
Journal of Orthopaedic Research 
9 6 4 1 4 5 0  Raven Press, Ltd., New York 
0 1991 Orthopaedic Research Society 

Mesenchymal Stem Cells* 

Arnold I. Caplan 

The Skeletal Research Center, Department of Biology, Case Western Reserve University, Cleveland, Ohio, U.S.A. 

Summary: Bone and cartilage formation in the embryo and repair and turnover 
in the adult involve the progeny of a small number of cells called mesenchymal 
stem cells. These cells divide, and their progeny become committed to a spe- 
cific and distinctive phenotypic pathway, a lineage with discrete steps and, 
finally, end-stage cells involved with fabrication of a unique tissue type, e.g., 
cartilage or bone. Local cuing (extrinsic factors) and the genomic potential 
(intrinsic factors) interact at each lineage step to control the rate and charac- 
teristic phenotype of the cells in the emerging tissue. The study of these mes- 
enchymal stem cells, whether isolated from embryos or adults, provides the 
basis for the emergence of a new therapeutic technology of self-cell repair. The 
isolation, mitotic expansion, and site-directed delivery of autologous stem cells 
can govern the rapid and specific repair of skeletal tissues. Key Words: Mes- 
enchymal stem cells-Bone-Cartilage-Differentiation-Self-cell therapy- 
Skeletal tissue-Embry-Adult. 

THE CONCEPT 

It is generally agreed that in an embryo a mesen- 
chymal stem cell is a pluripotent progenitor cell 
which divides many times and whose progeny even- 
tually gives rise to skeletal tissues: cartilage, bone, 
tendon, ligament, marrow stroma, connective tis- 
sue (Fig. 1). By definition, these stem cells are not 
governed by or limited to a fixed number of mitotic 
divisions. Their progeny are affected by a number 
of factors, however, as they become tracked into 
very specific developmental pathways in which 
both intrinsic and extrinsic factors combine to con- 
trol the molecular and cellular pattern of expression 
that results in specific tissues that perform specific 
functions based on their molecular repertoire (9,ll). 
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Indeed, the progression from stem cell to final end 
phenotype is marked by discrete stages with transit 
from one stage to the next dependent on local cuing 
from surrounding cells (paracrine regulation) as 
well as signals emitted by the cell itself and the 
reception of its own signaling (autocrine regulation) 
(10,57). The sum of these various intrinsic and ex- 
trinsic signals defines the developmental position of 
the cells. Although difficult to reconstruct on a cell 
culture dish, such “positional information” has 
been experimentally approached by studying em- 
bryonic cells in culture, cells that have the potential 
to differentiate into various phenotypes (7,9,11,15). 

The concept of stem cells is now well established 
(21,60). Two systems serve as models for such a 
concept: First, Caenorhabditus elegans is a small 
worm whose entire developmental lineage map has 
been described (21); every cell found in the adult 
has been carefully tracked and its progenitor tree 
precisely established with every branch and sub- 
branch delineated. Second, and to be emphasized, 
the heamtopoietic cell lineage has been described 
with its several diverging pathways (21,52). It is 
now clear that each separate pathway and, indeed, 
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FIG. 1. Mesenchymal stem cell phenotypes. Mesenchymal 
stem cells are theoretically capable of differentiating through 
a series of separate and unique lineage transitions into a 
variety of end-stage phenotypes as shown. 

progression through each separate stage within a 
discrete pathway is controlled by a balance of ex- 
trinsic and intrinsic macromolecules. Molecular bi- 
ologists continue to isolate, clone, and express large 
amounts of these proteins, which allows use of cell 
culture systems to identify accurately the factor 
that controls progression to which stage and when 
(51,70). The challenge for skeletal biologists is to 
use the new information and new molecular tools to 
translate these advances into a better understanding 
of skeletal development, physiology, and repair. 

EMBRYONIC MESENCHYMAL CELLS 

The middle embryonic layer, the mesoderm, 
gives rise to all of the body’s skeletal elements.* 
The term, mesenchyme, is derived from the Greek 
meaning “middle” (meso) “infusion” and refers to 
the ability of mesenchymatous cells to spread and 
migrate in early embryonic development between 
the ectodermal and endodermal layers. This char- 
acteristic migratory, space-filling ability is the key 
element of all wound repair in adult organisms in- 
volving mesenchymal cells in skin (dermis), bone 
(periosteum), or muscle (perimysium). Proteins that 
serve as chemoattractants, chemicals that specifi- 
cally encourage this migratory activity to wound or 
developmental sites have been identified (24,32,59). 
The migratory activity of mesenchymal cells is 
complemented by their capacity to aggregate spe- 

* For the sake of clarity, I address only issues related to car- 
tilage or bone, although the same general experimental approach 
and logic can be used for other mesenchymal tissues. 

cifically to form unique developmental structures 
or, in adults, to form repair blastemas, which are 
then capable of responding to local cues and differ- 
entiating accordingly to achieve regenerative repair 
(10,ll). 

Chick Limb Cells 

More than 20 years ago, my collaborators and I 
attempted to define experimentally the conditions 
and cues necessary to control the differentiation of 
embryonic mesenchymal cells into cartilage and 
bone (5,7,17). Both in vivo and in vitro studies were 
used, but development of cell cultures and the gen- 
eral approach of using cell cultures has provided the 
experiential basis for approaching the study of mes- 
enchymal stem cells from adults. The system we 
developed was the culturing of stage 24 (day 4.5) 
embryonic chick limb mesenchymal cells under 
conditions that promoted differentiation of cartilage 
(chondrocytes) (5,7,13,20) and bone (osteoblasts) 
(42,65). 

Chondrocytes 

Our first experimental effort with embryonic 
chick limb mesenchymal cells was to focus on chon- 
drocyte development, which we learned was con- 
trolled by the initial plating density (5,17), oxygen 
levels (14), or, as recently shown by other investi- 
gators, a variety of physical and chemical factors 
(53,58,61). The key factor in the conversion of a 
mesenchymal cell to a chondrocyte is maintaining 
the progenitor cell in a round, unspread conforma- 
tion. This can be accomplished simply by plating 
the cells initially under very compact, high-density 
conditions: 5 X lo6 embryonic stage-24 limb mes- 
enchymal cells per 35-mm dish (5,17). Even in a 
simple, defined medium consisting of insulin, trans- 
ferrin, bovine serum albumin (BSA), and hydro- 
cortisone in Eagle’s minimum essential medium 
(MEM), the differentiation of chondrocytes and 
their further development can be documented as 
long as the cells are initially seeded at high density 
(18,30). 

The high-density , limb cell-derived chondrocyte 
in culture makes two cartilage-specific molecules in 
abundance: type I1 collagen (68) and a large chon- 
droitin sulfate, keratan sulfate proteoglycan (CSPG) 
(13,18,20). By detailed chemical and physical char- 
acterization of the CSPG synthesized on each day 
of culture, we showed that the glycosaminoglycan 
chains are biosynthesized slightly differently with 
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time (Fig. 2). Peptide maps show that the newly 
synthesized core protein (26) is identical on each 
day of culture, whereas the chondroitin sulfate 
chains are synthesized progressively shorter 
(30,000 D on day 2 to 15,000 D on day 20) and the 
keratan sulfate chains are synthesized progressively 
larger (0 to 10,000 D) (13,20). This biosynthetic pro- 
gression is exactly what has subsequently been 
shown to occur in the cartilages of embryonic, 
adult, and aging human (50) and bovine specimens 
(62). 

That embryonic chondrocytes have an aging- 
dependent program of changing biosynthesis is fur- 
ther documented when cultured embryonic chick 
chondrocytes are transplanted in a fibrin-based de- 
livery vehicle into defects at the articular surface of 
adult chickens (29). Such chondrocytes produce 
what appears to be appropriate cartilaginous matrix 
and have been followed >18 months. The resulting 
repair cartilage appears to integrate perfectly into 
the defect and to provide the animal with a healthy, 
normal articular surface. These experiments and 
others clearly establish the concept of repairing car- 
tilage with embryonic or appropriate reparative 
cells. 

Osteoblasts 

Our initial success in studying emergence of 
chondrocytes and formation of cartilaginous tissue 
from cultures of limb mesenchymal cells encour- 
aged us to study differentiation of osteoblasts and 
formation of bone as well. Our initial logic was that 
high-density conditions caused cartilage formation 
and that cartilage was the progenitor tissue of bone. 
(Some investigators have reported that cartilage 

provides the scaffold for bone formation.) After 2 
years of frustrating experimentation, we realized 
that when infrequent bone and osteoblasts could be 
identified, the bone had formed at a distance from 
cartilage and never on or in the cartilage (42). By 
carefully decreasing the initial cell density of limb 
mesenchymal cells to just below the density at 
which some mineralized cartilage could form (2 x 
lo6 cells/35-mm dish), we observed numerous de- 
posits of bone and abundant osteoblasts which, 
again, were clearly at some distance from cartilage 
(6,42,44). In addition, these osteoblasts exhibited 
the classic response to parathyroid hormone (PTH) 
of elevated cyclic AMP levels (71,72) and possessed 
a bone-specific alkaline phosphatase (43). These stud- 
ies clearly indicated that embryonic chick limb mes- 
enchymal cells were capable of differentiating into 
osteoblasts and that the culture conditions support- 
ing optimum osteoblast emergence were different 
from the conditions optimum for chondrogenesis. 

Mouse and Human Limb Cells 

With regard to cartilage and bone, the properties 
of mouse and human limb mesenchymal cells in cul- 
ture appear to be quite similar, if not identical 
(25,46). Likewise, cartilage and bone development 
in vivo are also quite comparable, with the major 
exception that embryonic cartilage of chick does 
not calcify whereas that of mammals always calci- 
fies (16). The comparable developmental properties 
of aves, rodents, and humans encourages us to con- 
tinue experimentation with animal cells as an ap- 
proximation of better understanding of the proper- 
ties of human cells and tissues. 

FIG. 2. Proteoglycans synthesized by newly dif- 
ferentiated, mature, and senescent chondrocytes. 
With increasing age, chondrocytes synthesize 
proteoglycans that have smaller chondroitin sul- 
fate chains and larger keratan sulfate chains 
(7,8,12,13,20). 
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LINEAGE OF MESENCHYMAL CELLS 

Cartilage 

The important inference from the above discus- 
sion is that chondrocytes have a programmed (i.e., 
genetically dictated) sequence of changes in their 
end-stage expression (8,12). The differences in gly- 
cosaminoglycan chain lengths or chemistry are sta- 
ble to cell culturing or metabolic perturbation. The 
control of these events is not known, but all exper- 
iments designed to slow this sequence of biosyn- 
thetic alterations or reverse them have failed. The 
inference is that a genomic mechanism somehow 
“tells time” and that this clock is hard-wired and 
unidirectional (8,12). 

Such biosynthetic changes in articular cartilage 
are different from the lineage changes observed in 
adult growth plate or embryonic limb cartilage. A 
discrete set of expressional stages or lineage states, 
comprising dividing, maturing, and hypertrophic 
chondrocytes, is apparent in embryonic limb tissue, 
cell culture (13,58,61), and in the growth plate 
(19,28). Eventually, the hypertrophic cartilage in 
vivo is eroded by vascular, marrow, and phagocytic 
cells and replaced by bone. Each chondrocytic lin- 
eage state is uniquely different from its predeces- 
sor, as shown in Fig. 3. For example, hypertrophic 
chondrocytes synthesize a unique small collagen, 
type X, and a unique proteoglycan (5435); neither 
of these molecules is synthesized by mature chon- 

Chondrogenic PROGENITOR : Type I Collagen, CSPG-M 

1 
Chondroblast : Type I I  Collagen, CSPG-H 

I + 
Chondrocyte I : 148 Kd, link protein 

1 
Chonrocyte I I  : 100 Kd 

1 
Hypertrophic Chondrocyte : Type X collagen, 59 Kd, 1.250H D,R 

FIG. 3. Chondrogenic lineage. Based on the experiments of 
Solursh et al. (58,61) a hypothetical lineage map can be con- 
structed to consist of at least five separate stages based on 
the changing biosynthesis of proteins (named or by molec- 
ular weight, Kd) or chondroitin sulfate proteoglycan (CSPG). 
The receptor for 1,25-dihydroxy Vitamin D, is represented as 
1 ,250HD,R. 

drocytes. In this particular circumstance, several 
factors are proposed to contribute to conversion of 
mature chondrocytes to hypertrophic chondrocytes 
(35); reversal of this process has not been reported. 

Bone 

We recently reviewed the major aspects of em- 
bryonic bone development. Figure 4 shows several 
important elements or rules governing this complex 
process (10,11,16). First, a discrete positioning of 
progenitor cells, stacked cells, existed in proximity 
to the developing bone (47). The stacked cells give 
rise to osteoblats in a discrete series of lineage steps 
(described below). The end stage or secretory os- 
teoblast is positioned by its proximity to vascula- 
ture, with the “back” of the osteoblast to the cap- 
illary and osteoid deposited from the “front” of this 
highly oriented secretory cell (47,48). The vascula- 
ture is the orientor of osteogenesis and the osteo- 
blast is the formative element. Cartilage is not re- 
placed by bone, but is instead the target for vascular 
(marrow) replacement (48); in the early limb, the 
cartilage model exactly defines the eventual mar- 
row cavity. 

That a discrete series of individual lineage stages 
exists between the progenitor cells in the stacked 
cell layer and the secretory osteoblasts is now clear, 
as shown in Fig. 5. We recently isolated four mono- 
clonal antibodies, SBl,  2, 3, and 5 ,  which have 
helped provide evidence for an osteoblast lineage 
(3,4). Progenitor cells in the stacked cell layer and 
osteocytes do not interact with SB1, 2, or 3. Newly 
differentiated osteogenic cells react with SB1, but 
not with SB2 or 3, whereas fully secretory osteo- 
blasts react with SB1, 2, and 3. A subpopulation of 
osteogenic cells reacts with SB2, but not SB3. Os- 
teocytes react with OB7.3 of Nijweide and Mulder 
(38) or with our SB5, but not with SB1,2, or 3. The 
lineage tree in Fig. 3 is based on these observations 
and not only establishes the existence of an osteo- 
blastic lineage but suggests that osteocytes are de- 
rived directly from osteoblasts with SB 1, 2, and 3 
antigens that are suppressed as SB5 and OB7.3 are 
turned on. Experiments are now in progress to use 
these monoclonal antibodies to isolate representa- 
tives of each lineage stage so that studies can be 
conducted to identify the agents that promote the 
progression from one lineage stage to the next. Cen- 
tral to the thesis presented below is the existence of 
osteoprogenitor cells in the stacked cell layer, the 
future periosteum. 

J Orthop Res, Val. 9, No .  5 ,  1991 
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MESENCHYMAL STEM CELLS 645 

FIG. 4. Sequence of progressive in vivo bone 
development. Progressive repositioning of the 
vasculature from outside the stacked cell layer 
to a position in close approximation to the first 
layer of secretory osteoblasts responsible for 
formation of the first bony collar of the chick 
tibia (11,4798). The osteoblast is oriented with 
its back toward the invading capillary and secre- 
tion of osteoid toward the cartilage core from 
the osteoblast’s face. In this model, osteoblasts 
secrete osteoid in a direction away from vascu- 
lature (B), causing formation of a strut (C) and 
eventually forming the second layer of bone (D). 
These observations show that an intimate rela- 
tionship exists between vasculature and newly 
forming bone. 

BIOACTIVE FACTORS IN BONE 

From the earliest days of modern humans, bone 
has been recognized to have the powerful capacity 
to repair discontinuities (22). A variety of bioactive 
factors combine in a complex multicellular, multi- 
step response in which reparative cells are specifi- 
cally attracted to the repair site. These cells then 
aggregate, multiply, bridge the bone gap, and dif- 
ferentiate into chondrocytes or osteoblasts as con- 
trolled by the proximity to vasculature. Recently, 
an intensive research activity to identify and char- 
acterize these various bioactive factors was largely 

successful (56,66,67,69). Our laboratory has de- 
scribed the purification of a protein factor, chon- 
drogenic stimulating activity (CSA), which converts 
embryonic limb mesenchymal cells to chondrocytes 
(63,64). We are also attempting to purify a bone- 
derived chemoattractant for mesenchymal cells by 
using the now standard modified Boyden chamber 
(31,33). 

Relevant to the thesis developed below, the iden- 
tity and manipulation of the cells responding to 
bone-derived bioactive factors is directly related to 
successful bone repair. Such responding cells are 
present in the adult periosteum (36), dermis (49), 

J Orthop Res, Vol. 9, No. 5 ,  1991 
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Osteo-progenitor 

1 
1 
1 
i 
1 

Pre-Osteoblast 

Transitory 1 Osteoblast 

Transitory 2 Osteoblast 

Secretory Osteoblast 

Osieocytic Osteoblast 

Osteocyte 

No probes currently available 

SB-1 (anti-Alkaline Phosphatase)-positive 
Non-secretory, mitotic 

SB-1.. SB-3-positive 
Non-secretory, mitotic 

SB-I-, SB-2.. SB-3-positive 
Non-secretory, mitotic 

SB-I-, SB-2.. SB-3-positive 
Secretory, non-dividing 

SB-2.. SB-5-positive, SB-I -, SB-3-negative 
Secretory?, non-dividing 

SB-5-positive, SB-I-, SB-2.. SB-3-negative 
Maintains bone physiology ? 

Prooosed osteoblastic differentiation 

APase * 
SB-I # 

SB-3 c 

SB-2 * 
SB-5 c 

FIG. 5. Osteogenic cell lineage. Based on recent experimen- 
tation in which monoclonal antibodies were generated to cell 
surface antigens of osteogenic cells (3,4), a tentative lineage 
diagram reflects acquisition or loss of specific antigenic de- 
terminants. The characteristics of SB1, 2, and 3 were de- 
scribed previously (3); SB-5 (4) has been characterized and is 
similar to 087.3 of Nijweide and Mulder (38). The individual 
lineage states are not weighted in terms of their prevalence 
or dwell-time; e.g., “transitory osteoblast 1” occurs rarely 
and cannot be recognized easily except at specific times and 
locations, whereas the “secretory osteoblast” is easily rec- 
ognized and plentiful. 

bone marrow (1,40,41,45), and connective tissue as- 
sociated with muscle (34,37). One or all of these 
repositories are capable of forming bone when ap- 
propriately delivered bioactive factors are pre- 
sented. 

Alternately, when the responsive cells, stem 
cells, are placed in suitable delivery vehicles that 
can retain these cells while encouraging vascular 
invasion, bone can be observed to form. Recently, 
we used calcium phosphate porous ceramics in 
composite with marrow to encourage bone forma- 
tion at both heterotopic and orthotopic sites (40,41). 
Whole disaggregated marrow cells in suspension 
are loaded into porous ceramic and transplanted to 
subcutaneous, intramuscular, or bone defect sites 

in vivo. In 1-2 months, the few mesenchymal stem 
cells in the marrow have replicated massively and 
differentiated into osteoblasts. In the dead-end 
pores of the ceramic, which are devoid of vascula- 
ture, these stem cells differentiate into chondro- 
cytes and form cartilage. 

MESENCHYMAL STEM CELLS 

From the above discussion several key facts are 
evident. First, embryonic mesenchymal stem cells 
in the limb which give rise to cartilage and bone in 
vivo can be manipulated in vitro. Second, these 
cells have a lineage progression of separate, indi- 
vidual steps, whether it be the chondrogenic or os- 
teogenic pathway. Third, local cuing, sometimes in- 
volving highly potent protein factors, is responsible 
for providing positional information and causing lin- 
eage progression. Cell culture conditions have been 
refined to the extent that not only can these pro- 
gressive events be studied in detail, but manipula- 
tion of the cells is also possible to provide control of 
tissue size and function. 

Fourth, although chondrocytes and osteoblasts 
are derived from a common mesenchymal cell, the 
conditions for their initial differentiation and pro- 
gression through the individual steps of their lin- 
eages are uniquely different. For example, osteo- 
genesis is dependent on proximity to vasculature 
whereas chondrogenesis requires the complete ab- 
sence of vasculature (7,10,11,16); osteogenesis is 
optimum at an initial cell culture seeding density in 
35-mm dishes of 2 x lo6 embryonic limb mesenchy- 
ma1 cells, whereas chondrogenesis is optimum at 5 
x lo6 cells (5,17,42). 

Fifth, bone forms from mesenchymal stem cells 
in a cartilage-independent manner with vasculature 
providing a determinative discriminator between 
these two tissues; embryonic cartilage is not re- 
placed by bone, but rather by vasculature and mar- 
row (10,11,16). Sixth, we can demonstrate that 
three tissue sites are the repositories of mesenchy- 
ma1 stem cells: marrow (1,40,41,45), periosteum 
(36), and muscle connective tissue (34,37). 

MARROW 

Figure 6 outlines an assay to demonstrate that 
marrow contains mesenchymal stem cells capable 
of differentiation into cartilage and bone. Whole 
marrow is disrupted into single cells by passing it 
through needles of successively smaller sizes; the 

J Orthop Res, Vol. 9, No.  5, 1991 
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MESENCHYMAL STEM CELLS F*mur.tlbla 
Millinore filter 

Peritoneal 
Implantation 

(I= cultures) 

Plastic rZg 

Athymic Mouse 

7 3-6 wks 

Filter Cartilage 

Bone brous tissue 

FIG. 6. Diffusion chamber assay in nude mice. Cell samples 
from marrow or other sources can be loaded into chambers 
composed of two Millipore filters glued to the edges of a 
plastic ring. These chambers are then implanted in the peri- 
toneal cavity of athymic (nude) mice as a highly vascular in 
vivo incubation site. The filters prevent host cells from enter- 
ing the chambers but permit rapid diffusion of nutrients and 
other factors into or out of the chamber. Histologic identifi- 
cation of two distinctive phenotypes, cartilage and bone, in- 
dicates that mesenchymal stem cells were present in the ini- 
tial inoculum (1,2,45). 

cells are counted, and 1-10 x lo6 cells are placed in 
a small diffusion chamber (1,2,45). This chamber is 
of simple construction consisting of a small plastic 
ring onto which two Millipore filters have been 
glued. The filters allow body fluids (salts, nutrients, 
proteins, large protein complexes) to pass in and 
out of the chamber, but cells inside are not mixed 
with host cells, and tissues such as the vasculature 
are completely excluded. These chambers are im- 
planted into the peritoneal cavity of an athymic 
(nude) mouse as an in vivo incubator, and they 
quickly become surrounded by host vasculature. 
Detailed studies have shown that the hematopoietic 
cells are eliminated, whereas mesenchymal cells 
vigorously divide and differentiate into cartilage in 
the middle of the chamber and bone at the filter 
interfaces closest to the enveloping vasculature 
(1,2,45). The presence of both cartilage and bone in 
the diffusion chamber has been compared to the 
presence of predominantly bone inside the highly 
vascularized pore regions of porous calcium phos- 
phate ceramics loaded with marrow cells and im- 
planted at heterotopic or orthotopic sites described 
above (40,41). 

As a refinement of these experiments, we have 
been able to purify marrow mesenchymal cells by 
their differential adhesion to culture dishes and 
have successfully cultured cells through many pas- 
sages (23). These cultured marrow mesenchymal 
cells from rat or chicken retain their capacity to 
differentiate into osteoblasts in ceramics through 

such subculturing. Of importance is the demon- 
strated success of isolating marrow mesenchymal 
cells and mitotically expanding these cells with re- 
tention of their full developmental potency to dif- 
ferentiate into osteoblasts or chondrocytes. 

Periosteum 

Another repository for mesenchymal stem cells is 
the periosteum, a complex layer of cells that com- 
poses the outermost layer of long bone; we have 
termed the periosteum the stacked cell layer in de- 
veloping embryos (1,16,47,48). This layer clearly 
responds to injury by rapidly expanding and form- 
ing woven bone; it also has cells capable of differ- 
entiating into chondrocytes when the periosteum is 
transplanted into an articular cartilage defect (39). 
In experimentation paralleling that described above 
for marrow mesenchymal cells,we have been suc- 
cessful in culturing and passaging periosteal cells 
(36). In porous ceramics implanted in nude mice, 
these cultured periosteal cells differentiate into os- 
teoblasts (36). When the same cell preparation is 
injected into a subcutaneous site in a nude mouse, 
the cultured periosteal cells differentiate into both 
bone and cartilage (36). The important point is that 
culture-expanded periosteal cells retain their full 
developmental potency and can be manipulated to 
form two very complex and different tissues, bone 
or cartilage. 

THE FUTURE: (SELF-CELL THERAPY) 

Several important conceptual and technical ad- 
vances have converged to allow us to consider the 
possibility of using a patient’s own mesenchymal 
stem cells as starting material for tissue repair pro- 
tocols. Mesenchymal stem cells must exist to main- 
tain the living organisms, just as hematopoietic 
stem cells must exist to support both red and white 
blood cell turnover. Developmental biology has 
taught us that differentiated cells arise in a sequence 
of definitive cellular and molecular transitions, a 
lineage, from stem cell to end phenotype. Bone, for 
example, turns over; new osteoblasts arise, have a 
defined half-life, make new bone, and then die, to 
be replaced by other newly differentiating end-stage 
osteoblasts. Such osteoblasts must arise from stem 
cells; thus, a living organism must have repositories 
of stem cells. 

Therefore, we might be able to isolate such hu- 
man mesenchymal stem cells and place them in cell 

J Orthop Res,  Vol. 9, No. 5 ,  1991 

 1554527x, 1991, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jor.1100090504 by T

est, W
iley O

nline L
ibrary on [01/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



648 ARNOLD I .  CAPLAN 

culture, where we could mitotically expand their 
numbers. Eventually, if we had enough of these 
cells, we could reintroduce them into the original 
donor in a manner that guaranteed that they would 
massively differentiate into a specific tissue, such 
as cartilage or bone, at a transplantation or repair 
site. Immunorejection would not be a problem be- 
cause the donor and host would be one and the 
same. 

The first experimental step to test this idea is to 
determine if the animal-based technology described 
above can be modified to be used with human ma- 
terial. The first attempts at this have been highly 
encouraging. Recently, human marrow was intro- 
duced into diffusion chambers which were placed in 
nude mice; both cartilage and bone were eventually 
observed in the chamber (2). We recently cultured 
human marrow and isolated mesenchymal cells that 
were passaged, introduced into porous ceramics, 
and implanted subcutaneously in nude mice. In the 
pore regions of these highly vascularized compos- 
ites, bone clearly formed in every sample of culture- 
expanded, marrow-derived mesenchymal cells 
tested (27). These preliminary experiments provide 
hope that the animal-based technology developed 
for mesenchymal cells from marrow or periosteum 
will be translatable to humans. 

The concept of ex vivo manipulation of cells and 
their reimplantation into a donor is the basis for 
proposing self-cell therapy as a future possibility. 
Massive bone regeneration to fill gaps from tumor 
excision, regeneration of damaged articular carti- 
lage, and maintenance of bone formation in the eld- 
erly at risk for osteoporosis are clinical protocols 
that require large numbers of the appropriate repar- 
ative skeletal cells. The patient’s own mesenchymal 
stem cells may prove to be the basis of a new, cell- 
based treatment plan requiring the merging of mo- 
lecular biology to produce specific bioactive fac- 
tors, cell biology to develop ex vivo manipulation 
regimens, and surgeons able to implant cells capa- 
ble of repairing skeletal defects by the regeneration 
process. 
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