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Abstract o

The repair of a fracture necessarily cntails synthesis of osseous tissue requiring the
transformation of undifferentiated osteochondral progenitor cells to mature osteoblasts and
chondrocytes. Owen and Friedenstein proposed that there are stem cells for all mesenchymal
tissues, resident in bone marrow throughout life, that have a lineage comparable to that described
for hematopoiesis. Subsequent with this initial study, marrow derived and periosteal derived
progenitor cells have been shown to produce bone and cartilage in numerous in vivo and in vitro
studics. The diffcrentiation proeess appears to depend heavily on the influences of numerous
cytokines, especially the transforming growth factor beta superfamily. Initial cartilage forination
from progenitor cells is important in any secondary fracture repair. In the vitro study of
chondrogenesis, the marrow derived progenitor cells were shown to differentiate into their
terminal phenotype, the hypertrophic chondrocyte, as indicated by the detection of Type X



collagen messenger ribonucleic acid and protein, A concomitant elevation in the atkaline
phosphatase level suggests that these cells arc ready to mineralize. Despite the importance of
these cells in fracture repair, the characterization of these cclls and the mechanism of their
differentiation have only begun to be explored.

The repair and regeneration of any tissue requires cell proliferation and new matrix production to
bridge the undamaged tissue segments. The cells that efTect the repair can be fully differentiated
and present locally. Osteoblasts may bridge a very short segmental defect effectively as in a
nondisplaced stable fracture. However, the repair of most fractures and the regenetation of a
large bong scgment requires not only osteoblasts, but a complex interaction between
chondrocyles, osteoblasts, and endothelial cells. Although preexisting ostcoblasts may be
involved to a limited extent, the differentiation of osteochondral progenitor cells into osteoblasts
and chondrocytes is the {irst step in the formation on bone and cartilage matrix in fracture callus.
Any fatlure in the mobtlization, proliferation, and diflerentiation of these progenitor cells will
lead to failure in the formation of new bone and to eventual nonunion.

The characlertzation of these progenitor cells and the cytokines that affect their proliferation and
differentiation is essential for understanding the mechanism of fracture repair, and for
developing new treatments for clinical problems such as fracture nonunions.20 This review
examines the evidence for the presence of these progenitor cells in tissues and the roles they play
in the repair of fractured bone.

The healing of a fractured bone 1s a complex biologic event leading to the restoration of the
wholc bone itself. In most other tissues, scarlike repair mediated by libroblasts takes place.
Flowever such a response would be wholly inadequate in bonc repair. The repair of a fracture
necessarily requircs synthesis of osseous tissue. This process involves intramembranous and
cndoehondral bone formation, requiring the transformation of undifferentiated osteochondral
progenitor cells to mature osteoblasts and chondrocytes. 10,45.69 These cells of the maturc
phenotype eventually fill the fracture gap with newly synthesized bone and cartilage forming a
fracture callus.

Clinically, a successful fracture repair requires formation of new bone matrix bridging the
cleavage gap between the damaged ends of the bone and having the necessary strength to
withstand load applied to it. This process requires the mobilization, replication, and
difTerentiation of locally present osteochondral progenitor cells responding to the local and
syslemic cllects of injury. 10

The importance of the cellular responsce to the repair process has been well aceepted, but the
sourcces of the progenitor cells still are debated. Although the carly authors disagreed as to the
relauve importance of the periostcum and bone marrow as sources of progenitor cells for fracture
repair. for more than a century 1t has been theorized that both tissues are involved. In the
mid 1 800s. Dupuytren 19 proposed that the cartilage of fracture callus originated from
periosteun and bone marrow. There is now good evidence to suggest that bone marrow and the



inner cambium layer of the periosteum contain progenitor cells and that both are involved in
fracture repair.45

Although it is intuitive that osteochondral progenitor cells are present in association with bone,
this may be a limited view of progenitor cells. There is evidence to suggest that osteochondral
progenitor cells are present not only in association with osseous tissue, but also throughout the
various nonosseous tissues. This presence of the progenitor cells in muscular tissue is seen by the
formation of heterotopic ossification in sites such as the quadriceps femoris after a soft tissue

fraurma.

The recent use of demineralized bone matrix and BMP2 induction of osteogenesis in animal
models of posterolateral spine fusion also show that there must be osteoprogenitos cells present
in the heterotopic sites such as the posterior musculature and the other soft tissues surrounding
the vertebral column.9,21,30,42,50,58,59,63,67 These progenitor cells in muscles also may play
a role in providing cells to the initial fracture callus. Others theorize that perivascular
mesenchymal cells or even circulating mesenchymal cells are important for fracture repair. At
present, the exact sourcc of progenitor cells destined to differentiate into the osteoblasts and
chondrocytes of fracture callus is not known, although periosteal and marrow cells most likely
contribute to the repair process.10,45

Despite the acknowledged importance of these cells in fracture repair, their manipulation and use
to achieve bone regeneration and repair have not been studied extensively. Furthermore, the
characterization of these cells and the mechanism of their differentiation have only begun to be

explored.

In primary bone repair, bone to bone contact and rigid fixation allow union of bone with a
paucity of fracture callus during the repair phase. [n this process, the need to mobilize progenitor
cells for the repair may not be great because the fracture gap is nominal. However, even in this
ideal condition, cxcessive stripping of the periosteum may lead to nonunion by depriving the
fracture repair site of periosteal osteochondral progenitor cells and a blood supply.

[n circumstanccs whercein a fracture is not rigidly fixed, secondary bone repair ensucs, mediated
by the formation of a large fracture callus. The number of cells contributing to the fracture callus
by the marrow or periosteum may vary according to the location of the fracture and the amount
of periosteal damage present. Bone formation in the callus includes initial intramembranous bone
formation mediated by the cells undergoing primary osteoblastic differentiation and secondary
cndochondral bone formation mediated by preceding chondrocytic differentiation of progenitor
cells and eventual sccondary ossification of the chondroid matrix 45 (Fig 1). In the metaphyscal
arcas of bone, where a large amount of the cancellous bone is present, nonunions rarely develop
because because of an extensive vascular supply and the presence of abundant marrow
progenitor cclls at the fracture site, Therefore, fractures in these areas heal rcadily. i contrast to
the slowly healing diaphyseal fractures,



bone ends (toluidine blue staining x40).

One of the most chinically difficult situations in {racture treatment involves a targe scgmental
loss of bone. When a critically large fracture gap cxists, there may not be enough fracture callus
to bridge the two ends of the fractured bone suflficiently. In these difficult circumstances, various
strategies have been used to bridge the large bone scgment defects, all with some success, but
usually at a tremendous cost in time and effort to the patient and physician.

The most frequently used and well accepted stratcgics for fixing segmental defects involve
traditional bone grafting techniques using cither fragments of autologous bone packed into the
defect or a block of structural bone transferred to bridge between the fractured ends of the bone.
[n these situations the structural bone matrix of the transplanted bone and the bone marrow
containing ostcoprogenitor cells are delivered 1o the lractured siie.

The creation of bone in large fracture gaps is, in many ways, no different than the creation of an
intertransverse process fuston mass in the postertor spinal arthrodests by the traditional
morselized bone graft technique, or the creation of an anterior interbody fusion after discectomy
by using a transported block gralt such as a tricortical thac crest graft. In autologous bone
grafting of fractures, numcrous morsclized bone lragments or a single structural bone graft is
placed in contact with the bones or bone ends to be untted. The undifferentiated progenitor cells
from the marrow of the autologous bone graft and the marow and periosteurn of the local bone
are stimulated by the lracture environment to differentiate into osteoblasts or chondrocytes.
forming a bridging ostcochondral tissuc.



chondrocytic appcarance of cells, and the immunochemical detection of Type Il collagen show
clearly that the tissue generated by these marrow derived cells is cartilage (Fig 3).

Fig 3A-C. 'rozen sections of rabbit bone marrow derived osteochondral progenitor cells 5 weeks
alter in vilro agpregate culture. (A Toluidine biue staming. (B) Antitype [ cotlagen
immunohistochenical staning. (C) Antitype X collagen timmunohistochemistry, Photographed at
* 20 magniftcation.

i this cell aggregate cutture system. not only do these marrow derived progemitor cells
differentiate into chondroeyies, but the cells differentiate additionally tnto their terminal
phenotype. the hypertrophic chondrocyte, as indicated by the detection of Type X cotlagen
mRNA and protem. The appearance of Type 1 and Type X collagen mRNA und the
disappearance ol Type 1 collagen mRNA by 7 days alter aggregation indicate a change in the
phenotypic expression of these cells,

The synthests and deposttion of Type X collagen are phenomena that occur rapidly alter the
appcarance of Type [ collagen. 34 As stated earlier, this transtormation of progenttor cells to
chondrocyies 1s amportant in lracture repair because much of the sceondary repair is mediated by
carly cartilage formation at the fracture site, hypertrophy of the chondrocs tes, mineralization of
the cartilage. and eventual sccondary ossilication. 10,435,069 The carfy appearance of Tvpe
collagen and the rapid subsequentappearance of Ty pe X collagen also are seen in lracture
callus. 3,32,02.67 The similarity between the in vitro aggrepate culture systent of marrow deryed



On the basis of their work, Owen and Friedenstein 51 defined the marrow stromal cell lincage
from stem cell to fibroblasts, adipocytes, osteogenic cells (possessing osteogenic and
chondrogenic potential) and reticular cells (hematopoietic support cells).51 More recently,
Caplan 11 proposed a slightly refined version of this system, the mesengenic process, whereby
the mesenchymal stem cell can enter the bone, cartilage, tendon, muscle, ligament, adipocytic, or
hemopoietic support cell lineages. As Caplan saw it, development and aging can be viewed as a
continuum, with the age related loss of mesenchymal tissue regenerative capacity attributable to
the decrease in number of mesenchymal stem cells. Regardless of the definition used, there is
still no proof of the stem cell's existence, but the hypothesis is attractive, spurring scientists to
explore marrow mesenchymal cell differentiation.

After the 1solation and expansion of marrow derived culture plate adherent cells, Briedenstein et
al 25 implanted the cells in vivo, contained in diffusion chambers, and observed bone formation.
Since then, numerous studies have been done to extend the data on the in vivo osteogenic and
chondrogenic capacity of these cells isolatcd from animal and human marrow.4,5,7,24,27,33
Isolated periosteal derived cells also have becn shown to possess this potential on reimplantation

in vivo 46,47.64 (Fig 2).

. ) oy ap S K]
Fig 2. Photomicrograph showing bone and cartilage formation in a collagen sponge loaded with
rabbit bone marrow derived osteochondral progenitor cells harvested 3 wecks after subcutaneous
implantation in vivo in an athymic mouse (toluidine blue staining x40).

In addition 10 the in vivo studies of isolated progenitor cells, their differentiation has been
explored in vitro with osteogenesis and chondrogenesis assays. The formation of osseous tissuc.
in the form of bone nodules, is a well recognized assay for the osteogenic potential of these
cells.8.43 As stated carlier, the differentiation of progenitor cells to osteoblasts and chondrocytes
occurs during fracture healing. The maturation ol the cartilaginous fracturc callus is analogous (o
growth plate chondrocyte maturation and secondary bone formation. Thus, for the scientific
study of fracture repair, it is of interest that along with the success of producing ostcogenesis in
vitro, chondrogenesis also has been achicved in vitro with avian and embryonic mammalian
progenitor cells and cell lines, 1,2,12,17 28

Recently, the authors have described the chondrogenie differentiation of bone marrow dertved
progenitor cells obtained from pluripotential cclls of postnatal mammalian bonc marrow using an
in vitro cell aggregalte culture system. 34 The presence of a metachromatic staining matrix, the



[n animal experiments, the use of bone marrow in combination with autologous bone,
heterologous bone, extracted demineralized bone matrix, and osteoinductive carriers such as
ceramics has been explored. Using a rabbit spinous process fusion model, Lindholm et al 40,41
found that a combination of demineralized bone matrix with bone marrow cell aspirates gave a
faster and more stable fusion than did autogenous bone or either component alone. Curylo et al
16 also reported improvement in the rate of spinal arthrodesis and a greater quantity of bone
formed when bone marrow was added to autogenous bone grafl in a rabbit posterolateral spine
fuston model. In an orthotopic bone site, Grundel et al 29 described the effective union of a
rabbit ulna gap model using a combination of marrow aspirate and biphasic calcium phosphate
ceramic. A likely reason for the beneficial cffect of the bone marrow in these studics was the
presence of the osteoprogenitor cells in the marrow aspirates. .

L
Numerous studies suggest that a carricr such as demineralized bonc maltrix, bone, or
hydroxyapatite may not be necded when bone marrow is used to augment healing in an
orthotopic site such as that of a femoral shaft defect. Takagi and Urist 61 used bone
morphogenetic protein and bone marrow aspirate Lo treat large femoral gap defects in rats and
reported high rates of union. Paley et al 52 and Grundel et al 29 described the beneficial effect of
percutaneous bone marrow grafling of bone defect in animal models. They showed that the
successful union can be achieved in an orthotopic site without any growth factors or carriers.
Wemntz et al 66 effected biologically stable regeneration of the osseous defect and successful
union of the bone with the addition of bone marrow to an experimental rat femoral shafit defect
model. With a sufficient amount of marrow, the rate of fusion and the biomechanical strength of
the repair were similar to those of autologous bone graft repair. However, injection of dead
marrow, with cells lysed by repeat freeze thawing, did not effect significant bony repair, showing
that progenitor cells in the marrow arc important in promoting bone formation.66

The effectiveness of bone marrow in fracture repair has been shown clinically. In the treatiment
of tibial nonunion, Connolly et al 14 injected autologous marrow percutaneously to the fracture
site and obscrved healing of the nonunion in 80% of (he patients immobilized in casts and 100%
of the patients with intramedullary rod fixation. It was concluded that bone marrow injection was
as effective in the treatment of tibial nonunion as autologous bone grafting.

Bone marrow and periosteurn have the capacity to induce bone formation in orthotopic and
heterotopic sites.18,27,31,40,46,47,68 Thus, the isolation, characterization, and use of the
progenitor cells that produce this phenomenon are important research topics. Owen and
Friedenstein 51 proposed that stem cclls for all mesenchymal tissucs are resident in bone marrow
throughout life, and that they have a lineage comparable with that described for hematopoiesis.
These authors established that cells isolated from postnatal bone marrow have the capacity to
diffcrentiate into bone, cartilage, and adipocytes. Because this work was done with cell
populations that were not cloned, there is no proof that all the phenotypcs found came fromn the
same stemn cells.51 There must be mesenchymal progenttor cells in the bone marrow population,
but whether true stem cells are present is not yet proved. If present, they are thoughl to constitule
a minor proportion of thc heterogenous marrow population, and to contain many mesenchymal
progenitor cells at differcnt stages of differentiation, a situation analogous to that found in cclls
of the hematopoiettc system.




At times, the amount of bone required o bridge the gap exceeds the autologous cancellous bone
avatlable for grafling. These cases are treated by a free vascularized bone transfer or by
distraction osteogencsis. However, the surgery for vascularized fibula implantation requires a
specialized physician with expertise and knowledge concerning microvascular surgery. The
treatment is labor intensive and amenable to a only few specialists. Local bone transport by
distraction ostecogenesis is an effective method for filling segmental defects or lengthening bone,
This local bone transport technique involves corticotomy with progressive distraction of the
fracture callus as in the usc of the llizarov external fixator. Its usefulness is limited by the rcality
that the callus can be distracted only at a very slow rate, requiring many months before enough
bone is created to bridge the gap. Furthermore, this process frequently requires a second surgery
lo facilitate complete healing (addition of the autologous bone grafl at the docking site of the
transported bone to complete the bone to bone union). '

Recently, new potential treatment options for the repair of large segment defecets have becn
studied. The use of bioactive factors at the fracture site to stimulate locally present progenitor
cells and the delivery of osteoprogenitor cells dircctly to the fracture site in a greater number
than would be present ordinarily are two potentially useful techniques. The early recognized
benefit of using demineralized bone matrix was followed by the realization that the benefit
probably is related to the osteogenic factors present in the matrix that stimulate differentiation of
osteogenic precursor cells.55 These osteogenic factors include the bone morphogenetic proteins.
Although it now is recognized that these proteins have roles in the development of many tissues
other than bong, it is established that they arc capable of inducing osteogenesis by promoting
differentiation of progenitor cells. Thus, a strategy using bone morphogenetic proteins to
facilitate bone formation has appeared in the literature, and its use has been impressive in
orthotopic 15,26.44,60,61.68 and heterotopic sites.9,42,57-59

Although bone morphogenetic proteins alonc show great promise, clinical evidence of thetr
uscfulness has not yet been reported. Furthermore, the in vivo studics of bone morphogenctic
proteins in bone formation generally use young animals. Theoretically, bone morphogenetic
proteins may work well on these younger animals because of the abundance of the
undifferentiated progenitor cells in the orthotopic or heterotopic bed. However, in the clinical
scenario involving older patients, it is not known if there exist sufficient undifferentiated cells
capable of responding to these cytokines. Evidence from work on bonc marrow shows that there
is an age related decrease in these progenitor cells.54 Recently, ['leet et al 23 reported that there
is an age related decline in the ostebgenic response to BMP2 laden implants in rats. Getting a
cotnparable response in | month and 16 month old rats required 12 times the dose in the latter
animals, suggesting a deficiency etther in number or responsiveness of progenttor cells to the
osteogenic cytokines.23

Another new potential treatment option to improve segmental gap healing involves the delivery
of the osteoprogenitor cclls to the tracture gap. The importance of providing additional
osteoprogenitor cells to the site of bone formation has been explored by numcrous authors. Many
ol the studies mvolved the introduction of bone marrow aspirate into orthotopic and heterotopie
sites of bone formation.16.29.40.41,61.66 Although the undilferentiated osteochondral
progenitor eells may be found in tissues throughout the body . bone marrow most commonly 1s
uscd as the source of these cells because of its ready availability and almost unlimited reserves.



progenitor cells and the experimental fracture callus suggest that marrow progenitor cells are
involved in fracture repair.

When aggregated progenitor cells undergo successful chondrogenesis, a concomitant elevation in
the alkaline phosphatase level is seen, suggesting that these cells are ready to mineralize.34 This
rise in alkaline phosphatase activity adds to the evidence that these cells differentiate into
hypertrophic chondrocytes. This relatively quick appearance of Type X collagen and alkaline
phosphatase activity indicate early mineralization of the cartilage, an important factor for

fracture repair.

The induction of chondrogenesis in these cells requires particular culture conditions. The cells
were maintained in a format resembling that of the precartilage condensation seerdin fetal
development.22 In a recent article, Noble et al 48 described experiments in which porcine bone
marrow cells grown (o confluence on tissue culture plates retracted into nodular structures in
which Type II collagen was immunolocalized after 6 days in culture. Thus, as found in the
current study, chondrogenesis was induced after the cells formed precartilage condensationlike
structures. The formation of cellular condensations in the transformation of progenitor cells to
chondrocytes may be important not only in vitro, but also in vivo. Bleeding from the marrow
with accumulation at the fracture sitc may play an important role in the delivery of cells to the
fracture. It also may allow the ccll to cell interaction so important in the rapid chondrogcnic
differentiation of those cells forming initial fracture callus.

The importance of osteochondral progenitor cells in fracture repair is evident. Differentiation of
these cells into osteoblasts and chondrocytes ts the first step in the formation of bone and
cartilage matrix in fracture callus. Numerous cytokines appcar to be active in promoting
differcnuation of these progenitor cells. However, specific effects and interactions tn normal
fracture healing are yct to be clarified.0,13,35-39.49.52,53 Nevertheless, any failurc in this
differentiation will result in fature to form new bone and eventual nonunion. Additional
charactcrization of these progenitor cells and the cytokines that affect their proliferation and
differentiation is essential to understanding the mechanism of fracture repair, and to the
development of new treatments for clinical problems such as fracturc nonunions.20
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