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Building a Consensus Regarding the Nature and Origin of
Mesenchymal Stem Cells
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Abstract Mesenchymal stem cells (MSCs) are believed to be the common precursors to differentiated cell lineages
found in bone and bone marrow, including adipocytes, chondrocytes, osteoblasts, and hematopoiesis-supporting
stroma. Apart from this fact, most aspects of MSC biology, including their ontogeny, anatomical location in marrow, and
in vivo functions remain vague. Attempts to clarify these issues have produced confounding results, principally due to
the fact that many researchers employ different methods to culture MSCs, assess their differentiation potential, and
evaluate their capacity for self-renewal. Accordingly, the current status of the field appears fragmentary with no clear
consensus on how to define the cells. In describing past and present contributions to the field of MSC research, | will
demonstrate that the apparent incongruity of the literature is misleading, and that an unbiased interpretation reveals a

fairly cohesive picture of MSC biology. ). Cell. Biochem. Suppl. 38: 7-12, 2002. © 2002 Wiley-Liss, Inc.

Key words: marrow stromal cells; osteogenic stem cells; pericytes

Research spanning over 40 years has con-
tributed to the discovery in bone marrow of a cell
population that are precursors of connective
tissue cell types, including adipocytes, chondro-
cytes, osteoblasts, and hematopoiesis-support-
ing stroma. These cells have been denoted in the
past literature by a variety of monikers, includ-
ing fibroblast colony-forming cells, colony-form-
ing unit-fibroblasts, mesenchymal progenitor
cells, or marrow stromal cells. Currently, they
are referred to as mesenchymal stem cells
(MSCs), although it remains in question whe-
ther they are bona fide stem cells or determined
progenitors of connective tissues. This debate is
due, in part, to the lack of suitable assays
whereby properties of the MSC, in particular its
capacity for self-renewal, can be accurately
assessed. It also results from the fact that the
methods used to culture MSCs produce a
heterogeneous cell population that exhibits
variable characteristics with regard to pheno-
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type and function. Accordingly, there is a lack of
consensus on how to define MSCs.

In spite of the contentious nature of the field,
interest in MSCs continues to grow, particu-
larly with regard to their therapeutic potential.
Currently, MSCs are being evaluated as ther-
apeutic agents in animal models of paralysis,
stroke, heart attack, and neurodegenerative
disease as well as in human clinical trials for
osteogenesis imperfecta. However, due to their
indeterminate nature, it is difficult to assess the
number and quality of actual stem cells being
evaluated in these studies. Biased sample pre-
parations may result in an inaccurate assess-
ment of the overall therapeutic potential of
MSCs. Because such studies will largely deter-
mine their clinical relevance as agents to treat
disease, the necessity of developing standar-
dized methods to isolate, phenotype, and eval-
uate the quality of MSCs is ever increasing.
Accordingly, by distilling pertinent aspects of
the past and present literature, this review will
attempt to build a consensus regarding the
nature and origin of MSCs.

FRIEDENSTEIN, OSTEOGENIC STEM CELLS,
AND MSCS

Alexander Friedenstein is generally credited
with the discovery of MSCs. However, the scope



8 Phinney

and significance of his work is often under-
stated, principally with regard to describing key
aspects of MSC biology, including their capacity
for self-renewal in vivo. Therefore, in building a
consensus regarding the nature and origin of
MSCs, it seems appropriate to begin by restat-
ing his contributions to the field.

Nearly 40 years ago, Petrakova et al. [1963]
demonstrated that pieces of bone marrow trans-
planted under the renal capsule of mice formed
an osseous tissue over a period of several weeks
that was invaded by hematopoietic cells. Alter-
natively, when marrow cells were transplanted
in a closed system, i.e., a diffusion chamber, the
cells also formed bone tissue but colonization by
hematopoietic cells did not occur [Friedenstein
et al., 1966]. These early studies revealed that
bone marrow was inherently osteogenic, a fea-
ture that distinguished it from other tissues
such as transitional epithelium [Friedenstein,
1961], and suggested that osteogenic precursors
in marrow were distinct from those that gave
rise to hematopoietic cells.

To demonstrate that bone marrow contained
separable populations of osteogenic and hema-
topoietic precursors, Friedenstein et al. [1968]
transplanted mouse marrow cells from a
parental strain under the renal capsule of F;
hybrids (semi-syngeneic). Karyotype analysis
revealed that the resulting bone tissue formed
was genetically identical to the parental strain
but the hematopoietic tissue that colonized it
was of host origin. These results were confirmed
by showing that the ossicle continued to form
new bone when transplanted back into the
parental strain but the hematopoietic cells
within it were rejected. Conversely, when male
marrow cells recovered from a heterotopic os-
sicle were transplanted into syngeneic females
immunized against male antigens, the osteo-
genic cells were rejected by the host immune
system and no bone tissue was formed [Frieden-
stein and Kuralesova, 1971]. These studies
confirmed that osteogenic and hematopoietic
cells were derived from distinct precursors in
marrow. They also demonstrated that hetero-
topic osseous tissue was self-maintaining, i.e.,
it was not replaced or remodeled by cells from
the host animal, even after prolonged periods
of time in vivo. These authors subsequently
showed that marrow cells were capable of con-
tinually regenerating new osseous tissue when
serially transplanted to secondary recipients,
but that their osteogenic capacity was even-

tually exhausted by the 5th passage. Therefore,
the osteogenic cells exhibited a capacity for self-
maintenance commensurate with that demon-
strated for hematopoietic stem cells passaged
through irradiated recipients. These results led
to the classification of the cells as osteogenic
stem cells.

To identify the nature of the osteogenic stem
cell, Friedenstein et al. [1970] developed a
simple method to isolate fibroblastoid (stromal)
cells from bone marrow based on their adher-
ence to tissue culture plastic, a method still
widely employed today due to its effectiveness.
Friedenstein demonstrated that these stromal
cells were (1) a rare population in bone marrow,
(2) did not enter S phase until up to 60 h after
initial plating, (3) had a high replicative capa-
city in vitro, (4) were clonegenic, and (5) formed
colonies of irregular shape and density. More
importantly, he showed the cells were capable of
forming bone tissue in vivo, even after multiple
passages in vitro, and hence were a source of
osteogenic stem cells and/or their progeny.

Collectively, these studies demonstrated that
bone marrow contains a cell population, distinct
from hematopoietic lineages, that is capable of
protracted self-maintenance and differentia-
tion into multiple mesenchymal cell lineages.
Accordingly, the cells fulfill the criteria of MSCs.
Therefore, the most pertinent question in the
field today is not whether MSCs exist, but
rather how to define them.

HETEROGENEITY OF MARROW STROMAL
CELL CULTURES

One obstacle in defining MSCs is the lack of
suitable conditions for their maintenance and
expansion ex vivo from an adherent population
of marrow fibroblasts (stromal cells) that is
morphologically, phenotypically, and function-
ally heterogeneous. Friedenstein first noted
that cultured stromal cell populations varied
in size, morphology, proliferative potential, ex-
pressed varying levels of alkaline phosphatase,
and possessed different osteogenic capacities in
vivo [Friedenstein et al., 1982]. Subsequently,
various groups demonstrated that marrow
stromal cells were capable of multi-lineage dif-
ferentiation in vitro [Beresford et al., 1992;
Umezawa et al., 1992; Dorheim et al., 1993;
Dennis et al., 1999] but these and other studies
made it apparent that both clonal and non-
clonal populations were functionally heteroge-
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neous [Kuznetsov et al., 1997; Phinney et al.,
1999]. Recently, Mauraglia et al. [2000] showed
that of 185 non-immortalized human marrow
stromal cell clones evaluated, approximately
half expressed osteo-chondrogenic potential
and less than one-third were capable of differ-
entiating into bone, fat, and cartilage. More
importantly, the multi-potential clones progres-
sively lost their adipogenic and chondrogenic
potential at increasing passage number. This
result is consistent with a previous report
demonstrating a loss of multi-potentiality in
human marrow stromal cells as they were
culture-expanded [DiGirolamo et al., 1999].
Collectively, these findings indicate that stro-
mal cell cultures are an admixture of cells with
varying developmental potentials and that cul-
ture conditions used to expand the cells in vitro
do not support long-term self-maintenance of
the MSC.

Recently, Pittenger et al. [1999] described
conditions for isolation and culture-expansion
of a homogenous population of human MSCs.
Homogeneity in this case was defined by uni-
form expression of approximately 50 distinct
antigens by the cells and their essentially
complete differentiation into three separate
lineages; bone, fat, and cartilage. Methods em-
ployed by these authors differed from the afore-
mentioned studies in that cells were cultivated
in sera lots pre-screened using a rigorous bat-
tery of tests. This difference is significant in that
batches of sera are typically poorly character-
ized and inconsistent from batch to batch, and
as a result can have dramatically different
affects on cell attachment, spreading, growth,
and differentiation [Barnes and Sato, 1980]. For
example, Lennon et al. [1996] demonstrated
that human marrow stromal cells cultured in
different sera batches exhibited growth rates
in vitro that varied up to 6-fold. Moreover, only 3
out of 10 sera lots tested supported in vivo
osteogenic differentiation of the cells. Batch to
batch variations in sera were also shown to
affect the differentiation potential of stage 24
embryonic chick limb bud mesenchymal cells.

Although the selection of sera lots as des-
cribed above likely provides a more suitable
microenvironment for expansion of stem/pro-
genitor cells, this adaptation alone is not suf-
ficient for long-term maintenance of the MSC.
This is indicated by the fact that the cells
cultured in pre-screened sera lots exhibited
donor-to-donor variability in growth rate at late

passage, together with loss of chondrogenic
potential beyond passage 5, and decreased ost-
eogenic potential beyond passage 8 [Pittenger
et al., 2001]. Notably, the loss of multi-potenti-
ality in these cultures was not discernable by a
change in phenotype. Therefore, the antigens
used to measure homogeneity failed to reflect
the developmental potential of the cells.

MOLECULAR CHARACTERIZATION OF MSCS

The heterogeneous nature of stromal cell
cultures has confounded efforts to characterize
the molecular phenotype of the MSC. In addi-
tion to their functional heterogeneity, the cul-
tures display varied morphologies and express
lineage-specific antigens that can vary between
different preparations and as a function of time
in culture [Charbord et al., 1990; Perkins and
Fleishman, 1990]. Many past characterizations
of the cells have principally involved analysis of
one or a few expressed antigens. To provide a
more comprehensive molecular description of
the cells, my laboratory used serial analysis of
gene expression (SAGE) to catalog 2,353 ex-
pressed transcripts in a single cell-derived
colony of human stromal cells elaborated from
low density cultures [Tremain et al., 2001]. This
analysis revealed the colony simultaneously
expressed mRNAs of different mesenchymal
cell lineages, including chondrocytes, myo-
blasts, osteoblasts, and hematopoiesis-support-
ing stroma as well as various transcripts
characteristic of endothelial, epithelial, and
neural cells. However, many of the cytokines,
cytokine receptors, integrins, and matrix mole-
cules reportedly expressed in stromal cells
[Haynesworth et al., 1996; Pittenger et al.,
2001] were not expressed by the single cell-
derived colony. These differences suggest that a
single cell-derived colony is comprised of dis-
tinct subsets of cells as compared to stromal cell
cultures elaborated using standard methods,
i.e., passage at high density.

Recently, human marrow stromal cells grown
at low density (10 cells/cm?) were shown to pos-
sess a significantly greater replicative potential
than compared to cells passaged as monolayers
[DiGirolamo et al., 1999]. These low-density
cultures are enriched for a sub-population of
cells, termed rapidly self-renewing (RS) cells,
that can be discriminated by their differential
expression of several antigens, including the
TrkA, Flk-1, and c-kit receptors [Colter et al.,
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2001]. The RS cells appear to be highly mitotic,
which is consistent with the fact that popula-
tions cultured at low density contain a high
proportion of cells in S phase. We recently
compared the transcript profile of a population
of stromal cells propagated for two passages at
either low (6 cells/cm?) or high (1,000 cells/cm?)
density. Surprisingly, this change in density
altered the expression of over 400 separate
transcripts by a factor of 3-fold or greater (C
McBride, DG Phinney, unpublished results).
Collectively, these results indicate that culture
density affects both the biological properties
and molecular phenotype of stromal cells.

ONTOGENY AND ANATOMICAL
LOCATION OF MSCS

Unfortunately, no specific antigen(s) has been
described that associates the developmental
potential of MSCs with a specific phenotypic
trait. In the absence of such a reagent, it is
impossible to determine the proportion of stem
cells, multi-potential progenitors, and deter-
mined precursors in cultured stromal cell popu-
lations or the anatomical location of these cells
within bone marrow. Several laboratories have
isolated monoclonal antibodies, including Stro-
1 [Gronthos et al., 1994] and SB-10 [Bruder
et al., 1997] that are immuno-reactive against
stromal cells cultured in vitro. Recently, Stro-1
was shown to bind to the walls of the micro-
vasculature in a variety of tissues [Bianco et al.,
2001]. This result is not surprising in that the
prominent fibroblast-like cell in bone marrow
(and presumably in stromal cell cultures) is the
reticular cell, which covers the abluminal sur-
face of the endothelium of the venous sinuses
and as such represents a specialized marrow
pericyte [Weiss, 1976]. As the name implies,
these cells display a “reticular” morphology,
projecting cytoplasmic processes into the mar-
row sinus where they convey signals to matur-
ing hematopoietic cells. The reticular cells also
differentiate into adipocytes in situ, thereby re-
gulating the size and permeability of the sinu-
soidal system in bone marrow. Several studies
have shown that preformed, post-capillary
venule pericytes from bone marrow are able to
differentiate into osteoblasts and chondrocytes
in vivo [Diaz-Flores et al., 1991]. These unique
properties have led Bianco and Cossu [1999] to
suggest that marrow pericytes represent the
closest in vivo approximation to the MSC.

Our SAGE analysis indicates that stromal
cells from post-natal marrow simultaneously
express characteristics of mesenchymal, endo-
thelial, and epithelial cells, a distinguishing
feature of mesothelium. Recently, Munoz-Cha-
puli et al. [1999] provided evidence that cells
within the splanchnic mesothelium, an epithe-
lial lining of the coelom, detach from their
neighbors, invade the adjacent splanchnic me-
soderm, and undergo an epithelial-to-mesench-
ymal transition as evidenced by the appearance
of increased mitotic figures, long cytoplasmic
basal projections, and expression of the inter-
mediate filament vimentin. This invasion of
mesothelial cells occurs at about the same time
as the appearance of primitive endothelial and
hematopoietic progenitors within the splanch-
nopleura. Transient co-expression of cytokera-
tins, vimentin, and specific hemangioblastic
markers by these progenitors suggests they
are derived from mesothelial cells. The primi-
tive endothelial cells within the splanchno-
pleura colonize the floor of the aorta and
differentiate in situ to produce the vasculature
of the body wall, kidney, visceral organs, and
limbs [Pardanaud et al., 1996]. This process of
vasculogenesis, therefore, is consistent with the
notion that mesothelial-derived MSCs are loca-
lized to bone marrow via invasion of the
vasculature and may represent a specialized
type of vascular stem cell.

CONCLUSIONS

The data described within this review pro-
vides a coherent interpretation of MSC biology.
Friedenstein et al. demonstrated the existence
of a MSC in bone marrow. Presumably, these
stem cells are delivered to this tissue during
embryogenesis when the cartilaginous analge of
the presumptive bone is invaded by the vascu-
lature. During this process MSCs may be
localized to the invading edge of the vascula-
ture, generating the cell types necessary for the
development of the bone and bone marrow.
Alternatively, MSCs may be deposited into
specialized niches within the preformed mar-
row and function as a repository for precursor
cells needed for the growth and remodeling of
the adult tissue. Based on the hierarchical
model of differentiation proposed by Caplan
[1994], MSCs would yield progeny that through
a determined series of events differentiate
into progressively more restricted precursors
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of connective tissue cell types. Self-renewal and
lineage commitment of MSCs may be governed
by intrinsic or extrinsic factors, the nature of
which cannot currently be predicted. In this
scheme, the MSC would be upstream of the
stromal or reticular cell, since the later repre-
sent a specialized cell type in bone marrow.
Conversely, these reticulating vascular cells
may be more akin to liver hepatocytes, wherein
they perform specialized functions in marrow
but retain the capacity to differentiate into
multiple mesenchymal lineages in response to
instructive signals generated during matrix
remodeling of the tissue.

Following removal from the marrow micro-
environment, the actual fate of the MSC is
unknown. Clearly, marrow stromal cell cultures
are an admixture of molecularly and function-
ally distinct cell types. This heterogeneity likely
reflects the complexity of the marrow stroma,
contributed in part by specialized sub-popula-
tions of stromal (reticular) cells that interact
with different hematopoietic cells. These stro-
mal cells also have the capacity to alter their
function (and phenotype) in response to exter-
nal stimuli [Miller-Sieburg and Deryugina,
1995]. Continuous growth and remodeling of
bone tissue would also imply that marrow
contains progenitor cells of varying develop-
mental potential. Predictably, the actual num-
ber of MSCs in these cultures would be very few.
When cultured in vitro MSCs and their progeny
progressively lose potential with increasing
passage number, indicating that conditions
currently employed to expand the cells does
not recapitulate the in vivo microenvironment
that supports self-maintenance of the MSC.
This problem is likely exasperated by the fact
that agents in the media (or sera) instruct
progenitor cells to adopt specific fates and/or
selectively support expansion of determined
progenitors. Loss of stem cell potential may also
be due to rapid expansion and subsequent
exhaustion of the stem cell pool.

Plating density also appears to affect the
biological properties of marrow stromal cells.
Cultures passaged at low density possess
greater overall replicative potential, although
this has not been directly correlated with
extended lifespan of the MSC. Low cell density
in culture may prevent the generation of a
nutrient or oxygen deficient environment, limit
the extent of cell-to-cell contact, and maintain a
greater proportion of the cells in cycle, any of

which may prevent cellular differentiation. In
contrast, culturing stromal cells at high density
likely mimics the in vivo microenvironment
of developing mesodermal tissues and induces
differentiation of the stem/progenitor pool. For
example, condensation of presumptive mese-
nchyme precedes endochondrial and intramem-
braneous bone formation as well as the
regeneration of limbs in amphibians. Plating
density is also known to alter the phenotype
expressed by chick limb bud mesenchymal cells
in vitro [Lennon et al., 1996] and culturing
MSCs at high density promotes their chondro-
genic differentiation [Johnstone et al., 1998].

Obviously, the complexity of marrow stromal
cell cultures has created an obstacle to defining
the nature of the MSC, and has led to the
suggestion that MSCs may represent a unique
type of stem cells with unconventional proper-
ties. This problem is exacerbated by the fact that
connective tissue derived from stroma of spleen
and thymus as well as the abdominal wall of the
body cavity can be induced to differentiate into
bone producing cells under the appropriate
conditions. Therefore, an important first step
in bringing continuity to the field is developing a
standardized method to evaluate the stem cell
characteristics, namely self-renewal and multi-
lineage differentiation, of putative MSC popu-
lations. Serial regeneration in vivo of a hetero-
topic ossicle may be the best experimental
approximation of these processes and provide
a means to associate stem cell characteristics
with specific phenotypic traits. Defining even
one ligand/receptor or signaling molecule that
mediates self-renewal and/or lineage commit-
ment in MSCs will move the field in a new
direction that ultimately will delineate the
validity of the mesengenic process. Only then
we can begin to evaluate the true potential of
the MSC.
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