9]. Several growth factors, including insulin-like growth factor
(IGFB1), fibroblast growth factor (FGF), the bone morphogenetic proteins (BMPs), and
transforming growth factor-beta (TGFf), are known to stimulate osteoblast proliferation
and promote bone formation. Mutation of the genes encoding these growth factors is
associated with an increased incidence of osteoporosis. A typical example is the associa-
tion of the mutation of the transforming growth factor B gene (e.g., C509—T polymor-
phism) with osteoporosis. Local delivery of these growth factors enhances bone
regeneration and recovery from osteoporosis. Alternatively, the genes of these growth
factors can be used and transferred into disordered bones. As shown in experimental
investigations, the overexpression of the bone morphogenetic protein gene in osteoblasts
by gene transfer enhances bone formation. The construction of the bone morphogenetic
protein gene vector is shown in Fig. 22.8. The effectiveness of the bone morphogenetic
protein gene in bone formation is shown in Fig. 22.9.

Cell Therapy for Bone Regeneration [22.10]. Osteoporosis is a disorder induced by
reduced osteogenesis due to impaired function of the osteoblasts, which regulate calcium
deposition and bone formation. A potential approach for improving the function of osteo-
blasts is to transplant stem or progenitor cells to target bone tissue and replace malfunc-
tioned osteoblasts. Candidate stem and progenitor cell types include embryonic, fetal, and
adult stem and progenitor cells. It is important to point out the osteoporosis is a disorder
that involves the entire skeletal system. Thus a systematic approach, such as intravenous
delivery of osteogenic stem or progenitor cells, is required for the treatment of the disorder.
To achieve a therapeutic goal, it is necessary to carry out several steps: (1) identify and
collect a stem or progenitor cell type; (2) expand the cells in vitro; (3) genetically manipu-
late the cells (e.g., transfection of the cells with desired genes to enhance selected func-
tions), if necessary; and (4) deliver expanded cells to the venous system.
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Figure 22.8. Diagram showing the construction of recombinant adenovirus containing rhBMP-2
cDNA. (A) Adenovirus E1 genes were deleted and replaced by BMP-2 cDNA on a plasmid (shuttle
plasmid) containing the left inverted terminal repeat (ITR) required for viral replication. This
BMP-2 shuttle plasmid and the large adenoviral right genome (~30kb) were transfected into a
human embryonic kidney fibroblast cell line, referred to as 293 cells. (B) The 293 cells contain
integrated adenoviral E1 genes and express El proteins (key growth-regulatory proteins of the
adenovirus) constitutively. Thus, the El-defective adenovirus (the E1 genes have been deleted) can
be propagated only in the 293 cells. (C) The cotransfected BMP-2 shuttle plasmid DNA and the
adenoviral right end DNA can undergo recombination through the shared homologous viral
sequence in vivo in the 293 cells. The resultant BMP-2-expressing El-defective adenovirus will be
able to replicate and form plaques on the 293 cells. (D) BMP-2 recombinant adenoviral clones are
further purified and expanded from individual plaques, and their DNA structure is confirmed. (E)
The purified BMP-2 recombinant adenovirus then can be used to infect the rat-bone-marrow cells
that have been grown in tissue culture. (Reprinted with permission from Lieberman JR et al: The
effect of regional gene therapy with bone morphogenetic protein-2-producing bone-marrow cells
on the repair of segmental femoral defects in rats, J Bone Joint Surg 81:905-17, copyright 1999.)
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Figure 22.9. Radiographs of the specimens, made 2 months after the operation; 20 mg of guanidine
hydrochloride-extracted demineralized bone matrix was used as a substrate in all defects. (A) Group
I—local delivery of BMP-2-producing bone marrow cells (5 x 10°), established by transferring a
BMP2 gene-containing adenoviral vector. Dense, coarse trabecular bone, which was remodeling
to form a new cortex, was present in these defects. (B) Group II—Ilocal delivery of rhBMP-2
(recombinant human BMP2, 20 ug). The healed defect is filled with lace-like trabecular bone. (C—
E) Group IIT—-galactosidase-producing rat bone marrow cells; group IV—uninfected rat bone
marrow cells; group V—demineralized bone matrix alone. Minimum bone formation was noted
in these three groups. (Reprinted with permission from Lieberman JR et al: The effect of regional
gene therapy with bone morphogenetic protein-2-producing bone-marrow cells on the repair of
segmental femoral defects in rats, J Bone Joint Surg 81:905-17, copyright 1999.)

Among the stem and progenitor cell types, including embryonic, fetal, and adult stem
and progenitor cells, the adult bone marrow stem cells have been studied extensively, since
these cells can directly differentiate to osteoblasts and autogenous cells can be used to
prevent immune rejection reactions (Fig. 22.10). As discussed Chapter 9, the bone marrow
contains adult stem cells, which can self-replicate and differentiate into various types of
specialized cells, depending on the presence of environmental cues. Bone marrow stem
cells are composed of hematopoietic and mesenchymal stem and progenitor cells. The
hematopoietic stem and progenitor cells can give rise to all blood cells, including the
erythrocytes, leukocytes, and platelets, whereas the mesenchymal stem and progenitor
cells can differentiate into mesenchymal lineages of connective tissues, such as osteo-
blasts, chondroblasts, adipocytes, and fibroblasts. The bone marrow mesenchymal stem
cells have been considered potential candidate cells for treatment of osteoporosis.

There are different types of mesenchymal stem cells in the bone marrow. While not
all these cell types are characterized, the bone marrow stromal cells have been shown
to contain mesenchymal stem cells that can transform to cell lineages of soft and hard
connective tissues (Fig. 22.11). These cells show several unique features, including
the capability of adhering to a substrate and forming colonies. These features can be used
to isolate bone marrow stromal cells, since other types of bone marrow cells, including
the hematopoietic stem cells, do not show these features. The bone marrow stromal cells
have been studied and used extensively for the repair and reconstruction of impaired
bones.

When expanded autogenous bone marrow stromal cells are delivered into the circula-
tory system, these cells can engraft and integrate into various mesenchymal tissues,
including the bone, cartilage, and soft connective tissue. In the bone, engrafted osteogenic
progenitor cells can transform into osteoblasts, which produce collagen matrix, promote



BONE AND CARTILAGE DISORDERS 927

A Epidermis Scaffold

Signle-cel (Seed with
i i dermal
Epidermal suspension |
stemcell | | (P63 selection?) fibroblasts)

Ex vivo expansion conditions
to maintain ‘holoclones’
(stem-cell population)

Potential
for genetic
engineering

!.FSkeIetal ‘
_stem cell |

tricalcium phosphate particles
(882
080
In vivo transplantation
into segmental defect

l Attachment to hydroxyapatite/

Figure 22.10. Regeneration of two-dimensional (skin) and three-dimensional (bone) tissues using
stem cells. (A) Skin autografts are produced by culturing keratinocytes (which may be sorted for
p63, the more recently described, epidermal stem cell marker) under appropriate conditions not
only to generate an epidermal sheet but also to maintain the stem cell population (holoclones). The
epidermal sheet is then placed on top of a dermal substitute comprising devitalized dermis or bio-
engineered dermal substitutes seeded with dermal fibroblasts. Such two-dimensional composites,
generated ex vivo, completely regenerate full-thickness wounds. (B) Bone regeneration requires
ex vivo expansion of bone marrow-derived skeletal stem cells and their attachment to three-
dimensional scaffolds, such as particles of a hydroxyapatite/tricalcium phosphate ceramic. This
composite can be transplanted into segmental defects and will subsequently regenerate an appro-
priate three-dimensional structure in vivo. (Reprinted by permission from Macmillan Publishers
Ltd.: Bianco P, Robey PG: Stem cells in tissue engineering, Nature 414:118-21, copyright 2001.)
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Figure 22.11. Mesenchymal stem cells (MSC) were characterized by their ability to differentiate
into adipocytes and osteocytes under culture conditions. (Reprinted with permission from Togel F
et al: Administered mesenchymal stem cells protect against ischemic acute renal failure through
differentiation-independent mechanisms, Am J Physiol Renal Physiol 289:F31-42, copyright
2005.)

bone mineralization, and stimulate bone formation. Extensive investigations have demon-
strated promising results for the treatment of bone osteoporosis and other disorders with
cell transplantation. Allogenic osteogenic stem and progenitor cells can also be used for
such a purpose. However, immune rejection is a serious problem. Immunosuppressive
drugs must be administrated when allogenic cells are used.

Osteoporosis is associated with a progressive reduction in the bone strength due to
the loss of bone mass and mineralization, often resulting bone fracture or functional
impairment. In the case of bone fracture, a local treatment is required. Although bone
injury and fracture can be treated with conventional approaches based on the self-healing
nature of the bone, the regeneration process of the bone is usually slow and nonunion
may occur because of poor blood circulation. In addition, bone grafts are required for
the reconstruction of the lost bone. To resolve these problems, it is necessary to construct
bone substitutes with living bone-forming cells and graft the substitutes to the injury
sites. Several common approaches have been established and used for bone grafting and
regeneration. These including: (1) identification and collection of osteogenic progenitor
cells from the bone marrow or other sources, (2) expansion of the collected cells in vitro,
(3) seeding and culture of expanded cells in porous bioceramic scaffolds (e.g., hydroxy-
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apatite scaffolds) with a desired shape, and (4) reconstruction of fractured or injured bones
with the cell-containing bone scaffold. Experimental investigations have consistently
demonstrated that bone reconstruction with cell-containing scaffolds can significantly
enhance bone regeneration and improve the healing process of injured bones. The grafted
bone substitutes can be integrated into the natural bone when autogenous cells are
used.

Paget’s Disease

Pathogenesis, Pathology, and Clinical Features [22.11]. Paget’s disease is a disorder
characterized by excessive focal bone resorption due to increased activity of osteoclasts,
subsequent fibrosis of bone marrow, and chaotic focal deposition of new bone matrix.
Such activities often lead to focal bone distortion and weakening, rendering the bone
fragile and prone to fracture. The incidence of Paget’s disease is about 3% for the popula-
tion over 40 years old. Aging is associated with an increase in the incidence of the disease.
In the early stage, the disease may be asymptomatic and is often diagnosed by roentgen-
ography for unrelated diseases. The etiology of Paget’s disease is poorly understood. Since
a treatment with glucocorticoids can relieve the symptoms of the disease, Paget’s disease
has been considered a disorder resulting from inflammatory reactions. Viral infection may
contribute to the pathogenesis of the disorder. Potential viruses include respiratory syn-
citial, measles, and canine distemper viruses.

Pathological examinations demonstrate characteristic changes in Paget’s disease, such
as (1) bone mass reduction in association with enhanced angiogenic responses in the bone
matrix during the early stage, (2) subsequent bone formation with irregular structure of
the bone matrix, (3) an increase in the density and size of osteoclasts in association with
an increase in the density of osteoblasts, (4) replacement of bone marrow with stromal
tissue, and (5) reduction in the rate of bone resorption and formation during the late stage.
Because of bone degeneration is associated with bone formation, which compensates for
the loss of bone matrix, many patients may not show severe symptoms. During the late
stage of the disease, clinical signs may occurs, including bone swelling, gait abnormalities
due to unequal length of the long bones of the lower extremities (resulting from hetero-
geneous bone resorption and formation), and enlargement of the skull. Patients may also
complain about headache, backache, and pain in other locations. The pain may be a result
of nerve stimulation during bone resorption and formation. Some patients may experience
hearing loss due to distortion of the ossicles and bones of the cochlea as well as the
impingement of the hearing nerves by deformed bones. Brain tissue at the skull base (e.g.,
brainstem) may be compressed and impaired due to the distortion of the skull. The spinal
cord may also be compressed by distorted vertebrae.

Conventional Therapy [22.11]. For patients without apparent symptoms, therapies are
not usually necessary. When rapidly progressive manifestations are present, such as severe
pains, signs of nervous compression, apparent bone distortions, and bone fractures, non-
steroid antiinflammatory drugs (such as indomethacin) and analgesics (such as aspirin)
can be administrated. Although steroid antiinflammatory hormones, such as glucocorti-
coids, suppress the progression of Paget’s disease, these hormones are not recommended
because they cause osteoporosis and other disorders, such as reduction in cardiac output.
In severe cases, surgical bone replacement may be recommended.
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Molecular and Cellular Therapies [22.12]. Since the pathological changes in Paget’s
disease are similar to those of osteoporosis, all molecular and cellular therapies described
for osteoporosis in Chapter 25 can be used for the treatment of Paget’s disease.

Bone Tumors

Pathogenesis, Pathology, and Clinical Features [22.13]. Tumors are common disorders
in the skeletal system. Bone tumors are classified into two types: benign tumors and
malignant tumors. Benign bone tumors are those that do not invade neighboring tissues
and do not metastasize. Examples of benign bone tumors include osteochondromas, endo-
chondromas, benign giant cell tumors, and unicameral bone cysts. These tumors may arise
from osteoblasts, osteoclasts, chondroblasts, and fibroblasts. Most benign bone tumors are
not painful. Pathological examinations usually show restrained tumor cells, clearly identi-
fied tumor boundary, and bone enlargement and deformation. Clinical manifestations
include slowly progressive enlargement of involved bones, bone deformation, and bone
fractures.

Malignant bone tumors or cancers are tumors characterized by rapid invasion into
neighboring tissues and metastasis. Common malignant bone tumors include multiple
myeloma, osteosarcomas, chondrasarcomas, fibrosarcomas, and malignant giant cell
tumors. Myeloma can arise from the bone marrow myeloid cells. Other bone cancers may
be originated from osteoprogenitor cells, osteoblasts, chondroblasts, and fibroblasts. These
malignant tumors are often found in the population at age of 20—40. Exposure to radiation,
bone infarction, and Paget’s disease may serve as predisposing factors for these tumors.
Patients with malignant tumors experience severe pains, swelling, deformation, and
destruction of the involved bones, which progress rapidly. Some tumors may destroy sur-
rounding soft tissues. Laboratory tests often demonstrate an increase in the blood level of
alkaline phosphatase. These tumors are usually associated with rapid metastasis. The
primary target of metastasis is the lung. Bone malignant tumors often have poor
prognosis.

Bone cancers often enhance the activity of osteoclasts, and stimulate the proliferation
of these cells, promoting bone resorption. These events are possibly related to the produc-
tion of parathyroid hormone and other mediators, such as interleukin-6 and interleukin-11,
in cancer cells. These factors are known to activate osteoclasts and stimulate bone resorp-
tion. The bone-degrading activity of cancer cells facilitates cancer cell migration and
metastasis.

Therapies for Bone Tumors. As for other types of tumor, conventional approaches,
including surgical removal, chemotherapy, and radiotherapy, as well as molecular and
cellular therapies can be used for the treatment of bone tumors. These approaches are
discussed in detail in Chapter 25.

Rheumatoid Arthritis

Pathogenesis, Pathology, and Clinical Features [22.14]. Rheumatoid arthritis is a dis-
order characterized by inflammatory autoimmune reactions in the joints, resulting in
chronic synovitis and progressive destruction of articular cartilage and bone. These patho-
logical changes often lead to joint distortion, malfunction, pain, discomfort, and stiffening.
The disorder is found in 0.5-1% of the human population. The incidence in the women
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is about 2-3 times higher than that in the men. The etiology of arthritis is poorly under-
stood. The disorder is increased with age and may be influenced by disorders in gene
regulation. For instance, most patients with rheumatoid arthritis express a protein complex
known as histocompatibility antigen HLA-DR4. This protein complex may contribute to
immune reactions, which are responsible for the development of arthritis.

Although the cause of arthritis is not clear, immune reactions have been thought to
contribute to the pathogenesis of the disorder. In the site of the disorder, several types of
immune cell are often found. These include Tlymphocytes, Blymphocytes, and macro-
phages. Theses cells express and release cytokines, including interleukin (IL)1, IL6, IL11,
IL13, IL17, interferons, and monocyte chemotactic factors, which promote inflammatory
reactions and attract additional leukocytes. The presence of these cells supports the pos-
sibility that arthritis is a disorder induced by immune reactions. Such reactions activate
osteoclasts, stimulate osteoclast formation, enhance cartilage and bone resorption, and
induce bone and cartilage destruction. It remains to be investigated, however, whether
exogenous antigens or autoimmune factors, such as extracellular matrix components,
initiate the immune reactions. The presence of autoantibodies in patients with arthritis
suggests that the disorder may involve autoimmune reactions.

Pathological examinations often demonstrate hyperplasia of synovial lining cells, infil-
tration of mononuclear cells, and angiogenesis during the early stage. The mononuclear
cells often aggregate around small blood vessels. Granulation tissue can be found in the
site of arthritis. This type of tissue contains blood vessels, fibroblasts, and macrophages.
During the late stage, bone and cartilage destruction can be found in peripheral joints.

Patients with arthritis may show signs of fatigue, weakness, and anorexia during the
early stage. With the progression of the disorder, arthritis-specific manifestations may
appear, including pain, stiffening, and swelling of the hands, feet, wrists, and knees.
During the late stage, the movement of the joints may be severely limited and apparent
joint distortion can be found. In addition, distortion of ligaments and tendons as well as
imbalance of skeletal muscles may occur, which contribute to joint distortion and malfunc-
tion. The manifestations described above are all attributed to inflammatory reactions, cell
hyperplasia and hypertrophy, excessive production of fibrous tissue, and bone and cartilage
destruction.

Conventional Therapy [22.14]. Rheumatoid arthritis is treated with several types of
agents, including (1) antiinflammatory drugs, (2) analgesic drugs, (3) disorder-modifying
drugs, and (4) immunosuppressive drugs. For the anti-inflammatory therapy, steroidal and
nonsteroidal agents can be used. Steroidal agents primarily include glucocorticoid hor-
mones. These hormones can effectively suppress inflammatory reactions. However, ste-
roidal hormones do not remove the causative factors and do not significantly change the
prognosis of the disorder. Nonsteroidal agents, such as aspirin, fenoprofen, indomethacin,
and tolmetin, exert not onlyanti-inflammatory but also analgesic effects. Among these
nonsteroidal agents, aspirin is the most effective agent for the treatment of arthritis.
Several drugs, including d-penicillamine, antimalarials, and gold compounds, have been
used for the treatment of arthritis. These drugs slow down the progression of the disorder,
although the exact mechanisms remain poorly understood. Since arthritis is a disorder
related to immune reactions, it is conceivable to administrate immunosuppressive agents.
Common immunosuppressive drugs include azathioprine and cyclophosphamide. These
drugs can effectively reduce immune responses at the site of disorder and exert therapeutic
effects.
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When drug therapies are not effective and arthritic joints are severely damaged, surgi-
cal approaches can be used to reconstruct or replace the joints. Such surgical procedures
can correct joint distortions, relieve pain, and improve joint function to a certain degree.
The reconstruction of the hips and knees is usually more successful than that of other
joints.

Molecular Therapy [22.15]. While conventional approaches can be used to reduce the
symptoms of rheumatoid arthritis, these approaches may not significantly alter the pro-
gression of the disorder. Furthermore, most agents used for the treatment of rheumatoid
arthritis exert adverse effects. Thus it is necessary to develop effective approaches that
prevent or reduce the progression of the disorder. Recent investigations have demonstrated
that genetic manipulation may represent such an approach.

Rheumatoid arthritis is possibly induced by autoimmune inflammatory responses. The
suppression of immune reactions is a critical approach for the prevention and treatment
of rheumatoid arthritis. A number of cytokines, including interleukin (IL)1, tumor necrosis
factor (TNF)o., IL4, IL10, and IL13, have been known to regulate the activity of T and
B cells, which are involved in immune reactions. IL1 and TNFo stimulate inflammatory
responses, whereas IL4, IL10, and IL13 are anti-inflammatory factors. The genetic manipu-
lation of these factors may provide a means for the suppression of autoimmune inflam-
matory reactions. These molecules are briefly discussed as follows.

Interleukin-1 [22.16]. Interleukin (IL)1 (see list of IL1 isoforms and receptors in Table
22.6) is a family of inflammatory mediators, including 10 known members: IL1o. (IL1F1),
IL1B (IL1F2), IL1Ra (IL1F3), IL18 (IL1F4), IL1F5, ILIF6, IL1F7, IL1F8, IL1F9, and
IL1F10. Among these members, IL1o, IL1J, and IL1Ra have been known to play critical
roles in the mediation of inflammatory responses. The activity of other members has not
been clearly identified. While IL1o: and ILIP serve as proinflammatory mediators that
stimulate autoimmune responses, ILIRa is an IL1 receptor agonist (which gives the name
IL1Ra) that competes for the IL1 receptor and blocks the effects of IL1o and IL1J. IL1o
and IL1J contribute to the development of autoimmune disorders, including rheumatoid
arthritis, by initiating inflammatory responses. Bacterial infection may induce autoim-
mune disorders, since some bacteria may contain antigens that are similar in structure to
certain proteins in the host systems. When infected with bacteria, the host monocytes and
macrophages are activated to produce and release IL1. IL1 can act on endothelial cells to
stimulate the production of chemotactic proteins, such as monocyte chemotactic protein
1, and adhesion molecules, such as E-selectin, intercellular adhesion molecules (ICAM),
and vascular cell adhesion molecule (VCAM). These molecules promote leukocyte activa-
tion and attachment to endothelial cells, leading to leukocyte infiltration to infected areas.
Furthermore, IL1 can activate monocytes to release more proinflammatory cytokines.
These activities all contribute to inflammatory responses, which potentially induce auto-
immune disorders and destroy host cells and structure. Thus, IL1a and IL1J are the
primary targets for the treatment of autoimmune disorders.

IL1o and ILI1P are two cytokines which share about 22% identity. These factors exert
similar effects and induce similar cellular activities by interacting with their receptors.
There are two types of IL1 receptor: type I IL1 receptor (ILIRI, ~80kDa, 552 amino
acids) and type II IL1 receptor (ILIRII, 60—68kDa, 385 amino acids). The IL1RI has
been found in T cells, endothelium, fibroblasts, astrocytes, chondrocytes, keratinocytes,
neurons, smooth muscle cells, whereas ILIRII is found primarily in leukocytes, including
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B cells, T cells, monocytes, and neutrophils. Both receptors are composed of an extracel-
lular region with three immunoglobulin-like domains, and share about 28% identity for
these domains. However, the cytoplasmic domain differs considerable between the two
types of receptor. The ILIRI possesses a 213-amino acid cytoplasmic region, whereas the
ILIRII has only a 29-amino acid cytoplasmic region. The structural difference may influ-
ence the function of these receptors. ILIRI has been shown to interact with a transmem-
brane glycoprotein known as IL1 RI accessory protein (IL1 RAcP, ~66kDa, 550 amino
acids), which induces the internalization of the IL1/IL1 RI complex, transducing active
signals to the intracellular signaling pathways. In contrast, ILIRII cannot interact with
IL1 RACP and serve as a decoy or dummy receptor that does not transduce active signals
into the cytoplasm. Both ILIRI and ILIRII can interact with ligands IL1a and IL1J3, but
with different affinities. IL-1o. preferentially binds to ILIRI, whereas IL1J preferentially
binds to ILIRII. Because the binding of IL1 to ILIRII does not activate the intracellular
signaling pathways, the role of ILIRII is to downregulate the activity of ILI.

There exist soluble forms of ILIRI (~60kDa) and ILIRII (47kDa and 57 kDa, repre-
senting two forms of soluble IL1RII) in the extracellular space. The soluble form of ILIRI
(soluble type I ILI receptor) can bind to IL1Ra (IL1 receptor agonist) with high affinity,
thus reducing the binding of IL1Ra to the cell membrane ILIRI (membrane type I ILI
receptor) and leaving more cell membrane ILIRI available for IL1o and IL1P. These
processes enhance the activity of IL1. In contrast, soluble ILIRII (soluble type II IL1
receptor) preferentially binds to IL1o, and IL1B. The affinity of soluble ILIRII to ILIRa
is reduced considerably compared to its membrane-bound form, leaving more ILIRa
available for competitive binding to ILIRI, which reduces the effect of IL1ot and ILI1J.
This is another mechanism by which ILIRII downregulates the activity of ILlo. and
IL1B.

Molecular therapies have been developed to reduce the inflammatory effect of the IL1
system. Major strategies include (1) enhance the expression of ILIRa and (2) enhance the
expression of ILIRII and promote the formation of soluble ILIRII. As discussed above,
both IL1Ra and ILIRII exert an inhibitory effect on the activity of IL1. Thus the overex-
pression of the genes for these proteins potentially suppresses the activity of IL1 and
reduces inflammatory responses, which are beneficial for the treatment of rheumatoid
arthritis.

Tumor Necrosis Factors (TNFs) [22.17]. Tumor necrosis factors (see Table 22.7 for a list
of TNF isoforms and receptors) are a family of proteins that mediate inflammatory and
immune reactions. There are two types of TNFs: TNFo and TNFP. TNF-o exists in the
form of either a membrane protein (<26 kDa, 233 amino acids) or soluble protein (~17-kDa,
157 amino acids). The membrane form of TNFa is composed of extracellular, transmem-
brane, and cytoplasmic domains. The soluble form of TNFa is produced by cleaving the
membrane form by TNFo converting enzyme (TACE) and exists in the form of homo-
dimer. Both membrane and soluble forms are biologically active, but the soluble form is
more potent. In contrast to TNFo, TNFB (25kDa, 171 amino acids) exists only in the
form of soluble protein. TNFo and TNFf share about 28% identity in the amino acid
structure and both bind to the same types of receptor.

There are two types of TNF receptors: type I TNF receptor (TNFRI, 55kDa, 455 amino
acids) and type II TNF receptor (TNFRII, 75kDa, 461 amino acids). TNFRI is a receptor
that can interact with both TNFo and TNFp. This receptor possesses double-sided func-
tions. While TNFRI can induce cell apoptosis via the activation of the “death domain” in
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its cytoplasmic region, it can also activate the nuclear factor kB mitogenic signaling
pathway. However, how TNFRI selectively activates different signaling pathways remains
poorly understood. TNFRI also exists in the form of soluble protein, which is generated
by the cleavage of the membrane TNFRI. Soluble TNFRI can bind to and block the activ-
ity of TNFa.. A number of cell types express TNFRI, including monocytes, neutrophils,
endothelial cells, and hepatocytes.

Compared to TNFRI, TNFRII shows relatively low affinity to TNFa. Thus, the activity
of TNFa. is thought to be regulated primarily by TNFRI. TNFRII can interact with TNFp.
However, the binding of TNFf to TNFRII does not induce activation of intracellular sig-
naling pathways, suggesting that TNFRII may serve as a decoy receptor. There exists a
soluble form of TNFRII, which is generated by cleaving the membrane form by a metal-
loproteinase known as TNF-receptor releasing enzyme (TRRE). The soluble form can
bind to TNFo and TNFp, which reduces the activity of these factors.

Molecular therapies can be developed on the basis of the observations described above.
The overexpression of TNFRII can impose an inhibitory effect on the inflammatory effect
of TNFa and TNFf. Such a strategy can be achieved by transferring the TNFRII gene
into target cells. Overexpressed TNFRII can effectively inhibit collagen-induced arthritis
in mouse models. Furthermore, since soluble TNFRI binds to and block the activity of
TNFoa and reduces inflammatory reactions, the promotion of soluble TNFRI production
helps to reduce arthritis. In particular, the cotransfer of a soluble TNF receptor-IgGl fusion
protein gene and the IL10 gene significantly suppresses the development of collagen-
induced arthritis in animal models. Experimental investigations have demonstrated posi-
tive results for the genetic treatment of autoimmune disorders by manipulating the TNFR
gene.

Antiinflammatory Cytokines [22.18]. There are a number of cytokines, including IL4,
IL10, and IL13 (see Table 22.8 for IL13 characteristics), which exert antiinflammatory
effects (see page 631 for the characteristics of these factors). These factors inhibit the
release of proinflammatory factors, such as interferon-y, IL1o, IL1B, and tumor necrosis
factor, and stimulate the production and release of IL1Ra, which is known to competitively
suppress the inflammatory effect of IL1ov and IL1P. In particular, the structure and function

TABLE 22.8. Characteristics of IL13*

Amino Molecular
Proteins  Alternative Names  Acids  Weight (kDa) Expression Functions
IL13 — 132 14 Lymphocyte,  Regulating B-cell
primarily differentiation,
activated suppressing
Th2 cells, monocyte and
skin macrophage

activity, and
inhibiting the
production of
proinflammatory
cytokines and
chemokines

*Based on bibliography 22.18.
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of IL-10 have been studied extensively. Here, IL-10 is used as an example to demonstrate
how the antiinflammatory cytokines inhibit the activity of proinflammatory factors.

Interleukin-10 is a protein (~18kDa, 178 amino acids) present in the form of homodi-
mer. IL10 is expressed in a umber of cell types, including monocytes, macrophages, T
cells, B cells, natural killer cells, microglial cells, dendritic cells, eosinophils, and kerati-
nocytes. The concentration of circulating IL10 is about 0.5 pg/mL in humans and other
mammals. IL10 exerts its anti-inflammatory effect via interacting with the IL10 receptor.
The ILI10 receptor is a transmembrane glycoprotein complex composed of heterodimers
o and [ chains. The o chain is responsible for the binding of ligands, whereas the B chain
transduces signals to the cytoplasmic signaling pathways. Each chain is composed of an
extracellular, transmembrane, and cytoplasmic region. The binding of IL-10 to its receptor
induces a number of antiinflammatory activities, including the inhibition of interferon-y
production and release from the T cells, suppression of chemokine secretion from neutro-
phils (e.g., MIPla, MIP1, and IL8), blockade of proinflammatory effects of IL1 and
TNFa, reduction of inflammatory mediator generation in monocytes (e.g., IL8), and pro-
motion of IL1Ra production. These activities results in the suppression of T-cell activation
and immune responses, exerting beneficial effects for the treatment of rheumatoid arthri-
tis. For therapeutic purposes, the genes encoding IL10 and IL10 receptor can be trans-
ferred into target cells in rheumatoid arthritis. Preliminary studies have demonstrated
promising results for the treatment of arthritis by using IL10.

Dominant-Negative Mutant Ras Gene [22.19]. Ras is a protein that mediates the trans-
duction of mitogenic factor signals. Acivated Ras stimulates cell proliferation and inflam-
matory reactions. Thus, Ras activation enhances the development of arthritis. The
suppression of the Ras activity is an effective approach for the treatment of arthritis. One
memthod for suppressing the Ras activity is to construct and transfer a dominant-negative
mutant ras gene into the target cells. The dominant-negative mutant ras gene can be inte-
grated into a gene-carrying vector such as a replication-deficient adenovirus vector. The
vector can be delivered to the site of arthritis. Experimental investigations with such an
approach have demonstrated that the delivered dominant-negative mutant ras gene can be
expressed in target cells, resulting in a significant reduction in the level of inflammatory
reactions in the joints (Fig. 22.12).

Osteoprotegerin [22.20]. Osteoprotegerin (OGP) is a protein of the cytokine tumor
necrosis factor (TNF) receptor superfamily. This proetin serves as a decoy receptor for
the osteoprotegerin ligand (OPGL) and can bind and inactivate OPGL. Osteoprotegerin
ligand is a factor that stimulates the differentiation and proliferation of osteoclasts, which
induce bone resorption and degeneration. Thus, osteoprotegerin can inhibit the activity of
OPGL, suppress bone resorption, and enhance bone mineral deposition and bone forma-
tion. In the skeletal system, bone growth and resorption are controlled to a certain extent
by the balance between OPGL and its decoy receptor osteoprotegerin. In transgenic
animal models, the overexpression of osteoprotegerin is associated with eenhanced bone
growth and reduced bone resorption. In contrast, the genetic disrutpion or knock out of
the osteoprotegerin gene enhances bone resorption, resulting in osteoporosis-like altera-
tions. Osteoprotegerin is present in the circulation and interstitial fluids of various tissues
and organs. The direct delivery of osteoprotegerin or the transfer of the osteoprotegerin
gene into the skeletal system prevents bone and cartilage resorption and destruction in
inflammation and arthritis.
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Figure 22.12. Therapeutic effects of replication-deficient adenovirus vector carrying the
dominant-negative mutant of the Ras gene (AxRasDN) on rat adjuvant arthritis. All rats were
immunized with a subcutaneous injection of adjuvant in the base of the tail (day 0). Viruses were
then intraarticularly injected into the right ankles on days 7 and 14. Bars show the mean * SD of
10 rats per group. (A) Effects of AxRasDN injection, evaluated by arthritis score. The arthritis
score of the AxRasDN group was significantly lower than that of the control AxLacZ group on
days 35 and 42. (B) Effects of AxRasDN injection, evaluated by the increase in paw volume. The
increase in paw volume of the AxRasDN group was significantly less than that of the AxLacZ
group on days 35 and 42. (C) The radiologic findings in the right ankles of AxLacZ-injected rats
indicate severe joint destruction. (D) The radiologic findings in the right ankles of AxRasDN-
injected rats show minimal destructive changes in the joint. (E) The radiologic score of the
AxRasDN-injected ankles was significantly decreased in comparison with that of the AxLacZ
group. * = P < 0.01 versus AxLacZ-injected joints. (Reprinted with permission of Wiley-Liss, Inc,
a subsidiary of John Wiley & Sons, Inc., from Yamamoto A et al: Suppression of arthritic bone
destruction by adenovirus-mediated dominant-negative Ras gene transfer to synoviocytes and
osteoclasts, Arthritis Rheum 48:2682-92, copyright 2003.)

Viral Thymidine Kinase [22.21]. Rheumatoid arthritis often affects the synovium, induc-
ing synoviocyte proliferation and synovium hypertrophy. These pathological changes
often impose harmful effects on the function of the involved joints. One of the treatments
for such a disorder is to remove altered synovium by surgical synovectomy. However,
surgical trauma often induces inflammatory reactions and scar formation, which facilitate
the distortion and destruction of the joint tissue. Alternatively, genes encoding growth
inhibiting proteins can be used for the suppression of synoviocyte proliferation. One of
such genes is the herpes viral thymidine kinase gene. This gene encodes a thymidine
kinase protein, which can convert nucleosides to nucleotides by phosphorylation. In
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dividing or proliferating cells, nucleotides are taken up by cells for DNA synthesis. When
nucleoside analogues (e.g., ganciclovir) are present, the viral thymidine kinase can covert
the nucleoside analogues to nucleotides, which can be used for DNA synthesis. However,
the incorporation of the nucleotide analogs results in the termination of DNA synthesis,
because no more nucleotides can be added to the incorporated nucleotide analogues. By
such a mechanism, the viral thymidine kinase gene, together with nucleoside analogues,
can be used to suppress the proliferation of synoviocytes and reduce pathological changes
in rheumatoid arthritis.

Bone and Cartilage Injury

Pathogenesis, Pathology, and Clinical Features [22.22]. Bone and cartilage injury
occurs due to mechanical overload in sports and accidents. Various types of injury can
be induced, depending on the magnitude and direction of the mechanical load. The most
common injury is bone fracture. Such an injury is followed by several remodeling pro-
cesses, including inflammatory, reparative, and modeling processes. The understanding
of these processes is critical to the treatment of bone injury. Here, bone fracture is used
as an example to discuss these remodeling processes.

Inflammatory Responses. Inflammation is a process that occurs in response to injury.
Such a process is necessary for the self-healing of injured tissues or organs. While
inflammation is common to all types of tissue, there are several unique features for bone
injury. Bone injury induces transport and deposition of calcium and phosphorus,
which do not occur in the inflammation of other tissues; also, since bone is subject to
large mechanical loads, bone inflammation and recovery are influenced by mechanical
forces.

Bone injury induces a series of inflammatory reactions. Blood vessel injury usually
occurs with bone fracture, inducing hemorrhage and the formation of hematoma. At the
same time, necrotic and injured cells can release cytokines and growth factors, which
stimulate the infiltration of leukocytes and the migration of fibroblasts and other cell
types to the injury site. Cytokines and growth factors also stimulate the proliferation
of these cells and the production of extracellular matrix. All these reactions contribute
to the formation of granulation tissue, which replaces the necrotic tissue and hematoma.
Furthermore, angiogenesis occurs near the injury site, generating new blood vessels
that provide oxygen and nutrients necessary for cell and tissue regeneration. Within about
two weeks, calcium and phosphorus start to deposit to the injured tissue, resulting in the
formation of immature membranous bone structure, which is referred to as a callus. A
callus can be further mineralized to form a mature bone as described in the following
section.

Reparative Reactions. Reparative reactions are initiated for the formation of mature
bones based on calluses. Following the inflammatory phase, callus formation occurs at
several locations. One is formed near the cortical surface of the bone at the injury site by
the periosteum and adjacent skeletal muscle cells. In the medullary cavity at the injury
site, the bone marrow cells can form a callus, which seals the fracture. Another type of
callus forms between the two fracture-ends, serving to bridge the gap between the calluses
at the ends. Additional calluses can be formed to join all separate calluses. Within about
a month, a bone fracture can be filled with joined calluses.
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Modeling Process. Modeling is a process by which the newly formed bone is further
matured, organized, and aligned along the direction of the principal mechanical forces.
The modeling process is thought to be regulated by mechanical stress. There are several
events for the modeling phase. First, the newly generated bone structure is reshaped in
response to the distribution of the mechanical stress. In regions with sufficient mechanical
stress, the new bone is strengthened with additional mineralization, whereas in regions
without sufficient mechanical stress new bone may be absorbed and degraded. Second,
the medullary cavity and bone marrow are gradually restored. Third, the restoration of
the natural form of bone structure (also referred to as bone reconstitution) is accomplished
by coordinated bone resorption and regeneration. Bone resorption is induced by osteo-
clasts, whereas bone regeneration is induced by osteoblasts. Each type of cell may be
activated in response to mechanical stress. A mechanical stress below a critical level may
activate osteoclasts, initiating bone resorption. In contrast, a mechanical stress above a
critical level may activate osteoblasts, resulting in bone regeneration. With such a stress-
regulated process, the reconstituted bone can be eventually shaped to the original natural
form. Bone regeneration is a long-term process. The entire reconstitution process may
take about several years.

Complications of Bone Injury. There are several complications that may occur during
bone healing. The most common complications include fibrous union and nonunion.
Fibrous union is a form of bone reconstitution with the establishment of a fibrous tissue
bridge without mineralization between the fractured bones. A major cause for the forma-
tion of the fibrous tissue bridge is the lack of blood supply to the injured bone. A poor
blood supply negatively influences the formation of calluses while promoting the forma-
tion of fibrous scar tissue, resulting in the formation of fibrous tissue bridges. Fibrous
union often occurs in the injury of the distal pretibia and carpal navicular bone, which
are associated with scarce blood vessels and insufficient blood circulation. Nonunion is a
form of incomplete bone reconstitution, leaving a boneless gap between the ends of healed
bone. Several factors, including bone loss, dislocation of fractured bone, infection, and
severe soft tissue damage, may contribute to the bone nonunion. Such a consequence may
occur in long-bone fracture.

Conventional Therapy [22.22]. The treatment of bone fracture and other types of bone
injury is primarily dependent on the ability of the bone in self-healing and self-
regeneration. Several approaches can be used to assist fractured bones in the healing
processes. These include the realignment and restriction of dislocated bones to their
natural positions by using external fixation devices, which ensures the anatomical recon-
stitution of the bones, stop of hemorrhage promptly, protection of injured bones from
infection by administrating antibiotics, and treatment of bone non-union, if any, by bone
transplantation or grafting. These approaches are usually effective for the treatment of
bone fracture.

Molecular Regenerative Engineering [22.23]. The strategies for the molecular treat-
ment of bone injury are to enhance bone regeneration and prevent bone nonunion or fibrous
union. Although injured bones can be self-healed and conventional therapies are effective
for most cases, bone reconstitution may take several months or longer. Furthermore, a
fraction about 10% of bone fractures may experience delayed union or form nonunion
structures. Bone regeneration can be greatly enhanced by using molecular regenerative
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approaches. One effective approach is delivering bone formation-stimulating proteins or
their genes into the cells responsible for bone regeneration. Typical factors that stimulate
bone formation are bone morphogenetic proteins (BMPs), which can be used to enhance
bone regeneration.

Bone morphogenetic protein 2, a member of the bone morphogenetic protein family,
has been characterized and studied extensively in experimental bone injury models estab-
lished in the rat, rabbit, and dog. The delivery of bone morphogenetic protein-2 or its gene
to fractured bone enhances bone regeneration (Fig. 22.9). Clinical trials have demon-
strated the effectiveness of locally delivered bone morphogenetic protein-2 in promoting
bone regeneration. Bone morphogenetic protein 4 has also been used to enhance bone
formation in experimental models of bone injury, demonstrating similar therapeutic effects
as bone morphogenetic protein 2. The genes of these proteins can be used for gene therapy
for improving bone regeneration. In addition to the bone morphogenetic protein genes,
genes encoding angiogenic factors and vascular endothelial growth factor have been used
for the promotion of bone regeneration. These genes can be delivered directly to the injury
sites or indirectly delivered via the mediation of a matrix scaffold. Adenovirus vectors
have been primarily used for mediating bone gene delivery.

Other growth factors, such as fibroblast growth factors (FGFs) and insulin-like growth
factor (IGF), regulate the proliferation and differentiation of bone and cartilage cells (Fig.
22.13). These growth factors can be used to enhance the repair of injured bone and carti-
lage. In particular, fibroblast growth factors represent a family of potent growth factors
for bone regeneration. The FGF family contains 23 known members. Among these
members, FGF1 (~18kDa, 155 amino acids) and FGF2 (~18kDa, 155 amino acids) have
been known to play an important role in the regulation of cell proliferation and differen-
tiation. These growth factors are produced by many cell types, including the fibroblasts,
endothelial cells, macrophages, hepatocytes, and keratinocytes. Both FGF1 and FGF2 can
interact with FGF receptor tyrosine kinases and induce the proliferation of many cell
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Figure 22.13. X-ray features of bone healing in WT and /RS-~ mice (IRS: insulin receptor
substrate-1). (A) The fracture model used in this study. After exposing the right tibiae of 8-week-old
mice, a transverse osteotomy was performed at the midshaft with a bone saw. The bone marrow
cavity was then stabilized with an intramedullary nail. (B) Time course of the fracture healing in
representative WT and IRS-17" mice. (Reprinted with permission from Shimoaka T et al: Impair-
ment of bone healing by insulin receptor substrate-1 deficiency, J Biol Chem 279:15314-22,
copyright 2004.)
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types, including osteoblasts, chondrocytes, endothelial cells, and fibroblasts, thus enhacing
bone and cartilage formation.

Cell Regenerative Engineering [22.24]. Bone regeneration involves the activation of
osteoprogenitor cells, which differentiate to osteoblasts and other types of bone cells. It
is thus conceivable to transplant osteoprogenitor cells or stem cells to promote bone for-
mation. The bone marrow is known to contain osteoprogenitor cells. Bone marrow-derived
cells have been used for the enhancement of bone regeneration in animal models as well
as in humans. The transplantation of these cells to injured bones significantly facilitates
bone formation and injury recovery. Other types of stem cells, such as embryonic, fetal,
muscle-derived adult, and fat-derived adult stem cells, may also be used for bone regenera-
tive engineering. These stem cells may be induced to differentiate to osteoblasts and other
types of bone cells, when appropriate experimental conditions and extracellular environ-
ment are provided.

For the treatment of cartilage injury, several types of cells, including chondrocytes and
osteochondrocytes, can be used for cell transplantation. The cells can be seeded in a scaf-
fold constructed with an appropriate material (e.g., hyaluronan-based biopolymers or col-
lagen matrix). A cell-seeded scaffold can be used to replace injured cartilage. In addition
to chondrocytes, other cell types, such as embryonic stem cells and bone marrow stromal
cells or mesenchymal stem cells, can be used for cartilage regeneration.

The type of matrix scaffolds may influence the differentiation of progenitor and stem
cells. For instance, when bone marrow stem cells are cultured in a hyaluronan matrix with
the supplement of transforming growth factor Bl, the stem cells can differentiate into
chondrocytes, forming a cartilage-like structure. When bone marrow stem cells are seeded
in a porous calcium phosphate scaffold, the stem cells are transformed into osteoblasts,
forming a bone-like structure. Bone morphogenetic proteins and growth factors can be
used in cartilage constructs to facilitate cartilage formation. These approaches have been
successfully used in experimental models for cartilage regeneration.

Progenitor and stem cells for bone and cartilage regeneration can be genetically trans-
fected with genes encoding bone regeneration-promoting factors, such as the bone morpho-
genetic protein and vascular endothelial growth factor genes. Such cells may exhibit
enhanced capability of differentiation and proliferation, thus facilitating bone regeneration
and recovery. Alternatively, the bone formation-stimulating genes can be delivered by using
gene carriers. Fibroblasts derived from soft connective tissue have been used as such gene
carriers. Fibroblasts can be collected, cultured, and transfected with a selected gene in
vitro, and used for cell transplantation in vivo. These approaches have been successfully
used in experimental models. In human trials, mesenchymal stem cells have been used as
gene carriers for bone-injury therapy. These trials have demonstrated encouraging results.

Tissue Regenerative Engineering [22.25]. While molecular and cellular therapies
enhance bone regeneration, engineering manipulations at the tissue level is also important
for the recovery from bone injury, especially in delayed bone union and nonunion. A major
type of engineering manipulation is bone grafting or reconstruction with bone substitutes.
Such a manipulation is necessary in the case of bone loss and destruction. There are
several types of materials that can be used for such a purpose. These include autogenous
cancellous bone specimens, metal prostheses, calcium phosphate ceramics, and polymeric
materials. Among these materials, the autogenous cancellous bone is the gold standard
material. The cancellous bone contains osteoprogenitor cells and osteoblasts, which play
a critical role in bone repair and regeneration. However, in the case of large bone
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destruction, it is difficult to collect sufficient cancellous bone specimens. It is necessary
to use other types of materials, such as synthetic materials and allogenic bones.

Synthetic materials have been used and tested for bone reconstruction. Osteoprogenitor
or stem cells can be seeded in scaffolds of synthetic materials. A cell-containing scaffold
can be tailored into a desired shape and used for bone grafting and reconstruction.
However, synthetic materials cannon be integrated into the natural skeletal system. It is
often difficult for cells and blood vessels to grow into the synthetic bone substitute. These
limitations hinder the use of synthetic materials for bone reconstruction. Allogenic
bone specimens are alternative materials for bone reconstruction. However, allogenic
bones with living cells induce acute immune rejection reactions. It is necessary to admin-
istrate immune suppressive agents for patients with allogenic bone grafting. The removal
of living cells from allogenic bone grafts can significantly reduce immune responses.
Decellularized allogenic bone specimens can be used as bone substitutes for bone
reconstruction.
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