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Summary: Bone marrow contains a population of rare progenitor cells capable of differentiating into bone, 
cartilage. tendon, and other connective tissues. These cells. referred to as mesenchymal stem cells, can be pu- 
rified and culture-expanded from animals and humans and have been shown to regencrate functional tissue 
when delivered to the site of musculoskeletal defects in experimental animal$. To test the ability of purified 
human mesenchymal stem cells to heal a clinically significant bone defect, mesenchymal stem cells isolated 
from normal human bone marrow were culture-expanded, loaded onto a ceramic carrier, and implanted into 
critical-sized segmental defects in  the femurs of adult athymic rats. For comparison, cell-free ceramics were 
implanted in the contralateral limb. The animals were euthanized at 4,8, or 12 weeks, and healing bone de- 
fects were compared by high-resolution radiography, immunoliistochemistry. quantitative histomorphometry. 
and biomechanical testing. In mesenchymal stem cell-loaded samples, radiographic and histologic evidence of 
new bone was apparent by 8 weeks and histoniorphometry demonstrated increasing bone formation through 
12 weeks. Biomechanical evaluation confirmed that femurs implanted with mesenchymal stem cell-loaded ce- 
ramics were significantly stronger than those that received cell-lree ceramics. These studies demonstrate that 
human mesenchymal stern cells can regenerate bone in a clinically significant osscous defect and may there- 
fore provide an alternative to autogcnous bone grafts. 

During embryologic development, cells of the rne- 
sodermal layer give rise to multiple mesenchymal tis- 
sue types including bone, cartilage, tendon, muscle, fat, 
and marrow stroma. These precursor cells, also present 
in the postnatal organism, are referred to as mesen- 
chymal stem cells (6,36). Recently, techniques for the 
isolation of adult bone marrow-derived human and 
animal mesenchymal stem cells have been described 
(10,18,27,31,37,46), as well as techniques for directing 
their differentiation into the osteogenic (18,23,26,27), 
chondrogenic (24,28), tenogcnic (7,52), myogenic (47), 
adipogenic (38), and marrow stromal (32) lineages. 
These cells have also been shown to retain their devel- 
opmental potential following extensive subcultivation 
in vi tro (4,14,18), thus supporting their charactcrixa- 
tion as stem cells. Human mesenchymal stem cells 
have been further characterized by documenting their 
expression of cell surface and extracellular matrix 
molecules (3,17,19,33), as well as their secretory cyto- 
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kine profile under various growth and differentiation 
conditions (20). 

Implantation of cul ture-expanded mesenchymal 
stem cells has been demonstrated to effect tissue re- 
generation in a variety of animal models and depends 
on local factors to stimulate diffcrcntiation into the 
appropriate phenotype. Achilles tendon (52) and full- 
thickness articular cartilage defects (16,46) have been 
repaired in the rabbit, regeneration of normal muscle 
has been achieved in a mouse model of muscular dys- 
trophy (40), and large segmental bone defects have 
been rcpaired in rats (26) and dogs (25). Although the 
cells used for each of these studies were autologous 
(or syngeneic) mesenchymal stem cells, the biomatrix 
used for cell delivery varied according to the anatomic 
setting. Additional studies have shown that following 
intravenous injection. these cells can serve as long- 
lasting precursor cells in bone, cartilage, and marrow, 
thus suggesting a role for them as vehicles for gene 
therapy (8,37). 

Although rat and canine mesenchymal stern cells 
have been shown to synthesize structurally competent 
bone in an orthotopic site (25,26), human mesenchy- 
ma1 stcm cells have been shown to form bone only zn 
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vitro (4,23) and in ectopic implantation sites in immu- 
nodeficient mice (18). Because fracture healing and 
bonc repair depend on the ability to amass enough 
cells at the defect site to form a repair blastema. one 
therapeutic strategy is to directly administer the pre- 
cursor cells to the site in need of repair. This approach 
is particularly attractive in the treatment of patients 
who have fractures that are difficult to heal or who 
have a decline in their mesenchymal stem ccll rc- 
pository as a result of age (22,28,39,45): osteoporosis 
(43), or other metabolic derangement. The goal of the 
current study was to determine whether purified, 
culture-expanded human mesenchymal stem cells 
could regenerate bone at the site of a clinically signif- 
icant osseous defect. 

MATERIALS AND METHODS 
Cultivation and Manipulation of 
Human Mesenchymal Stem Cells 

Isolation and culture-expansion of human mesenchymal stem 
cells from a bone inarrow aspirate, obtained from a normal volun- 
teer after informed consent. was conducted as previously described 
(15,20). Following the initial plating in Dulbecco's modified Eagle 
nicdiuni (Sigma Chemical, St. Louis, MU. U.S.A.) containing 10% 
fctal bovine serum (BioCell Laboi-atorics. Kancho Dominguez. 
CA, LJ.S.A.) from a sclcctcd lot (31). nonadhcrcnt cells were re- 
moved o n  day 3 at the first changc of medium, and fresh medium 
was replaced twice wcckly thereafter. Adhcrcnt niesenchynial 
stem cells represent approxiniatcly oiic in lo5 nuclcated cells orig- 
inally plated. When culture dishes becamc nearly confluent, the 
cells were detached and serially subcultured. 

Preparation of Implants 
Porous hydroxyapatitcip-tricalcium phosphate ccraniic blocks. 

with a mean porc size of 200-450 pm (generously supplied by 
Zimmer. Warsaw, IN. U.S.A.), were shaped into cylinders ap- 
proxiniatcly 4 mni in diameter and S inn1 in length with a 1 min 
central canal or were cut into cubes 3 mni per side. Mesenchymal 
stcm cell-loaded implants werc preparcd by incubating human 
fihroncctin-coated hydroxyapatite/p-tricalcium phosphate cubes 
and cylinders in a 7.5 X lo6 cellinil suspension of first-passage 
mcscnchymal stem cells for 2 hours at 37°C. following the appli- 
cation of a brief vacuum to draw the cell suspension into the pores 
of the sample. as previously described (26). Uniform adherence of 
cells deep within the pores was confirmed by scanning electron 
micrography of representative samples, as published elsewhere 
(10). Ccll-free implants were prepared siniilarly by incubating 
fibroncctin-coated cylinders in a suspension devoid of cells. 

Surgical Model and Experimental Design 
The fcmoral gap surgical model eiiiployed liere has been used 

extensively in euthymic rats to study long-bone repair (11.13, 
26.30.35.42,44,18,49.5 I ). Briefly, both femurs of Harlan Nude 
(1Tsd:Rh-mu) rats (325 g) were exposed by an anterolateral ap- 
proach. Athymic rats were used because they have an impaired 
immune response against xcnogcncic implants. A polyethylcnc 
fixation plate was attached to each fcinur by four Kirschner wires 
and two cerclage wircs, and an 8 inm transverse segment of thc 
central diaphysis. along with its adhcrcnt periosteum, was removed 
with use of a rotary osteotomy burr undcr saline irrigation. Each 
animal then received a cell-frcc hydroxyapatiteiB-tricalciuni phos- 
phate cylinder in one fcmoral defect. an identical cylinder loaded 
with human mesenchymal stem cells in the contralateral defect, 

and a mesenchymal slem cell-loaded hydroxyapatitei~-tricalcium 
phosphate cube in the subcutancous tissue of the back. The mus- 
cles wcrc apposed. and the fascia and skin wcrc closed in i~ routine 
layei-ed fashion. Inimcdiately after cutlianasia at 4,X,or 12 wccks, 
all specimens were radiographed in a lateral position with use of 
a high-resolution Faxitron Imaging system (Buffalo Grove, IL, 
U.S.A.) with an cxposure of 35 kVp for 30 scconds. At each of the 
three time points, thc femurs froiii thrcc of the animals wcre used 
for quantitative Iiistol~iorphoiiietry and saniplcs from one animal 
were used for iniinunochemisti-y. ' lhc fcmurs from the remaining 
seven animals wcrc harvested at thc 12-wcck time point for bio- 
mechaiiical testing and were subsequently pooled with thc thrce 
samples originally destined for quantitative histoniorphomctry. All 
subcutaneous implants were processed for decalcified histology. In 
addition to the 19 animals that received implants of hydroxyapa- 
titcip-tricalcium phosphate. three additional animals had bilateral 
fcmoral defects that were left empty to confirm the critical-siLed 
iiaturc of this defect in atliymic rats. These three animals were 
killed at 12 wccks, and the femurs wcrc proccssed for undecalcified 
histology aftcr radiographic imaging. All procedures involving an- 
imals were pcrfoniicd in accordance with a protocol approved by 
the liistitutiotial Animal Care and Use Committee. 

Quantitative Histomorphometry and Immunochemistry 
For quantitative histomorphometry, the limbs were fixed, dehy- 

drated. cleared, embedded in polyinethylniethacrylate, cut. and 
ground to a thickness of 100 pin for staining with Toluidinc blue-0. 
Quantitative assessnicnt of bone formation was pcrfornicd with 
use of Quantimct 500MC (Leica Cambridgc. Cambridge, England) 
image-analysis software as previously described (26). Specifically, 
analysis was performed on the area of each scction corresponding 
to thc ncw cortical rcgions defined by thc dimcnsions of the orig- 
inal implant. Arcas of bone, ceramic, and soft tiscuc were easily 
distinguished by the image-analysis software on the basis of the 
difference i n  color. At the magnifications used, approximately 10 
separate fields were required to encompass the entirety of each 
longitudinal section. The data are presented as the lractional area 
of bonc as a percentage of available porc area, in keeping with the 
historical precedent for histomorphometry in this type ol ortho- 
pacdic implant (21.25.42,49). 

Liinbs from one animal at each tiinc point were also prepared 
for routine immunostaining by monoclonal antibody 6E2. which 
distinguishcs human cells froni rat cells (18). Undecalcified cryo- 
sections were incubated with 6E2 supernatant or an irrclcvant 
primary inonoclonal antibody control (SB-1) (1). followed by fluo- 
rescein isothiocyanatc-conjugated goat anti-niousc IgCi secondary 
antibody (Gr~tco BKL. Gaithersburg, MD, U.S.A.) diluted 1:5W 
in phosphate-buffered saline. Subcutaneously iinplanted samples 
were fixed in formalin, decalcified, embedded in paraffin, scc- 
tioned, stained with Malloi-y-Heidcnliaiii dyc, and evaluated for 
the presence of bonc in the pores of the implant. 

Biomechanical Testing 
' h e lve  weeks aftcr implantation. seven animals that had ccll- 

free and niesenchynial stem cell-loaded implants and six control 
animals that did not undergo the procedure were euthanizcd for 
torsion testing of femurs as described in technical detail elsewhere 
(30). The lixation plate and adherent soft tissue were removed, and 
the metaphyses of the bones were embedded. The specimens were 
externally rotated in a custom torsion test apparatus at 6" per 
second until failure was observed. The displacement and load to 
failure were recorded. and the values lor stiffness and strength 
were calculated with use of custom software. 

Statistical Analysis 
To analyze the histomor-phometric data, the mesenchymal stem 

cell-loaded and the cell-free samples Crom each animal were paired. 
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of the 8 mm diaphyseal dclect. Although a mild, nat- 
urally occurring varus deformity was sccn in these 
athymic rats. no gross failure of fixation or other 
postoperative complications occurred throughout 
the course of study. However, compromised fixation 
at  euthanasia was found in one animal implanted 

FIG. 1. Light micrograph of a representative histological section 
from a human mesenchynial stem cell-loaded hpdroxyapatiteia- 
tricalciiim phosphate implant placed ectopically in the subcutanc- 
ous tissue of an athyinic rat. The ceramic phase o f  the implant (c), 
which was rcmoved during the decalcification step of histologic 
processing, can he seen as a granular matcrial. l 'hc pores of thc 
implant are filled with bone (b) 01. blood vessels and fibrous tissue 
(arrow). C:uboidal osteoblasts are seen lining the surface of the 
developing bone. (Mallory-Heidenhain, X75.) 

and the data were analyzed by a paired r test at each of the three 
different time points. Because the biomechanical analysis required 
comparison of three different treatment groups (mesenchymal 
stein cell-loaded hydroxyapatite/~-tricalciuiii phosphate implants, 
cell-free hydroxyapatiteia-tricalciurn phosphate implants, and in- 
tact controls), one-way analysis of variance with p o s t  hoc Student- 
Newman-Keuls tests were used to compare the values €or torque. 
stiffness, and energy to failure for each group. 

RESULTS 
Mesenchynial Stem Cell-Mediated Osteogenesis 
in Ectopic Hydroxyapatitelp-Tricalcium 
Phosphate Implants 

Human mesenchymal stem cell-loaded hydroxy- 
apatite/p-tricalcium phosphate cubes implanted in the 
subcutaneous space of athymic rats displayed evi- 
dence of osteogenesis by 4 weeks, but considerably 
more bone was present within the pores at 8 arid 12 
weeks. A representative section from a mesenchymal 
stem cell-loaded cube harvested 12 weeks following 
implantation is shown in Fig. 1. Bone formation occurs 
within the pores of the cubes and is associated with 
vascular elements that penetrate the implant. Such 
angiogenesis is obligatory to  new bone formation, 
because the secretory activity of osteoblasts is an ori- 
cntcd phenomenon guided by vasculature. As pre- 
viously demonstrated, the implantation of cell-free 
cubes (10,18) or of cubes containing normal Eibro- 
blastic cells (29,34) always results in the exclusive for- 
mation of a fibrovascular tissue within the pores of the 
ccramic. 

Osteotomy Model and Radiography 
Figure 2a illustrates the segmental defect model 

used in this study. The polyethylene fixation plate on 
top o r  thc fcmur provides stability following creation 

FIG. 2. Segmental gap defect model and radiography. a: A poly- 
ethylene fixation plate is positioned on the lateral aspect of this 
representative athymic rat fcmur. High-resolution radiographs ob- 
taincd immediately postoperatively (b) and following euthanasia 
at 12 weeks show the pore structure and the extent of healing of 
the segmental defect with the two implant typcs. rcspectively (c 
and d). The porous nature of the hydroxyapatiteiB-tricalciurn phos- 
phate is evident in b and serves as a measure against which new 
bone formation in the pores and at the interface zones can be 
gauged. Total integration of the implant at the host-ceramic inter- 
face is cvidcnt in thc carricr plus mescnchymal stem cell group (c); 
however, only modest integration is observed in the cell-iree im- 
plants (d). The pores of the mesenchymal stern cell-loaded implant 
are filled with bone throughout the gap, but the cell-free carrier 
contains little bone and a centr-ally located transverse fracture with 
a butterfly fragment. 
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FIG. 3. Histologic representation of bone regeneration in segmental femoral defects. Light micrographs showing representative healing 
of a segmental defect implanted with a hydroxyapatiteio-tricalciuin phosphate carrier alone (a) or the carrier plus human mesenchymal 
stem cells (h-d), 12 weeks after implantation. The ceramic appears black in these photomicrographs as an artifact of undecalcified specimen 
preparation. and bone present within the pores or at the host-implant interface appears blue-violet. The mesenchymal stem cell-loadcd 
specimen shown here was subjected to destructive mechanical lorsion testing, proccssed for histology in two sepxate pieces, and reposi- 
tioned to approximate the appearance of thc feinur prior to testing (h). The actual Craclure plane is denoted by the doublc arrows above 
and hclow the implant. The cut edges of the host cortices arc notcd by arrowheads in a and b. Higher power micrographs demonstrale 
the substantial amount of bone present at the host-implant interface (c) and within the body of  [he implanl (d). (Toluidine blue-0; a and 
b: X7, c: X31, and d: ~ 4 5 . )  

with mesenchymal stem cell-loaded hydroxyapatitcib- 
tricalcium phosphate cylinders and cell-free hydroxy- 
apatite@-tricalcium phosphate cylinders; hence, the 
samples from this animal were excluded from the 
study. Control femoral defects that were left empty 
gave rise to a nonunion, as established by other 
investigators using euthymic rats (11,2645). High- 
resolution Faxitron radiographs provided sufficient 
clarity and detail to discern subtle changes occurring 
within the implant and the surrounding host bone. 
Increasing radiodensity and obliteration of the  appar- 
ent pore structure seen clearly in the radiographs ob- 
tained immediately postoperatively (Fig. 2b) were 
used as indications of new bone formation within the 
pores of the implant. Representative radiographs of 
the femurs from the groups recovered 12 weeks after 
implantation demonstrate substantially more bone in 
animals that received mesenchymal stem cell-loaded 
hydroxyapatiteip-tricalcium phosphate cylinders (Fig. 
2c) than in those that received cell-free cylinders (Fig. 
2d). Although integration of the implant, or union, was 
not generally observed by 4 weeks, the subsequent 
formation of a radiodense bone bridge between the 
implant and the host at 8 weeks completely masked 
the interface. By 8 weeks, the mesenchymal stem cell- 
loaded implants contained considerable bone within 
the pores and were integrated with the host bone at 
the ends of the implant. At 12 weeks, union was com- 

plete and additional bone was evident in the pores. 
Callus formation along the fixation plate was ob- 
served in some samples, as wa? an occasional eccentric 
spicule of bone usually present along the medial as- 
pect of the femur. 

Histologic Evaluation 

Analysis of the samples stained with Toluidine blue- 
0 confirmed the observations made by radiography. 
Photomicrographs of represcntative sections of the 
implant groups recovered at 12 weeks are shown in 
Fig. 3. In defects fitted with the hydroxyapatileifl- 
tricalcium phosphate carrier alone, the pores of the 
implant were predominantly filled with fibrous tissue 
even at 12 weeks. Several samples had evidence of 
modest integration at the host-implant interfaces, and 
at one end of this representative implant (Fig. 3a), 
host-derived endosteal bone appears to be advancing 
into the medullary canal of the carrier as a result 
of osteoconduction. None of the cell-free ceramic 
carriers contained bone throughout the pores of the 
implant. 

Most of the pores of the implants loaded with mes- 
cnchymal stem cells contained substantial new bone 
by 8 weeks, and this proccss of bone regeneration 
continued through the 12-week assessment period 
(Fig. 3b). Evaluation of limbs following biomechani- 
cal testing indicates that the fractures were of a trans- 
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TABLE 1. Bone fill in hydroxyapatitd~-trIcalciiun phosphate implants as a percentage of available space (mean 2 SO) 

4 weeks (n = 3) 8 weeks (n = 3) 12 weeks (n = 8) 

Carrier alonc 1.88 2 0.83 12.95 ? 5.35 30.28 2 10.18 
Carrier + mcscnchymal stem cells 2.01 t 1.85 22.88 + 4.25" 45.77 2 14.56b 

"P = 0.05 compared with the carrier alone at each time point, as dcterrnined by paired t tests. 
P = 0.001 comparcd with the carrier alone at each time point, as determined by paired r tests. 

verse or spiral nature and were generally propagated 
through a central region of the implant containing 
cartilage or a modest amount of bone. During the 
regenerative process, substantial new bone formation 
occurred at the interface between the host and the 
implant, leading to a continuous span of bone across 
the defect. New woven and lamellar bone can be seen 
in intimate contact with the cut edge of the host cortex 
at 12 weeks (Fig. 3c), and this region of union is di- 
rectly contiguous with bone formed throughout the 
pores of the implant. In regions deeper within the 
hydroxyapatiteip-tricalcium phosphate (Fig. 3d), fill- 
ing of the pores with new bone and vasculature is 
evident. Immunocytochemical staining with antibody 
6E2 demonstrated that at 4 weeks, virtually all the 
cell3 within the pores of the implant were reactive and, 
therefore, were of human origin (data not shown). 
Samples from later time points, which contained sub- 
stantial amounts of bone, were not amenable to test- 
ing because the sensitivity of the antigen-antibody 
interaction requires the use of unfixed frozen sections, 
which of course cannot be obtained from such miner- 
alized bone samples. 

Histomorphometric Evaluation 
The results that have been qualitatively described 

are mirrored in the histomorphometric data in Ta- 
ble 1. Bone present in the cell-free hydroxyapatiteip- 
tricalcium phosphate implants primarily represents 
the osseous ingrowth from the cut ends of the host 
cortices. At 8 weeks and longer, the mesenchymal 
stem cell-loaded samples contained significantly more 
bone than did the cell-free group, and the average 
bone fraction within the implant increased over time, 
reaching 22.9 and 45.8% by the 8 and 12-week time 
points, respectively. This increased bone fraction at 8 
weeks is 1.8-fold higher than that measured in cell- 

free implants at the same time, and, by 12 weeks, is 
more than 23-fold higher than that observed in either 
condition at 4 weeks. The volume fraction of the hy- 
droxyapatite/p-tricalcium phosphate carrier remained 
constant and served as an internal control for his- 
tomorphometry. Samples from one animal were not 
included in the 12-week histomorphometric analysis 
because mechanical testing shattered one limb in such 
a way as to prevent reconstruction in an anatomically 
correct manner; this left eight pairs of limbs available 
for analysis at the 12-week time point. 

Mechanical Testing 
Table 2 summarizes the mechanical testing results 

in terms of torsional strength, stiffness, and total en- 
ergy absorbed. These results demonstrate increases to 
215,245, and 212% of strength, stiffness, and torsional 
energy absorbed, respectively, in mesenchymal stem 
cell-loaded samples compared with cell-free carrier 
samples. The three groups were found to be statisti- 
cally different from each other in failure torque and 
stiffness. 

DISCUSSION 
The results presented here demonstrate that pur- 

ified, culture-expanded human mesenchymal stem 
cells are capable of healing a clinically significant bone 
defect in a well established model for bone repair. The 
basic phenomenon of osteogenic differenliation of hu- 
man mesenchymal stem cells has been proven by the 
formation of bone in subcutaneous implants in mice 
(18) and in studies of isolated mesenchymal stem cells 
in vitro (4,23); however, this is thz first demonstration 
that human mescnchymal stem cells can regenerate 
bone at a clinical site in need of repair, to our kiiowl- 
edge. The combination of mesenchymal stem cells and 
a porous hydroxyapatiteip-tricalcium phosphate car- 

TABLE 2. Mechanical properties of rat femurs 12 weeks after implantation (mean +. SO) 

Intact control (n = 1 2 )  Carrier alone (n = 6) Carrier + mesenchymal stem cells (n = 6) 

Strength (N mm) 409 ir 71 

39 -t 5.5 
2.6 z 0.7 

Stiffness (N mmideg) 

Energy (N mm X deg) 

74 ? 63 

6.6 ir 4.2 

0.6 2 0.4 

159 ir 37 

16.2 -t 4.0 

1.3 -t 0.8 

One-way analysis of  variance on  each o f  the parameters showed a significant diffcrcnce between thc groups at p <: 0.0001. Further- 
more. each of the groups was significantly different from the other for strength and stiffness (p < 0.05), as determined by povf hoc 
Student-Newman-Keuls tests. 
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rier possesses regenerative potential that is histomor- 
phometrically and biomechanically superior to thc 
carrier alone. This investigation paves the way for the 
clinical application of autologous mesenchymal stem 
cell therapy for the treatment of orthopaedic defects 
in humans. 

The progressive increase in radiodensity of the 
healing bone at 8 weeks parallels the histological ob- 
servations of processed limbs. Immunocytochemistry 
proves that the cells associated with the ceramic at 4 
weeks are of human origin and that the cells surround- 
ing the implant are from the host. It has been shown 
that the bone produced by these mesenchymal stem 
cells is eventually replaced by bone derived from host 
cclls through the normal remodeling sequence (8J5). 
It is important to note that in the process of healing 
this osseous defect. bone formation occurs by a di- 
rect conversion of mesenchymal cells into osteoblasts 
rather than by an endochondral cascade. This obser- 
vation is consistent with previous studies ol' osteo- 
genesis in implants loaded with animal or human 
mesenchymal stem cells (lOJ8.25-27). As the regener- 
ative process continues, the pores of the ceramic are 
rilled with an increasing amount ol bone, which is laid 
down on the walls of the implant or existing bone and 
oriented by the invading vasculature that provides a 
portal for the entry and establishment of new marrow 
islands containing hematopoietic elements and host- 
derived mesenchymal stem cells. Although we did ob- 
serve cartilage in a few samples at the biomechanical 
fracture sitc, wc believe that cells differentiated into 
chondrocytes as a result of early microfractures within 
the implant itself, leading to micro-instability and dis- 
ruption of vascular elements. These environmcntal 
cues are known to promote the formation of a carti- 
laginous callus at the site of healing bones, and this 
region represents the portion of the implant most 
likely to fail at mechanical testing. 

The presence of bone in the subcutaneously im- 
planted cubes demonstrates that these athymic ani- 
mals are indeed capable of supporting osteogenic 
differentiation of human mesenchymal steni cells. 
However, the rate of bone regeneration is lower than 
that observed in euthymic rats implanted with synge- 
neic niesenchymal stem cells (10,26,31) or in severe 
combined immune deficiency (SCID) mice implanted 
with human mesenchymal stem cells (data not shown); 
this suggests that immunocompromised rats are not 
the optimal hosts for assessment of the bone-lorming 
potential of human mesenchymal stem cells. This may 
be due in part to the xenogeneic nature of the implant 
and the increased natural killer cell activity? which 
may be a compensatory mechanism for the host ani- 
mal to cope with its deficient T-cell-mediated immu- 
nity (41 ). Nevcrthelcss, a significantly higher amount 
of bone was formed in the defect that received mes- 

enchymal stem cells than in those limbs that received 
the carrier only. The extent of host-implant union was 
greater in the mesenchymal stem cell-loaded implants, 
which likely reflccts the combined contributions of 
implanted mesenchymal stem cells and host-derived 
cells. 

The ability of human mesenchymal stem cells to re- 
generate bone in this experimental model compares 
favorably with other investigations testing implants 
such as demineralized bonc matrix, bone marrow, pu- 
rified or recombinant bone morphogenetic proteins 
(BMPs), allograft, ceramics. fibermetals, and gene- 
activated matrices (11-13,30.3S,42,44,48,49,51). In ad- 
dition to forming a substantial amount of histologically 
normal bone, the biomechanical data demonstrate that 
torsional strcngth and stiffness at 12 weeks were ap- 
proximately 40% that of intact control limbs; this is 
more than twice that observed with the cell-free carrier 
and also twice that achieved in a similar study of bone 
repair using lresh autogralt in a primate long-bone 
defect model (9). 

Recently, growth factors such as recombinant hu- 
man BMP have been implanted in experimental bone 
defect models to stimulate bone repair (9,30,51). Al- 
though recombinant BMPs are capable oi" inducing 
thc endochondral cascade in ectopic implants (SO). 
their ability to reproducibly direct bone formation at 
orthotopic sites has been hampered by the problems 
associated with the design and selection of an appro- 
priate carrier. In contrast to the mechanical data 
showing significant bone regeneration in a mesenchy- 
ma1 stem cell-loaded ceramic, purified BMP dclivcred 
in the same hydroxyapatiteip-tricalcium phosphate 
carrier did not increase the strength of the implant 
compared with the carrier alone (42), even though 
BMP delivered in alternative carriers induces the for- 
mation of structurally competent bone (9.30). The 
incomplete interconnectivity of pores within this ce- 
ramic, combined with its slow resorption and complex 
geometric structure, may cxplain why even in the 
presence of significant bone formation, mechanical 
strcngth remains less than that in intact limbs. In addi- 
tion, stress-shielding of the new bone, as a result of the 
load-bearing fixation plate, also restricts the strength 
of the healing defect. We belicve, as has been pre- 
viously suggested ( 5 ) ,  that the use of an osteosuppor- 
live hydroxyapatiteip-tricalcium phosphate cylinder 
may not be the optimal matrix for replacement of 
diaphyseal defects; however, its use in this study con- 
firms that human mesenchyinal stem cells are capa- 
ble of regenerating bonc in the site of a large defect. 
The design of an optimal biomatrix carrier for the 
delivery of mesenchymal stcm cells is an active area 
of investigation. 

Implantation of culture-expanded autologous mes- 
enchymal stem cells offers the advantage of directly 
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delivcring the cellular machinery responsible for syn- 
thesizing new bone and circumventing the otherwisc 
slow steps leading to bone repair. Even in paticnts 
whose connective tissue has a reduced ability to re- 
generate, presumably due to a low titer of endogenous 
mesenchymal stem cells (2,22,28,43,48), these rarc 
mesenchymal stem cells may be isolalcd, cryopre- 
served, and culture-expanded over one billion-fold 
without a loss in their osteogenic potential (4), thus 
restoring or enhancing the ability of tissue defects to 
heal in clinical patients. The studies presented here 
suggest that mesenchymal stem cell-based therapics 
will be useful for the reconstruction of a variety of 
bone defects in humans. 
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