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ABSTRACT: Mesenchymal stem cells were isolated and a subpopulation of
cells—multipotent adult progenitor cells—were identified that have the poten-
tial for multilineage differentiation. Their ability to engraft and differentiate
in vivo is under investigation.
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Stem cells are cells with substantial proliferation potential that can differentiate
into several cell lineages. Over the last 10 to 20 years, stem cells have been identi-
fied for almost all organs. The most extensively characterized are hematopoietic
stem cells (HSCs),1 whereas neural stem cells (NSCs),2–4 gastrointestinal stem
cells,5 epidermal stem cells,6 hepatic oval cells,7 and mesenchymal stem cells
(MSCs)8–11 have been more recently described. Embryonal stem cells (ESs)12–14

are the quintessential stem cell: they have unlimited self-renewal and multipotent
differentiation potential. Compared with ES cells, tissue-specific stem cells have
less self-renewal ability and, although they differentiate into multiple lineages, they
are not multipotent. During the last 3–4 years, a number of studies have shown that
tissue-specific stem cells may have the ability to generate cells of tissues from un-
related organs.15–22 Whether this constitutes “plasticity” or “transdifferentiation,”
or whether a small population of multipotent potent stem cells persists in postnatal
tissues is not known. However, that stem cells exist in postnatal tissues with previ-
ously unknown proliferation and differentiation potential opens up the possibility
of using autologous stem cells to treat otherwise incurable degenerative, traumatic,
or congenital diseases. In addition to the obvious immunological advantage of us-
ing autologous stem cells, these cells are also not encumbered by ethical consider-
ations. However, very little is known concerning the phenotype and genotype of
multipotent postnatal stem cells, their role in vivo, or their engraftment and differ-
entiation potential after transplantation.
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Fridenshtein23 was the first to identify a fibroblast-like cell in the bone marrow
that can be cultured undifferentiated in vitro and can differentiate in mesenchymal
cell types in vitro and in vivo. He named this cell a fibroblast-colony-forming cell.
Since then, Caplan8 and later Prockop24 and Simmons25 have purified, expanded,
and characterized cells in marrow that they termed “mesenchymal stem cells” or
MSCs. These cells can be found in rat, baboon, some mouse strains, and human mar-
row and can be induced to differentiate to osteoblasts, chondroblasts, adipocytes, fi-
broblasts, and, at least in rodents, skeletal muscle.

We isolated mesenchymal cells by depleting CD45+ cells and glycophorin-A+

cells from marrow and culture expansion of the population in serum-low or serum-
free culture conditions with EGF and PDGF-BB. Within this population of cells, we
have identified a subpopulation of cells we termed Multipotent Adult Progenitor
Cells, or MAPCs, as they can be cultured for at least 70 cell doublings, have long
telomeres that do not shorten in culture, and have multilineage differentiation poten-
tial. Indeed, MAPCs differentiate under specific culture conditions to mesenchymal
cell types (cartilage, bone, fibroblasts and adipocytes) as well to cells of almost all
other mesodermal cell lineages (skeletal, smooth and cardiac myoblasts and von
Willebrand factor–positive endothelial cells). In addition we have evidence that
MAPCs can be induced to differentiate to cells of the neuroectodermal lineage, in-
cluding beta-tubulin-III, neurofilament, neuron-specific enolase and glutamate-pos-
itive neurons, glial fibrillar acidic protein–positive astrocytes and myelin-basic
protein and galactocerebroside-positive oligodendrocytes. Differentiation to all lin-
eages was shown by presence of multiple markers for these lineages by immunohis-
tochemistry and Western blot. The ability of MAPCs to perform normal
physiological functions in vitro is being examined. Whether MAPCs will engraft in
vivo and differentiate into tissue-pecific cells in vivo is currently being evaluated. Fi-
nally, although MAPCs can be subcloned at 10 cells per well, we have not been able
to initiate cultures with a single MAPC. Retroviral gene marking is therefore being
used to demonstrate that a single marrow-derived MAPC can differentiate into all
lineages.

Since these cells may also be present in marrow of mice and rat, we hypothesize
that very rare cells exist in marrow that have extensive proliferation potential and can
differentiate in tissue-specific cells different from the organ from which they are de-
rived. We believe that such MAPCs may be multipotent descendants from primordial
germ cells, whose function in vivo is still unknown.
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DISCUSSION

I. LEMISCHKA (Princeton University, Princeton, NJ): Is it possible that these cells
are very rare? What would you estimate their frequency to be?
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VERFAILLIE: 1 in 107 or 1 in 108. 
LEMISCHKA: Is it possible that these cells actually don’t exist in bone marrow at

all? but it is a phenomenon where…after all, we have Dolly…you can re-program
all nuclei? Is it possible that what we are really looking at here is something that may
be happening at some very low frequency during the culture period? In that case, it
doesn’t make the cells any less neat and potentially useful, but it does put to rest any
speculation about whether they may be functional in the well-being of the human or
the mouse.

VERFAILLIE: That may be possible. We really need a better selection method up
front rather than having to wait for 30 or so doublings before we have a cell popula-
tion that is homogenous. We are working on trying to make antibodies.

G. KELLER (Mt. Sinai School of Medicine, New York, NY): Can you reproducibly
generate such cell lines?

VERFAILLIE: That is correct. We have generated the multipotent cells from at least
50 human donors.

KELLER: Have you tried to inject these cells into SCID mice and get teratomas?
VERFAILLIE: We have injected early-passage cells into SCID mice and have not

seen teratomas. We actually have to go back and take a much more homogenous
population.

KELLER: You would like to go for the ones that are starting to express OCT4, for
instance?

VERFAILLIE: We have not done those. We have not waited 40 or so doublings and
injected them, but we need to do that.

H.-J. BÜHRING (Eberhard Karls University, Tübingen, Germany): How do you sep-
arate the mesenchymal stem cells from the multipotent adults? What are the results?

VERFAILLIE: We subclone so we have cells that grow for extensive periods of
time. If we induce differentiation to the neuronal lineage during the first 20 or so
doublings, 77% of the cells die. When we wait until beyond passage 40, the vast ma-
jority differentiates. We have no way of purifying by cell surface markers.

M.A.S. MOORE (Memorial Sloan-Kettering Cancer Center, New York, NY): The
stabilization of telomeres and the upregulation of telomerase is a very exciting fea-
ture of these cells. Could you use that—telomerase-positive selection— early on?
There is an antibody—not a very good one—but then you would have to immobilize
your cells.

VERFAILLIE: We have thought about using progenitor constructs to select for such
positive cells. We are in the process of generating some now.

C.J. EAVES (Terry Fox Laboratory, Vancouver, B.C., Canada): Have you tried to
isolate these cells from any other species?

VERFAILLIE: We actually started the work in mouse, and there are some very pe-
culiar differences between mouse and human, but we can generate the cells from
C57BL/6 mice. We have tried CD45 cells and plate them right away—they do not
want to grow. If you let them grow in vitro for 2 weeks with some of the hematopoi-
etic cells, then CD45 cells and plate them, then it works. They require LIF, which is
interesting because mouse ES cells also require LIF, whereas human ES cells do not
require LIF. Again in the mouse system we see Oct-4 increase over time. We just
started to look at the rat. 

EAVES: So what is the frequency because one in 107 to 108 would be a little de-
manding in the mouse?
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VERFAILLIE: We have no idea what the frequency is in the mouse. We used five
mice and grew them out at 10 cells per well from the five mice. We actually had six
or seven populations grow out. I do not know at this point what the frequency would
be.

Y. REISNER (The Weizmann Institute of Science, Rehovot, Israel): Have you
looked at the immune response against these cells?

VERFAILLIE: No, we have not looked at it, although several people at our institu-
tion will start doing that.

SIMMONS: Can you give us some idea of the yields in this enrichment procedure?
It has been our experience that if you negatively select for these cells, you lose a lot,
which is the reason why it is so difficult to negatively select for these cells by deple-
tion of CD45+ cells in mouse. As Paul Kincaid showed many years ago, there is very
tight association between stromal elements and developing hematopoietic cells with-
in the bone marrow of mice. That is what we are dealing with. These associations are
very hard to disrupt and it has been our experience that we have to treat the marrow
preparations with EDTA to physically disrupt them. Even after this you still lose a
very high proportion because you are removing CD45+ cells that are in turn bound
onto them. So what is your yield?

VERFAILLIE: For human bone marrow, I have numbers for you—about 1 in 5000.
The ones that grew out are another 1 in 5000, so close to 1 in a million. There are a
lot of culture steps in between and a lot of selections so the number may not be cor-
rect but 1 in 10−8 may be the frequency.

EAVES: Because the cells have gone through so many divisions, have you created
a cell line? Is what you are seeing an artifact of a cell line?

VERFAILLIE: The only answer I can give you for that is that if we look at 50 cell
doublings or 30 cell doublings we can still induce the same differentiation. If you let
them become confluent, they stop growing. They do not behave as truly malignant. 

EAVES: Have you looked for mutations that may be present? 
VERFAILLIE: Yes. We have not looked at Ras mutations or any other potential on-

cogenes to find out whether there are mutations in any of them.
EAVES: Nevertheless, this is very interesting.


