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Abstract The bone marrow is constituted of two separate
and distinct stem cells. The hematopoietic stem cells (HSC)
are responsible for the production and maintenance of all the
mature blood cells. The mesenchymal stem cells constituted
the bone marrow stroma. In this report we review our current
understanding on both stem cell populations. We also discuss
the recent unexpected degree of differentiation plasticity that
have been reported recently and the impacts these new dis-
coveries may have in stem cell therapy.
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Introduction

The bone marrow has traditionally been seen as an organ
composed of two main systems: the hematopoietic tissue
proper and the associated supporting stroma. The bone mar-
row is also the only known organ in which two separate and
distinct stem cells not only co-exist but also functionally co-
operate. Originally examined because of their critical role in
the formation of the hematopoietic microenvironment, mar-
row stem cells appeared more recently at the center stage
with the recognition that mesenchymal stem cells (MCS)
may be induced experimentally to undergo unorthodox dif-
ferentiation like neuronal, myogenic, and liver cells. In this
review we will present our current understanding of the biol-
ogy of these two stem cells and we will discuss the unex-
pected degree of developmental or differentiation plasticity
of both MSC and hemotopaietic stam cells (HSC). We will
examine the impacts these discoveries may have in cell-
based transplantation therapies and the eventual develop-
ment of clinical effective gene therapy protocols.

Hematopoietic stem cell
Definition of HCS

The hallmark properties of the HSC were defined in 1963 by
Siminovitch et al. [1]. In the murine model, this group pro-
vided evidence for the existence of HSC in the bone marrow.
These HSC could reconstitute the hematopoietic system and
hence rescue lethally irradiated recipient animals. Using ser-
ial transplantation, they showed that HSC have self-renewal
ability. Based on these experiments, HSC are defined as cells
with the ability to balance self-renewal versus differentia-
tion. They have multipotentiality (i.e., a single stem cell can
produce at least 8—10 distinct lineages of mature cells); they
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have an extensive proliferative capacity and are slowly
cycling in a steady-state adult hematopoietic system.

Characterization of HSC

A conclusive way to assay stem cells is based on their capac-
ity to repopulate the entire hematopoietic system in condi-
tioned recipients after transplantation [2]. In mice, the phe-
notype and function of HSC have been characterized using
competitive in vivo repopulation assays [3—6]. Measurement
of human HSC activity has been greatly facilitated by the
development of xenotransplantation assays in fetal sheep
[7, 8] or immune-deficient mice [9-11].

Nonobese diabetic-severe combined immunodeficient

mouse model

The engraftment of normal human hematopoietic cells in
immune-deficient mice provides an assay that measures the
repopulating capacity of human stem cells. Nonobese diabet-
ic/severe combined immunodeficient mice — NOD/Lt-Sz-
Scid/Scid (NOD/SCID) — have proven to be reliable for
detecting human hematopoietic — repopulating cells that dif-
ferentiate into multilineage mature cells and self-renew in
mice. Human hematopoietic-repopulating cells identified by
this assay were operationally defined as SCID-repopulating
cells (SRCs). Overall, the NOD/SCID mice allowed high-
level engraftment of normal and leukemic human transplants
and, more importantly, enabled engraftment with lower cell
doses, rendering purification strategies possible [11-13]. The
only limitation of these NOD/SCID mice is their susceptibil-
ity to develop thymoma with age making long-term experi-
ments difficult. Nevertheless, Ogawa’s group have recently
shown that long-term experiments can be performed using
newborn mice as recipient [14]. Other mouse strains have also
become available: [>-microglobulin knockout/NOD/SCID,
Ragl knockout/NOD, and the Nude/NOD/SCID mice
[15-17]. The capabilities of each of these new strains still
need to be explored.

The SRC assay as originally developed is based on intra-
venous injection, a complex process that requires for the
candidate human HSC circulation through the blood, recog-
nition and extravasation through bone marrow vasculature,
and migration to a supportive microenvironment. This
process, called “homing” has been shown to be quite ineffi-
cient even in a syngeneic murine situation [18, 19]. Cashman
and Eaves [20] reported that the proportion of total injected
human CB competitive units in the marrow was 7%, as
determined by limiting-dilution assays in NOD/SCID mice.
Thus, this assay quite possibly underestimates human
hematopoietic-repopulating cell frequencies. To exclude
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stem cell homing interference and focus on the intrinsic
capacity of a cell to self-renew and give rise to multilineage
engraftment, a few groups recently developed a highly sen-
sitive strategy for SRC assay based on direct intra-bone mar-
row (IBM) injection of the candidate human stem cell
[21-23]. IBM injection was found to be a more-sensitive and
adequate means to measure human HSC capacity.

The fetal sheep HSC assay

This assay, based on the permissive environment of the early
gestational age fetus, aims at the development of a large ani-
mal model of human hematopoiesis in sheep. The preim-
mune sheep fetus assay allows the long-term engraftment
and multilineage expression of human HSC in the absence of
irradiation or other myeloablative therapies [24—26], possi-
bly due to the reduced number of NK cells and preimmune
status in early sheep gestation [27]. An essential feature of
this model is that human HSC primarily engraft host marrow
and persist for long periods into post-natal life [24-26],
showing multilineage expression and biological responsive-
ness to human cytokines [25]. The multilineage expression
included T- and B-lymphoid cells [28]. Furthermore, this
model is relatively specific for the human HSC pool. Indeed,
while both CD34+ CD38*and CD38" subpopulations engraft
the sheep, only primary recipients engrafted with
CD34+CD38- cells exhibited long-term persistence of
human cells, whereas CD34+ CD38* persist for a short peri-
od only and were unable to engraft in a secondary recipient.
Although not ideal, the human/sheep xenograft model may
compare with the NOD/SCID assay; in particular, the sheep
model does not require myeloablation, while it allows pro-
longed follow-up studies after birth. However, widespread
utilization of this model is hindered by its high costs.

Isolation and purification of HSC

HCS have been enriched using a variety of techniques,
including density centrifugation, activation and/or cell cycle
status, and surface antigen expression; however, no unique
characteristics have been found to specifically identify these
elusive cells. An important point in the isolation of HSC is
the one-to-one correspondence between physically purified
cells and the potential ability to function as a stem cell.

Cell surface markers

Systematic functional analysis of hematopoietic cells
expressing a particular cell surface antigen or other mark-
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ers has led to the identification of rare populations highly
enriched for stem cell (SRC and/or LTC-IC) activity. HSC
do not express many of the surface antigens (“lineage
markers”) that are characteristic of terminally differentiat-
ing hematopoietic cells. Thus, removal of such lineage-
positive cells leaves a suspension of predominantly imma-
ture cells.

CD34* human HSC

The discovery of the sialomucin CD34 as a hematopoietic
cell surface antigen has transformed and accelerated studies
on human hematopoietic development [29]. Cell surface
expression of the CD34 antigen has rapidly become the dis-
tinguishing feature used as the basis for enumeration, isola-
tion, and manipulation of human stem cells, because CD34
is downregulated as cells differentiate into more-abundant
mature cells [30, 31]. In addition to being expressed selec-
tively on stem cells and early progenitors during human
hematopoiesis [29, 32, 33], CD34 antigen is expressed out-
side the hematopoietic system on vascular endothelial cells
[34, 35] and some fibroblasts [36, 37]. This distribution sug-
gests a function outside hematopoiesis. Transplant studies in
several species, including baboons and mice, have shown
that long-term marrow repopulation can be provided by
CD34* selected cells. Thus, all relevant clinical and experi-
mental protocols are designed for CD34+ cells enriched by a
variety of selection methods.

Other stem cell markers

CD133 represents the human homologue of prominin 5
transmembrane glycoproteins (PROML 1) [38—42]. Several
studies have shown the presence of CD133 cells that coex-
press CD34, c-kit, and other cell surface markers [42, 43].
Taken together, these studies clearly indicate that CD133
represents a significant cell surface marker for identifica-
tion of human HSC, but it remains unclear whether use of
this marker provides any distinct advantage over CD34
expression. Further details on the expression of AC133 in
human stem cells can be found in the recent review by
Bhatia [44].

Another recent marker allowing the isolation of human
HSC is the vascular growth factor receptor 2 (KDR) [45].
The KDR* cell fraction essentially Lin—, are largely present
in populations enriched for HSC, namely CD34+CD38",
CD90%, and CD117'¥ cells. It has been reported that CD34*
KDR* cells are highly enriched in putative HSC (SRC and
E-LTC-IC or CAFC). Conversely, hematopoietic progenitors
with no self-renewal activity are restricted to and highly
enriched in the CD34+* KDR~ cell fraction. Several other
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markers have proven useful in further dividing the popula-
tion into more functionally homogeneous populations, e.g.,
CD90, CD117, and CD38 [46, 47].

Side population

In 1996, Goodell et al. [48] reported a new method of obtain-
ing enriched populations of HSC from adult mouse bone
marrow. This procedure exploits the ability of HSC to efflux
the fluorescent dye, which, like the activity of P-glycopro-
tein (encoded by the MDR gene), is verapamil sensitive [49].
The Hoechst 33342 low cells thus isolated were called side
population (SP) cells, and were found to have the same Lin-
Scal*CD34" phenotype independently identified in adult
murine HSC [50]. SP cells have been since identified in adult
bone marrow from several species, including human [51]. To
date, a description of the functional activities of human SP
cells in normal individuals has been limited to an in vitro
study of cord blood [51] and more recently to an in vivo
study of human fetal liver [52]. In this latter study, it was
demonstrated that SP cells are present in the second-
trimester human fetal liver. These cells include all trans-
plantable HSC activity detectable in NOD/SCID mice and
also other more-differentiated hematopoietic cell types.
More recently, Zhou et al. [53] established the link between
Berpl/ABCG?2 expression and the SP phenotype.

Heterogeneity of the human HSC compartment

Initially, it was assumed that in humans only cells expressing
CD34 would display HSC activity, as the frequency of
CD34* cells is now commonly used to anticipate the adequa-
cy of clinical hematopoietic cell transplants. Recently, how-
ever, several groups, including ours, have provided evidence
of various types of human HSC that do not express
detectable levels of CD34. Xenograft repopulation assays
using fetal sheep and immune-deficient mice have been cru-
cial for the identification of human CD34~ stem cells, as lit-
tle or no clonogenic cell (CFC) or long-term iniating cell
(LTC-IC) activity was observed within the human
LinCD34~ cell population. Using the sheep xenograft
model, Zanjani et al. [54] showed that Lin"CD34~ cells con-
tained stem cells capable of long-term repopulation and mul-
tilineage differentiation in vivo. Moreover, these cells were
also able to repopulate secondary recipients, attesting to the
extensive self-renewal potential of the engrafting cells. The
fact that large numbers of CD34+ cells were found in repop-
ulated sheep suggests that the stem cells within the
Lin"CD34~ cell fraction are more primitive than CD34+
cells. Using the NOD/SCID model, a novel human
hematopoietic repopulating cell, which is devoid of lineage-
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specific markers and of the CD34 antigen, has also be report-
ed [55]. Similar to the sheep model, the development of
CD34* cells, as well as the more-differentiated progeny in
vivo, suggests that CD34~ cells might be more primitive than
the CD34* stem cells. Thus, it can be concluded that the
CD34- SRC found within the Lin"CD34-CD38~ cell fraction
represents a novel repopulating cell within the human
hematopoietic hierarchy. The fact that the Lin"CD34~ cell
fraction from mice and humans contains repopulating cells
indicates an evolutionary conservation of this novel stem cell
population [54-56]. The identification of CD34~ SRC with-
in the Lin"CD34~ subfraction establishes that the human
HSC compartment is more complex than previously recog-
nized. However, it is not known whether CD34- stem cells
are important clinically. The nature of the precise relation-
ship between CD34~ and CD34* stem cells is still unclear
[57]. Based on both progenitor capacity and repopulation
characteristics, CD34~ stem cells appear to be functionally
distinct from CD34* stem cells [21, 55]. In addition, CD34-
cells appear to be more primitive and are capable of giving
rise to CD34* cells both in vitro and in vivo [21, 55, 58, 59].
A molecular difference among CD34- and CD34* counter-
parts in relation to jagged.l response was also demonstrated
[60]. Furthermore, de novo isolated CD34+ were also mole-
cularly different cells from in vitro generated CD34+cells
arising from CD34- [60]. Recently however, two indepen-
dent studies indicate that, as in the mouse system, CD34
antigen expression is reversible, suggesting that CD34- and
CD34* represent the same stem cell population at different
stages of activation [61, 62].

The concept of a hierarchy in the human HSC compart-
ment has become even more evident recently with the
demonstration of a short-term versus long-term SRC popula-
tion within the CD34* cell fraction. Indeed, using the
NOD/SCID-f, microglobulin-null mice, Glimm et al. [63]
recently showed that these mice are sequentially engrafted
by two distinct and previously unrecognized populations of
transplantable human short-term repopulating hematopoietic
cells (ST-SRC). One of these ST-SRC is Lin"CD34+*CD38*
and is myeloid restricted; the other is predominantly Lin~
CD34*CD38" and has a broader lymphomyeloid differentia-
tion potential. This notion of short-term versus long-term
SRC has been confirmed since by Mazurier et al. [23] using
intrafemoral injection of purified stem cells into NOD/SCID
mice. They demonstrated that Lin- CD34*CD38/°% have the
capacity for a rapid myelo-erythroid repopulation within 2
weeks of transplantation, which disappeared at 6 weeks.
Furthermore, analysis of the fate of individual SRC and their
clonally derived progeny, tracked using the proviral insertion
site as a clonal marker, demonstrated that some clones
appeared early and were lost, whereas new clones appeared
later. This elegant study by Guenechea et al. [64] provided
conclusive clonal evidence that SRC differ in their repopu-
lating potential in terms of the timing that repopulation was
initiated and in the lifespan of each clone. Thus, all these
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data clearly demonstrated the existence of an heterogeneity
of the human HSC compartment and short-term versus long-
term repopulating cells.

Engraftment of HSC

In a transplantation context, a stem cell is defined retroac-
tively as a biological activity that can give rise to substantial
measurable numbers of mature cells. Similarly, the presence
of a single clonotypic marker in donor-derived cells of dif-
ferent lineages defines multipotentiality. Thus, following
transplantation into recipient, HSC must home to and lodge
in the specialized niches of the bone marrow microenviron-
ment in order to engraft and reconstitute the bone marrow
functions. At present, only partial understanding of the cellu-
lar and molecular mechanisms governing homing exists. It is
believed that an intricate process involving interactions
between adhesion molecules and their counter-receptors
expressed on HSC and endothelial cells, directs cells. In
many aspects, homing of transplanted HSC during transplan-
tation mimics the natural movement of these cells during
ontogeny. Direct involvement of particular adhesion mole-
cules in homing has been elucidated [65, 66]. Recently,
Zanjani et al. [67] demonstrated that VLA-4 played a central
role in homing and engraftment of transplanted human cells
to the bone marrow of fetal sheep. Another ligand receptor
pairing, SDF-1-CXCR4, has also been implicated in selec-
tively directing homing of HSC to the bone marrow.
Engraftment of human cells in NOD/SCID mice was pre-
vented by treatment with antibodies against CXCR4.
Furthermore, the expression of CXCR4 on CD34+ human
HSC has been reported and suggests a role of these chemoat-
tractants in the homing process [68]. However, recently
Rosu-Myles et al. [69] demonstrated that CXCR4 expression
on human HSC was not required for effective stem cell
repopulation. Redundancy between different chemoattractant
molecules may be responsible for this discrepancy [70, 71].
While more is known about homing, less is understood about
HSC niches [72]. Recently, the spatial organization of sub-
populations of hematopoietic cells following syngeneic
transplantation in mice has been investigated. The study
demonstrated that the spatial distribution of transplanted
cells is not a random process; candidate stem cells exhibited
selective lodgement in the endosteal region of the bone [73].

Mesenchymal stem cells
Definition of bone marrow stroma and MSC

Within bone marrow, hematopoieisis occurs in association
with an heterogeneous population of non-hematopoietic
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cells, including mesenchymal cells, connective tissue-type
cells, and their associated extracellular matrix components
and growth factors, which as a collective, constitute the stro-
ma of the bone marrow [74, 75]. Although the role play by
bone marow stromal cells in the functional support of
hematopoieisis has been extensively studied [76], the precise
developmental relationship between the various elements of
the stroma is still lacking.

Friedenstein et al. [77] were the first to demonstrate the
existence in vitro of stromal cell precursors using the CFU-
F assay (colony forming unit resembling fibroblast). The
considerable heterogeneity of the CFU-F derived colonies in
terms of morphology, size, proliferation, and developmental
potential led to the hypothesis for the existence of a hierar-
chical organization of the stroma cell compartment with a
pluripotent, self-renewing stromal stem cell (also known as
bone marrow stromal stem cell and/or MSC) at the top of
this hierarchy [78]. Since this earlier work, a standard assay
for MSC from bone marrow has been to plate the cells at low
densities and count the single based generated colonies as a
measure of the quality of the cells. The low incidence of
clonogenic CFU-F in adult human bone marrow (1-20 per
105 mononuclear cells plated) [79] was a major limitation
for their study.

Methods of MSC isolation and phenotypic characteri-
zation

Human MSC are obtained from bone marrow harvested
from adult iliac crest. Controversial evidence exists con-
cerning the existence of MSC in granulocyte colony-stimu-
lating factor (G-CSF) mobilized peripheral blood and/or
umbilical cord blood [80-83]. To isolate MSC from a bone
marrow aspirate, cord blood, or peripheral blood, the sam-
ples are fractionated by density gradient centrifugation for
mononuclear cell isolation, resuspended in appropriate cul-
ture medium containing selected batches of fetal bovine
serum, and allowed to adhere to plastic dishes for 2-16 h;
then non-adherent cells are removed and the remaining cells
allowed to grow for 2-3 weeks until confluency. Confluent
cells are trypsinized and allowed to expand for as many as
35-40 generations. However, cultures of human MSC are
morphologically heterogeneous, even when cloned from
single — cell-derived colonies [84, 85]. In pivotal studies
performed by Pittenger et al. [86], human MSC were char-
acterized as non-hematopoietic cells (lacking CD45, CD34,
and CD14) that can be identified by several different mon-
oclonal antibodies. Nevertheless, there is no agreement on
the phenotypical characterization of a “pure” population of
human MSC despite the panoply of surface antigens report-
ed to be expressed on MSC [86—88]. Sekiya et al. [89]
recently established conditions that maximize the yields of
early progenitors and evaluate their quality. More recently,
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Gronthos et al. [90] developed a novel selection protocol to
purify a population of bone marrow stromal stem cells. This
purification is based on the selection of STRO-1 antibody in
combination with an antibody directed against vascular cell
adhesion molecule 1 (VCAM-1/CD106). This STRO-1+
CD106+ cell population is non-cycling and constitutively
express astelomerase activity in vivo. These cells also
demonstrate extensive proliferative potential and retain the
capacity for differentiation into bone, cartilage, and adipose
tissue in vitro [90].

Functional properties and differentiation capacities of
MSC

Functionally, adult MSC are characterized by a doubling
time of 33 h. They have a large expansive potential, and cell
cycle studies reveal a subset (20%) of quiescent cells. MSC
constitutively secrete several cytokines [91]. Among these
many cytokines have a role in HSC proliferation and differ-
entiation. MSC support human LTC-IC, providing a feeder
layer for cultured HSC [92]. More recently it has been shown
that the co-transplantation of expanded human MSC with
HSC enhances myelopoieisis and megakaryopoiesis in
NOD/SCID mice [93]. MSC can replicate as undifferentiat-
ed cells and have the potential to differentiate into several
lineages of mesodermal origin, such as cartilage, bone, fat,
tendon, muscle, myocardium, and marrow stroma, both in
vitro and in vivo, upon culture with appropriate combination
of growth factors [86]. Recently, a cell subpopulation termed
multipotent adult progenitor cells (MAPCs), co-purifying
with MCS from bone marrow, has been shown to differenti-
ate, at the single cell level, not only into mesenchymal cells,
but also into cells with visceral mesoderm, neuroectoderm,
and endoderm characteristics in vitro. In fact when injected
into an early blastocyst, single MAPCs contribute to most, if
not all, somatic cell types [94, 95]. Under appropriate stim-
uli and microenvironment, the MAPCs can differentiate into
cells presenting morphological, phenotypic, and functional
characteristics of hepatocytes [96]. However, there is cur-
rently no direct proof of whether these MAPCs represent
pluripotent embryonic stem cells that persist during adult
life, and whether they are the result of de-differentiation of
MSC in vitro.

Bone marrow stem cell plasticity

The notion of adult stem cell plasticity has been discussed in
different recent review articles [97-103]. Thus, we will
restrict our comments here on the recent studies involving
human bone marrow stem cells, including some of our recent
studies on HSC plasticity using the NOD/SCID model. The
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first demonstration that this phenomenon exists in humans
came from two groups [104, 105]. Two approaches were
adopted. In one, the livers of female patients who had previ-
ously received a bone marrow transplant from a male donor
were examined for cells of donor origin using DNA probe
specific for the Y chromosome, localized using in situ
hybridization; in the second, Y chromosome-positive cells
were sought in female livers engrafted into male patients,
which were later removed or biopsied for recurrent disease.
In both sets of patients, Y chromosome-positive hepatocytes
were readily identified. Hepatic engraftment level was high-
ly variable, perhaps related to the severity of parenchymal
damage. Recently, a biopsy study of nine liver transplant
recipients found that hepatocyte chimerism was more promi-
nent in those patients with recurrent hepatitis [106]. Another
study, using biopsies from female patients who received a
male bone marrow transplantation, showed evidence in the
small and large intestine of male smooth muscle actin-posi-
tive myofibroblast population surrounding the crypts [107].
Using coronary artery specimens from eight subjects who
received a gender-mismatched bone marrow transplantation,
Caplice et al. [108] demonstrated that smooth muscle in
human coronary artherosclerosis can originate from bone
marrow cells. In human renal transplants, where female kid-
neys were grafted into male recipients, Poulsom et al. [109]
showed male tubular cells expressing the epithelial marker
CAM 5.2. Moreover, Grimm et al. [110] found evidence for
a circulating host-derived mesenchymal cell in renal trans-
plants that were suffering chronic rejection. Using cerebellar
tissues from female patients with hematological malignan-
cies who received male bone marrow transplant, Weimann et
al. [111] showed that some bone marrow cells could con-
tribute to Purkinje neurons. Gussoni et al. [112] reported the
analysis of muscle biopsies from a muscular dystrophy
patient who received bone marrow transplantation at age 1
year for X-linked severe combined immune deficiency and
who was diagnosed with muscular dystrophy at age 12 years.
Analysis of muscle biopsies revealed the presence of donor
nuclei within a small number of muscle myofibers
(0.5%—-0.9%). The majority of the myofibers produce a trun-
cated, in-frame isoform of dystrophin (not wild type). The
presence of bone marrow-derived donor nuclei in the muscle
of this patient documents the ability of exogenous human
bone marrow cells to fuse into skeletal muscle and persist up
to 13 years after transplantation [112].

Most of those studies did not distinguish whether HSC,
MSC, or residual tissue-specific stem cells circulating in the
bone marrow were responsible for the observed conversion.
Kopen et al. [113] showed that cells that gave rise to neurons
and glia were derived from cultures of adherent bone mar-
row stroma, suggesting that they included MSC. Using the
fetal sheep xenotransplant model, Liechty et al. [114]
showed that intraperitoneal injection of human MSC in fetal
sheep engraft and differentiate into site-specific tissues, such
as articular cartilage chrondrocytes, human fat, and skeletal

145

muscle. After wounding the tail by clipping, even human
cells of fibroblastic morphology within the dermis and der-
mal appendages were detected. This might indicate that cir-
culating human MSC have the potential to assist with skin
repair processes. Another study examined the myogenic
potential of synovial membrane-derived human MSC (hSM-
MSC) using a nude mouse model of skeletal muscle regen-
eration. When injected into regenerating nude muscle, hSM-
MSC contributed to myofibers and to long-term persisting
functional satellite cells. When administrated into dystroph-
ic muscles of immunosuppressed mdx mice, hSM-MSC
restored sarcolemmal expression of dystrophin and reduced
central nucleation [115]. More recently, Dr. Verfaillie’s
group identified mesodermal progenitor cells (MPC) that
have the capacity to differentiate into osteoclasts, chondro-
cytes, adipocytes, skeletal myoblasts, endothelial cells, neu-
rons, and hepatocytes [94-96, 116, 117].

We reported recently the potential of a highly purified
population present in adult bone marrow and umbilical cord
blood (human C1qR,* stem cells) to differentiate in vivo into
hepatocytes [118]. These data provided the first direct
demonstration that a highly purified and phenotypically
defined human adult HSC population can repopulate the
bone marrow and differentiate in vivo into functional hepa-
tocytes using the NOD/SCID mouse model. Our results have
been confirmed more recently. Using unsorted mononuclear
cells from umbilical cord blood samples, Newsome et al.
[119] showed indeed that after transplantation into sub-
lethally irradiated NOD/SCID mice, some human cells pre-
sent in the liver of the engrafted mice present human specif-
ic hepatocytes, biliary and endothelial markers. Using new-
born NOD/SCID-f,-microglobulin null mice Ishkawa et al.
[120] confirmed the presence of human hepatocyte-like cells
in the liver of mice transplanted with human bone marrow
cells. Similar results were obtained using human CD34+
cord blood cells as a source of transplanted cells [121]. In
this later study, NOD/SCID mice were treated 5 weeks after
transplantation with a dose of carbon tetrachloride. Human
hepatocyte-like cells were detected, but in this case only
after liver injury [121].

Thus, all these data indicate that human HSC, but also
MSC present within the adult human marrow-possess some
remarkable plasticity. In the light of the recent identification
of a single mouse bone marrow-derived stem cell with multi-
organ and multilineage engraftment [122], additional exper-
iments will be required to determine the full developmental
capacity of marrow-derived stem cells.

Concluding remarks

Recently important advances have been made in our under-
standing of the human HSC hierarchy, as well as in the char-
acterization of the MSC population. It is evident that a num-
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ber of fundamental questions still need to be resolved before
these bone marrow stem cells can be used for safe and effec-
tive clinical cell and gene therapies. Despite the lack of
understanding for the mechanisms responsible of the
observed plasticity of certain bone marrow stem cells, the
use of MSC and/or HSC for the potential treatment of human
diseases, such as liver diseases and muscular dystrophy, rep-
resents an exciting new therapeutic strategy. Bone marrow
stem cells represent a safe and accessible source of stem
cells that can be genetically manipulated and may thus prove
to be an ideal vehicle for delivering therapeutic genes to
other organs. Further studies comparing in the same system
the different potentials of human MSC versus HSC will also
be needed. The NOD/SCID xenotransplant model might
play an important role in evaluating this potential.
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