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Review in trandational hematology

Plasticity of marrow-derived stem cells

Erica L. Herzog, Li Chai, and Diane S. Krause

Bone marrow (BM) contains hematopoi-
etic stem cells (HSCs), which differentiate
into every type of mature blood cell; endo-
thelial cell progenitors; and marrow stro-
mal cells, also called mesenchymal stem
cells (MSCs), which can differentiate into
mature cells of multiple mesenchymal
tissues including fat, bone, and cartilage.
Recent findings indicate that adult BM
also contains cells that can differentiate
into additional mature, nonhematopoietic
cells of multiple tissues including epithe-

lial cells of the liver, kidney, lung, skin,
gastrointestinal (Gl) tract, and myocytes
of heart and skeletal muscle. Experimen-
tal results obtained in vitro and in vivo are
the subject of this review. The emphasis
is on how these experiments were per-
formed and under what conditions differ-
entiation from bone marrow to epithelial
and neural cells occurs. Questions arise
regarding whether tissue injury is neces-
sary for this differentiation and the mecha-
nisms by which it occurs. We also con-

sider which bone marrow subpopulations
are capable of this differentiation. Only
after we have a better understanding of
the mechanisms involved and of the cells
required for this differentiation will we be
able to fully harness adult stem cell plas-
ticity for clinical purposes. (Blood. 2003;
102:3483-3493)
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Introduction

By definition, stem cells are capable of both self-renewal and
differentiation into at least one mature cell type. Stem cells are
subclassified based on their species of origin, tissue of origin, and
potential to differentiate into one or more specific types of mature
cells. Some stem cells are more pluripotent than others. For
example, the zygote and itsimmediate daughter cells are thought to
be the only single cells capable of differentiating into any cell type,
including al cells of the embryo, developing fetus, and adult
organism, and extra-embryonic tissues such asthe placenta. Thus, a
fertilized egg is totipotent. Adult (postnatal) stem cells, although
still pluripotent, have been thought to have even more limited
differentiation ability and to be organ specific. For example,
gastrointestinal crypt cells, oval cells of the liver, and type 2
pneumocytes of the lung all contribute to local tissue regeneration.
During the past 5 years, a series of exciting reports has
challenged the hematopoietic specificity of marrow-derived stem
cells! Studies on animals and humans document an expanding
repertoire of potential for these cells (Table 1). This flexibility is
termed “plasticity.” A widely accepted definition of plasticity has
yet to be established, but, in general, this term refers to the newly
discovered ability of adult stem cellsto crosslineage barriersand to
adopt the expression profiles and functional phenotypes of cells
unique to other tissues. Many of the findings in this new field are
controversial, in part because (1) few of the techniques used thus
far to assess in vitro and in vivo plasticity are convincing, (2)
existing paradigms of cellular differentiation do not yet include
postnatal switching of cell fate, and (3) it is unclear how this
phenomenon can be safely and reasonably exploited for therapeutic
use in humans. This review considers these issues and presents the
available data regarding stem cellsresident in adult marrow.

Types of marrow-derived stem cells
Hematopoietic stem cells

The only true assay for the presence of hematopoietic stem cells
(HSCs) istheir ability to reconstitute the hematopoietic system of a
myeloablated host. This is because hematopoietic reconstitution
requires extensive self-renewal of the transplanted HSCs and their
differentiation into every mature blood cell type. In mice and
humans, multiple approaches have been used to isolate and
characterize HSCs. For mice, many isolation protocols start with a
lineage-depletion step in which all cells bearing lineage-specific
markers (eg, CD11b for macrophages and granulocytes, CD3 for T
cells, B220 for B cells, and Ter-119 for red blood cells) are
removed. The resultant population, referred to asLin~, is enriched
10- to 100-fold for HSCs. Further purification of HSCs from the
Lin~ population can be performed in several ways. Lin~ cells that
exclude rhodamine and Hoechst dyes (Hoechst'rhodamin€g?)2 are
greatly enriched for HSCs, as are Lin-, CD34",2 and
Lin~Scat*kit* Thy1'° populations.2* Certain populations of CD34~/
Lin~ cells aso reconstitute hematopoiesis.?®®> In humans, the
CD347CD38" cell population is enriched for HSCs in humans.
Side population (SP) cells are aso enriched for HSCs. They are
caled SP cells because they have a unique ability to extrude
Hoechst dye and because, when examined by fluorescence-
activated cell sorter (FACS) analysis, they fall within a separate
population to the side of the rest of the cells on a dot plot of
emission data in the blue rather than the red spectrum. SP cells
express the ABCG2 transporter, a transmembrane protein, which
allows them to actively exclude Hoechst dye and fluoresce in this
specific manner.?8 SP cells are also present in other tissues,
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Table 1. Summary of marrow-derived cell plasticity studies
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Tissue of origin Tissue formed In vivo

In vitro

Donor marker Function Reference

BM Muscle +

+ o+ o+ o+

BM Brain (neurons and macroglia)

+ +

+

BM

+ B - B

BM Cardiac myocytes

Circulating cells
BM KTLS
BM KTLS

Cardiac myocytes
Purkinje neuron
Liver

BM Kidney

Gl

BM

BM
BM

Lung
Skin

MSC Lung

S S S S S S SR S S

MSC Neuronal cells

+

Blood
Lung
Skin

(¢]]
Liver

BM MAPC
BM MAPC
BM MAPC
BM MAPC
BM MAPC

+ o+ o+ o+ o+

4

+ + +

+t

B-galactosidase a3

Genomic sequence, dystrophin
Dystrophin, Y chromosome
GFP
Retroviral marking, Y
chromosome
GFP
Y chromosome
Human specific in xenogeneic
background
Y chromosome
B-galactosidase
NA
Y chromosome
B-galactosidase, FAH
Y chromosome

45
44

46

H4
R52
H5
R26
32

H29.33
HX87

Y chromosome
Human specific in xenogeneic
background
Y chromosome, C3 antigen
NA
NA
Human specific in xenogeneic
background
GFP
B-galactosidase
Y chromosome
GFP
GFP
B-galactosidase, FAH
Y chromosome
B-galactosidase
B-galactosidase, Y
Y chromosome

R8
R®

I+

HX

38

I+

H40
83
83
32

Y chromosome
Y chromosome
Y chromosome
Y chromosome
GFP
B-galactosidase
Y chromosome
NA
BrdU
NA
GFP
B-galactosidase
B-galactosidase
B-galactosidase
B-galactosidase
NA
B-galactosidase

All data are from mouse unless otherwise indicated. Not included in this table are reports of BM-derived cells differentiating into cells of the endothelium, mesangium, bone,
fat, or cartilage. For in vitro assays, cell-type-specific markers were assessed using either RT-PCR or antibody staining. It is unknown whether the cells produced in vitro are
functional. Note that no mechanism is implied by this listing. Findings may be attributed to direct differentiation of BM-derived cells, indirect differentiation, fusion, or a

combination of these mechanisms.

BM indicates bone marrow; BrdU, 5-bromodeoxyuridine; R, rat; H, human; X, xenogeneic transplantation of human cells into mice or rats; KTLS, Linkit*Sca* Thy1'°; NA,

not applicable; and Function, study showed that the cells are functional.
*In vitro electrophysiological studies were performed.
TIn vitro urea metabolism was assessed.

including skeletal muscle. Data are conflicting; some suggest that
SP cells can be tissue-specific stem cells within these organs,?” and
others suggest that they are actually bone marrow (BM)—derived
SP cells lodged within these ti ssues.28-30

It has been hypothesized that cell subpopulations that home
rapidly to the BM may be enriched for HSCs. When lineage-

depleted donor BM cells are selected first by size fractionation
and then by ability to home rapidly to the BM of a lethally
irradiated host, a highly enriched HSC population can be
obtained.3! A single cell provides long-term hematopoietic
reconstitution 20% of the time when injected into lethally
irradiated recipients.3?
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Marrow stromal cells

Marrow stromal cells (MSCs) derived in different laboratories
using different techniques share 2 features: growth in culture as
adherent cellswith afinite life span and ability to differentiate into
osteoblasts, chondroblasts, and adipocytesin response to appropri-
ate stimuli. One of the main hindrances to our understanding of the
full potentiadl of MSCs has been confusion in the literature
regarding what specifically defines an MSC and how it should be
isolated and grown in vitro. A wide array of cytokines (eg,
fibroblast growth factor 2 [FGF2], FGF4, platelet-derived growth
factor-BB [PDGF-BB], leukemia inhibitory factor) and isolation
techniques (eg, immunomagnetic and physical) have been used to
identify and expand M SCs. Furthermore, no specific constellation
of surface markers has been agreed on for these cells. Some of the
surface antigens reported to be on these cells are Stro 1,335 CD13,
a-integrins (CD49a and CD49b), Bl-integrins (CD29), CD44
(hyaluronate), CD71 (transferrin), CD90 (thy-1), CD106 (vascular
cell adhesion molecule-1 [VCAM-1]), and CD124 (interleukin-4
[IL-4] receptor).38 MSCs uniformly lack antigens such as CD45
that typically identify hematopoietic cells. Variations in the isola-
tion techniques and culture media used to grow MSCs in different
|aboratories has led to variable findings regarding the differentia-
tion potential of these cells. For example, some report that MSCs
can differentiate in vitro into neuronal-type cells, whereas others
cannot obtain this phenotype.®” To resolve these inconsistencies
regarding MSCs, laboratories must collaborate to compare and
contrast findings using uniform cell populations. Efforts are under
way to disperse MSC populations that have been isolated to
researchers outside each laboratory.

Multipotent adult progenitor cells

A population of highly plastic, adult-derived BM cells, referred
to as multipotent adult progenitor cells (MAPCs), can be grown
in vitro from postnatal marrow (and other organs®) of mice,
rats, and humans.® They copurify initially with MSCs and grow
as adherent cells in vitro. However, unlike MSCs, MAPCs can
be cultured indefinitely in a relatively nutrient-poor medium.
Specific changes in growth factors induce differentiation of
MAPCs into cells bearing endodermal, mesodermal, or ectoder-
mal markers. MAPCs also display their broad differentiation
potential in vivo. For these assays, MAPCs were derived from
ROSA 26 mice, which express B-galactosidase under a ubiqui-
tous promoter so that cells from these animals can be tracked.
ROSA-26—-derived MAPCs injected into murine blastocysts
resulted in chimeric mice with ROSA-26 cells contributing to
nearly all somatic tissues, including brain, lung, myocardium,
liver, intestine, and kidney. After intravenous administration
into a sublethally irradiated immunodeficient mouse, MAPCs
differentiate to varying degrees into hematopoietic cells in the
marrow, blood, and spleen and into epithelial cellsin liver, lung,
and intestine. Consistent with the ability to grow indefinitely in
vitro and to self-renew in vivo, MAPCs express telomerase;
telomere length is maintained after many cell doublings. It is
not yet clear whether MAPCs are a distinct, rare subpopulation
of MSCs normally present in humans or whether their in vivo
potential is a phenomenon developed under unique in vitro cell
culture conditions. Efforts to isolate naive, uncultured MAPCs
are under way. In either case, the discovery of these highly
plastic cells opens many promising new avenues of research.
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Bone marrow stem cells

Several recent studies indicate that the same BM populations
enriched for HSCs are also enriched for these highly plastic
BM-derived stem cells (BMSCs). It is unclear whether BMSC
populations are enriched for prehematopoietic cells that maintain
greater pluripotentiality than HSCs or whether HSCs can transdif-
ferentiate. An additional possibility isthat a differentiated hemato-
poietic cell, such as a macrophage, may be able to take on the gene
expression pattern of a different cell type by fusion with that cell
type. Potential mechanisms of stem cell plasticity are addressed in
further detail in this review. In order not to bias our understanding
of their differentiation state at this early stage in our understanding,
here we refer to the highly plastic cells in the BM as BMSCs. In
addition, with the caveat that commitment may actually be
reversible, we reserve the term “hematopoietic stem cells’ (HSCs)
for those cells already committed to a hematopoietic phenotype.
Here we review data regarding the plasticity of BMSCs, assess
methods for optimal study design, and discuss potential therapeutic
applications of BMSC plasticity.

Considerations of study designs for
assessment of bone marrow plasticity

To demonstrate BMSC plasticity, it is necessary to define as
precisely as possible the stem cell population used (comprehen-
sively outlined above), to target the stem cellsto atissue of interest
and induce plasticity (see “Demonstration of bone marrow plastic-
ity”), to identify and confirm that marrow-derived cells have the
genome of the donor while sharing phenotypic and functional
properties of the recipient organ, and to evaluate whether fusion
has occurred (see “Mechanism of homing of bone marrow cellsto
theliver”).

Approaches for identifying donor-derived cells in target organs

To track the fate of BMSCs, researchers usually transplant BMSCs
from adonor to arecipient who differs genotypically or phenotypi-
caly. An alternative to bone marrow transplantation is to link the
circulatory system of 2 distinguishable mice without myel oablation
or immunosuppression. This is referred to as parabiosis, and its
advantage isthat it causes minimal disturbance to the target tissues
of the recipient mice. To date, the most commonly used donor-
specific markers are the Y chromosome (in sex-mismatched
transplantations) and transgenes. Another approach to identify
donor-derived cells is to use norma mice with genetic polymor-
phisms that can be detected in all daughter cells.

Each of these approaches has advantages and disadvantages.
Advantages to male-to-female transplantation for the detection of
donor-derived cells are that the Y chromosome is present in every
intact donor-derived cell and that whole-chromosome paint probes
make it relatively easy toimagetheY chromosome. Disadvantages
to using the Y chromosome are that it cannot be visualized in all
male-derived cellsiif thin tissue sections that only partially sample
the nuclei are assessed and that it is technically difficult to use
Y-chromosome fluorescencein situ hybridization (FISH) on thicker
sections that contain the full thickness of most cells (larger than 10
microns). In addition, Y-chromosome staining can cause false-
positive results because of cell overlay*! and potentially because of
nonspecific binding of the probe. With experience and the use of
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proper negative controls, the latter problem can be avoided. Cell
overlay is of particular concern because nonhematopoietic cells
may be incorrectly identified as donor derived when small blood
cells, which of course are marrow derived, overlie the cell of
interest. Several approaches can be taken to rule out cell overlay,
including analysis of serial sections, isolation of single cells, and
inclusion of proper staining to identify blood cells. For transgene
markers, cells from transgenic donor mice that express 3-galactosi-
dase or green fluorescence protein (GFP) are transplanted into
recipients lacking the transgene. Alternatively, retroviral infection
of donor cells can be used to “mark” individual donor cells.
Because retroviruses stably insert into the genomic DNA of
infected cells, they can be used to identify and track cell clonesthat
will have the same insertion site. Cell-type-specific transgene
expression not only identifies the cells as donor derived, it indicates
that the donor-derived cell has initiated the gene expression pattern
of a specific cell type. Care must be taken when interpreting the
data of experiments using transgenic models because transgene
silencing can occur®?43 and promiscuous gene expression, also
known as gene priming, can potentially cause transgene expression
in awide variety of cellsin which the cell-type—specific promoter
may not generally be active.*44°

Identification of differentiated cell phenotype and function

Immunohistochemistry, immunofluorescence, and cell-type—
specific functional assays can be used to identify and characterize
the differentiated cells. When antibody-based approaches are used,
it must be confirmed that cell l1abeling is not caused by nonspecific
antibody staining or microscopic artifact. Thisis generally accom-
plished by performing appropriate isotype controls using adequate
antibody concentrations, costaining with hematopoietic markers to
rule out overlay with blood cells where relevant, and examining
cells of interest in multiple tissue planes or asisolated single cells.
When possible, functional assays should be performed to
further verify the identities of the BM SC-derived nonhematopoi-
etic cells. This can be achieved by harvesting single donor-derived
cells and assessing their function in vitro. However, the relatively
small number of donor-derived cells makes it difficult to culture
these cells successfully. Additionally, without a selective growth
advantagein vitro, these cells may not be detectable. Therefore, the
function of these cellsis often inferred from cell-type—specific gene
expression. Ideally, function should be demonstrated in vivo, such
as by restoring the function of a nonhematopoietic organ in an
injured or a mutant mouse after engrafting marrow-derived cells.

Demonstration of bone marrow plasticity
Bone marrow to liver

BMSC engraftment as hepatocytes using male-to-female BM
transplantation in rats,* mice,” and humans*®49 (for areview, see
Austin and Lagasse™) was first demonstrated in response to liver
damage, which may promote BMSC-to-hepatocyte transition. In
rats, acombination of hepatotoxin, which induces widespread liver
damage, and 2-acetylaminofluorine, which prevents endogenous
liver repair,>? was used. In these rats, a combination of Y
chromosome FISH and transgene expression was used to confirm
that BMSC cells were the source of the resultant hepatocytes. In
mouse BM transplantation studies, the irradiation or chemotherapy
used for myeloablation before BM transplantation caused liver
damage, and donor-derived hepatocytes were identified using
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Y-chromosome FISH. The effect of other forms of liver damage
could be assessed in liver samples from men who received
orthotopic liver transplants from female donors. In these patients,
the degree of subsequent damage to the transplanted liver corre-
lated with the extent of male (host-derived) hepatocyte
engraftment.*

In perhaps the most exciting demonstration of BM SC plasticity,
transplantation of Lin~kit™Sca*Thy1'° (KTLS) BM cellsto irradi-
ated hosts was used to treat an inborn error of hepatic metabolism.
Mice lacking the gene for fumarylacetoacetate hydrolase (FAH)
develop progressive liver and kidney failure from tyrosinemia
unless they are treated with NTBC (2-(2-nitro-4-trifluoro-
methylbenzyol)-1,3-cyclohexanedione), a drug that prevents the
breakdown of tyrosine to its toxic metabolites. Lethal irradiation
followed by transplantation of as few as 50 purified KTLS cells
from ROSA-26 (3-galactosidase™) mice allowed for the animalsto
be weaned from NTBCs and to survive with nearly normal liver
function because of the ability of transplanted wild-type (FAH™)
KTLS BMSCs to engraft as a renewable supply of functional
hepatocytes.5? Donor-derived cells were identified by the expres-
sion of B-galactosidase and FAH, neither of which was present in
the genome of the recipients. A major strength of this study is that
the hepatocytes derived from BM SCs were shown to be functional .
In this model, there is tremendous selective pressure for differenti-
ating donor-derived cells into hepatocytes in livers with highly
disordered architecture. Only a small number of BMSCs actually
differentiated into hepatocytes, but expansion of these hepatocytes
created a significant mass of donor-derived hepatocytes visualized
by B-galactosidase staining. The mechanism by which BMSCs
became functional hepatocytes in this system may be cell-cell
fusion (see below).

Several studies have examined human liver after sex-mis-
matched orthotopic liver or BM transplantation. Male recipients of
female livers and female recipients of male marrow have hepato-
cytes containing the Y chromosome,*853 which, unless fusion has
occurred between a'Y + marrow cell and an XX hepatocyte, can
only be marrow derived. It has yet to be shown that these human
hepatocytes are functional, and, given that a heterogeneous popul a-
tion of marrow cells was used, the identity of the human marrow-
derived liver progenitor cannot be determined. These data are
exciting and suggest that we may in future be able to provide in
vivo replacement of diseased tissue without the need for whole
organ transplantation.

We still do not know how cells areinstructed to exit the marrow
and engraft as nonhematopoietic cells. Control of this differentia-
tion of BM SCsinto hematopoietic and nonhematopoietic cell types
likely involves the local microenvironment of the cells—first to
mobilize the cells out of the marrow and then to recruit them to the
damaged tissue. The prototypical stem cell environment is a niche
in which the programming of pluripotent cells depends on the
adjacent cells and the surrounding soluble and membrane-bound
ligands. Many aspects of the BM microenvironment that control
hematopoietic stem cell homing and adhesion have been eluci-
dated,>+%6 and it is possible that many of the same chemokines,
growth factors, and adhesion molecules that regulate HSCs in the
BM daso play arole in regulating BMSCs. For example, stromal
derived factor-1a (SDF-1a) and its receptor, CXCR4, are known to
play arolein the homing of HSCs to the BM. Consistent with this,
SDF-1a is expressed by hepatocytes in response to liver injury in
which oval cell repair is induced.>” Because oval cells can be
derived fromthe BM and HSCs and oval cellsexpress CXCR4, itis
possible that an SDF-1a gradient from the liver plays a role in
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mobilizing BMSCs from the marrow to the circulation with a
homing effect to the injured liver.5” These experiments represent
the early stage of our studies to elucidate the mechanism by which
BM SC-to-epithelial cell differentiation occurs.

Bone marrow to heart/cardiac muscle

The functional pluripotentiality of BM-derived cells includes
cardiac muscle. Therapeutic benefit has been demonstrated in mice
with experimentally induced myocardial infarcts that receive
intracardiac injection of whole marrow (or kit™ BM cells) during
the initial period after infarction. BMSCs may improve outcomes
after infarction by at least 3 pathways: increased vascularity from
BM cells differentiating into endothelial cells, myogenic repair
from differentiation of BMSCsinto cardiac myocytes, and produc-
tion of cytokines or other factors that promote myogenic repair and
prevent fibrosis.58 A related study demonstrates that stem cell factor
(SCF) and granulocyte—colony-stimulating factor (G-CSF), which
increase the circulating pool of BMSCs 40-fold, can lead to
improved cardiac outcome after infarction when administered
during the peri-infarction period.>® Although it may be that these
growth factors exert ameliorative effects on the infarcted heart that
are unrelated to stem cell engraftment, this possibility isintriguing
and warrants further investigation.

In humans, after orthotopic transplantation of female heartsinto
males, up to 15% of cardiac myocytes can be donor derived.®® Two
recent phase 1 studies have shown the safety of injecting autolo-
gous BM cells into the human heart after infarction. In patientsin
whom autologous BM cells were injected directly into damaged
myocardium, some improvement in cardiac function was docu-
mented based on medication use, quality of life, and magnetic
resonance imaging (MRI)-based studies of function at the site of
injection.5! In a separate study, after autologousAC133+ BM cells
were injected into infarction borders after coronary artery bypass
grafting, improved perfusion and cardiac function might have
occurred.®? (AC133 is another marker of hematopoietic stem and
progenitor cells). Caution must be taken in interpreting the results
of these phase 1 studies because small numbers of patients were
assessed and no control subjects were compared. In addition, it is
not possible to assess whether patient outcomes resulted from the
generation of BM-derived myocytes because these were autolo-
gous transplants. Ongoing studies will continue to assess whether
bone marrow administration or mobilization from the bone marrow
should be added to the armamentarium of therapies available to
treat ischemic heart disease.

Bone marrow to skeletal muscle

Injection of marrow cells into damaged muscle leads to marrow-
derived cells with myocyte-specific gene expression.®® Further-
more, BM transplantation restores low levels of dystrophin expres-
sion to the muscles of mdx mice, which lack the gene for
dystrophin and are amouse model of human muscular dystrophy.5*
Functionality of the marrow-derived myocytes is unclear because,
despite muscle degeneration and regeneration in the mdx mice,
they do no have a clear “clinical” phenotype. A case reports®
describes a boy with relatively mild Duchenne muscular dystrophy
(DMD) diagnosed when he was 12. He underwent allogeneic BM
transplantation for X-linked severe combined immunodeficiency
syndrome (SCID) when he was 1 year of age. The report suggests
that healthy muscle fibers forming from the donor marrow might
have decreased the severity of DMD. At age 14, 13 years after
allogeneic BM transplantation, rare donor-derived nuclei expressed
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normal dystrophin (0.5%-0.9%) in the skeletal muscle fibers.®
Because patients with DMD have awide range of disease severity,
it cannot be determined based on this one case whether donor-
derived myocytes improved muscle function and alowed for the
relatively mild DMD phenotype.

An elegant study using the transplantation of GFP-positive
marrow cells documents the engraftment kinetics of BM-derived
myocytes after the transplantation of whole marrow. Using this
approach, confocal microscopy confirms that early engraftment of
small numbers of donor-derived myocytes increases up to approxi-
mately 3.5% of the muscle fibers in response to muscle damage
with exercise.®6 In addition, this study documents the progression
from donor-derived uninucleate cells to multinucleate muscle cells,
thereby demonstrating that the behavior of marrow-derived myo-
cytes is similar to that of healthy muscle cells. However, it is
unclear whether the level of engraftment observed can be amplified
for therapeutic benefit.

Bone marrow to central nervous system

Two different systems show that BM-derived stem cells can serve
as progenitors of nonhematopoietic cells in the murine central
nervous system (CNS). In one study, lethally irradiated adult mice
that received whole marrow intravenously developed donor-
derived brain cells bearing the neuronal antigens NeuN and class 3
b-tubulin.®” In a separate study, after marrow cells were injected
into nonirradiated newborn mice, they migrated to the brain where
they expressed NeuN.® These studies speak to the plasticity of
marrow in adults and in developing animals. Morphologically the
cellsareimmature neural cellsthat lack axons. A functional rolefor
these neuronal cells has yet to be shown.

Complementing the findings with bone marrow, M SCs al so may
be helpful in treating CNS disease. Niemann-Pick disease is a
lysosomal storage disorder resulting from the lack of acid-
sphingomyelinase. The phenotype of this disease is profound
neurologic dysfunction related to the loss of Purkinje cellsin the
CNS. In amouse model (acid-sphingomyelinase—null animal), the
onset of neurologic defects and death were delayed after the direct
injection of MSCs that had been genetically modified to express
acid-sphingomyelinaseinto the hippocampi and cerebellaof 3-week-
old mice. MSC-derived sphingomyelinase-expressing Purkinje
cells were identified.®® MSCs can also be induced to differentiate
into neuronlike cells in vitro. These neuronal cells express neuron-
specific antigens, but their electrophysiologic (functional) charac-
teristics have not yet been assessed.”

In addition to their ability to differentiate into neuronlike cells,
MSCs differentiate into oligodendrocytes in vivo. When MSCs
from GFP-expressing mice are microinjected into a demyelinated
spina cord™ or fresh BM mononuclear cells are injected intrave-
nously,”? remyelination occurs because of the transplanted cells.
Donor cells were identified by GFP expression, and oligodendro-
cyte phenotype was identified based on the appearance of the cells
under electron microscopy and the expression of myelin basic
protein. Function wasinferred on the basis of improved conduction
velocity of the axons. Other studies have also documented a
therapeutic benefit from MSC administration to the spinal cord
after injury.”® In these studies, however, the effect is likely to be
indirect because no donor-derived oligodendrocytes were found.
Only donor-derived stromal support cells were identified, and it is
these cells that were likely responsible for the beneficial effect of
M SC administration. These promising data raise hope that the cells
may be useful for treating developmental and neurodegenerative
disorders of the CNS.
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Bone marrow to kidney

BMSCs differentiate into epithelial and nonepithelia cell typesin
the kidney. Two human studies have demonstrated that when
female kidneys were transplanted into male recipients, Y-
chromosome—positive epithelia cells develop in the transplanted
kidneys. 7 Additional studies have shown engraftment of BMSCs
into nonepithelial mesangia cells and interstitia cells within the
kidney.”678

A functional benefit for BMSC differentiation into renal tubular
cells has been demonstrated in amodel of ischemic renal disease.”™
When wild-type mice underwent transplantation with whole mar-
row from ROSA-26 mice after sublethal irradiation, rare B-galacto-
sidaset rena tubule cells developed in the recipients kidneys.
Because flow cytometric analysis of peripheral blood after isch-
emic injury to the kidney showed a large increase in circulating
Lin~Sca 1" cells, the investigators predicted that this progenitor
population may be mobilized to repair the damaged kidney. Further
experiments proved this hypothesis. Renal ischemiawasinduced in
wild-type mice that underwent BM transplantation using Lin~/
Sca 1" ROSA-26 BM by surgical clamping of the rena artery
followed by reperfusion. The normal rise in blood-urea-nitrogen
(BUN) concentrations induced by renal ischemia 48 hours after
lethal irradiation was significantly reduced in mice after transplan-
tation with Lin~Scat BM cells compared with mice that did not
receive such cells, and B-gaactosidase™ renal tubule epithelial
cells were present as early as 48 hours after ischemic injury, which
correlated with the protective effect.

In contrast, no B-galactosidase™ renal tubules were present in
mice whose renal ischemia was preceded by the transplantation of
Lin* (aready committed to specific blood lineages) cells. The
epithelial phenotype of the B-galactosidase™ cells was confirmed
by immunohistochemistry for megalin (a surface marker of tubular
epithelia) and the lack of CD45 expression. These data provide the
first definitive in vivo evidence that BMSCs can play a beneficial
rolein renal tissue repair.

Bone marrow to pancreas

BMSCs can aso differentiate in vivo into islet cells.88 In one
study, 4 to 6 weeks after the transplantation of male GFP-positive
BM into female recipients, GFP-positive cells were isolated from
the pancreatic islets of recipient mice after digestion into single-cell
slurries and fluorescence-activated cell sorting (FACS).& Immuno-
histochemistry for insulin and FISH for Y chromosome on the
isolated cells confirmed that the GFP-positive pancreatic cells were
donor-derived B cells. Furthermore, reverse transcription—poly-
merase chain reaction (RT-PCR) confirmed the expression of many
islet cell markers—including insulin I, 11, GLUT-2, IPF-1, HNF1a,
HNF1b, and PAX6—while remaining uniformly negative for
CD45. Overall, 1.7% to 3% of idlet cells in the recipients were
donor derived. When grown in vitro under conditions standard for
idet cells, the marrow-derived cells had norma morphology and
secreted insulin in response to glucose and exendin (a glucagonlike
peptide). In addition, the authors ruled out the possibility that this
BM SC-to-pancreatic 3-cell transition resulted from cell fusion (see
“Possible mechanismsfor plasticity”).

In a separate but related study, streptozotocin-induced diabetes
was ameliorated by bone marrow transplantation.8® In this model,
mice became hyperglycemic within 10 days of streptozotocin
administration due to destruction of pancreatic 8 cells. If they were
irradiated and receive transplanted wild-type bone marrow within
10 days of streptozotocin (STZ) administration, glucose and insulin
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levels normalized. This ameliorative effect was not due to the
irradiation. Micethat wereirradiated and given phosphate-buffered
saline (PBS) showed hyperglycemia and hypoinsulinemia similar
to that of STZ-treated control animals.8! Over time, 2.5% of the
insulin-producing cellsin the pancreas were donor derived (GFP™).
However, before any insulin-expressing BM SC-derived cells were
detectable, the mice that underwent transplantation had nearly
normal levels of endogenous insulin-positive cells in contrast to
STZ-treated animals that had not undergone BMT, and many
BM SC-derived cellsthat did not expressinsulin were present in the
pancreases. Therefore, bone marrow transplantation seemed to
indirectly contribute to maintaining insulin production (and pancre-
atic B-cell survival) in the STZ-treated mice. This indirect support
may be attributed to the engraftment of BMSCs as endothelial
cells, which protect endogenous tissue from damage. This is
analogous to the protective effect of MSC administration to injured
spinal cords.”

Bone marrow to lung

In the lung, Clara cells are the stem and progenitor cellsfor airway
epithelia cells, and type 2 pneumocytes are the stem cells of the
alveoli because they can self-renew to produce new type 2
pneumocytes and differentiate into type 1 pneumocytes. Unfraction-
ated whole BM or CD34*Lin~ cellscan differentiateinto bronchio-
lar epithelia and type 2 pneumocytes after transplantation into
lethally irradiated female mice.3> Donor-derived epithelial cells
were documented using colocalization of the Y chromosome and
cytokeratin, and the identity of type 2 pneumocytes was confirmed
by colocalization of the Y chromosome and surfactant B (SP-B)
mRNA, both assayed by FISH. (Although SP-B can also be found
in the bronchial epithelium, in alveoli it is specific to type 2 cells.®?)
Cells with the morphology of type 1 pneumocytes were Y +, but
the identification of these cells as type 1 pneumocytes was not
confirmed because of the lack of an ideal marker for them.

The immediate early response to irradiation in the lung is extensive
alveolar breakdown, which is repaired within 2 weeks of BM
transplantation. The kinetics of engraftment suggest that the high
degree of BMSC engraftment astype 2 pneumocytesisthe result of
a contribution of BMSC to repair of extensive irradiation-induced
damage. Within the first 2 weeks of transplantation, the number of
donor-derived pneumocytes gradually increases, and after 2 months,
1% to 20% of type 2 pneumocytes can be donor derived.83

Based on these data, it was not clear whether the marrow
harbored separate stem cells for the hematopoietic system and for
nonhematopoietic tissues and organs or whether a subpopulation of
marrow cells had the ability to differentiate into hematopoietic and
nonhematopoietic cell types. In a study designed to distinguish
between these possihilities, a single marrow-derived cell that had
been selected by size fractionation, lineage depletion, and ability to
home rapidly to the marrow was transplanted into a lethally
irradiated host.3? This single mae-derived BMSC engrafted not
only the hematopoietic system of alethaly irradiated recipient but
also type 2 pneumocytes in the lung and epithelial cells of the Gl
tract and skin.

MSCs may aso contribute to lung repair. ROSA-26—derived
MSCs injected intravenously into mice after bleomycin-induced
lung injury can differentiate into type 1 pneumocytes.®* This was
demonstrated by the detection of B-galactosidase—expressing type
1 cells, which were identified by their ability to bind to the lectin
Lycopersicon esculentum. No 3-galactosidase—expressing type 2
pneumocytes were found, which challenges the currently accepted
model in which type 1 cellsarise solely from type 2 cells.8485 These
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findings may be analogous to data showing that donor-derived
keratinocytes in the skin do not appear to differentiate into
skin-specific stems (see below). Functional studies have not yet
been performed on marrow-derived lung epithelial cells.

Bone marrow to skin

In mice and humans, Y + cytokeratin-positive cells are present in
the skin of female recipients after BM transplantation from amale
donor.325386 |n the human studies, donor-derived keratinocytes
were cytokeratin positive and CD45-.5% However, even though 4%
to 14% of keratinocytes in human skin were Y +, keratinocytes
grown in vitro from the same skin biopsies failed to demonstrate
any Y+ donor cells even when sensitive PCR analysis for
sequences specific to the Y chromosome was used. These findings
can be viewed in at least 2 ways. Either the donor-derived
keratinocytes require different culture conditions than those used or
the donor-derived stem cells became keratinocytes without passing
through an intervening tissue-specific stem cell (self-renewing)
state.®® These data may be anal ogous to those showing engraftment
of type 1 but not type 2 pneumocytes, which are functional aveolar
stem cells.

After the skiniswounded, BM SCs may engraft as epithelial and
endothelial cell types within the healing wound.8” Ongoing studies
in our laboratory have demonstrated that BMSCs engraft as
proliferating (Ki67%) keratinocytes at the wound edges, then
migrate to the wound area and become part of the scar tissue. These
findings suggest that BM SCs contribute to wound healing. How-
ever, future studieswill have to be performed to determine whether
BM SCs can engraft as self-renewing skin stem cells.

Bone marrow to gastrointestinal tract

Injecting asingle marrow-derived stem cell with long-term repopu-
lating ability in mice leads to low numbers of donor-derived
esophageal and bowel epithelial cells.32 Unlike BMSCs, MAPCs
administered intravenously can engraft as Gl crypt cells, the
functional stem cells of the gastrointestinal (Gl) epithelium.3®
BMSCs also engraft as epithelial cells in the human Gl tract after
alogeneic BM transplantation.®® In women who underwent BM
transplantation with male BM, Y + epithelia can be detected in the
esophagus and stomach and in the small and large bowel. Areas of
chronic inflammation, such as gastric ulcers and those secondary to
graft-versus-host disease, have higher percentages of Y +, cytoker-
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atin-positive, CD45- cells.® These data suggest that tissue injury
may increase the engraftment of donor-derived tissue cells. Based
on these data, it is unclear whether the BM cells homed to damaged
tissue or were themselves the cause of the damage and ongoing
inflammation.

Possible mechanisms for plasticity

As seen in this review, al the studies documenting plasticity have
used models of tissue injury to induce homing and differentiation
of BMSCs. Tissue damage likely creates a favorable environment
for the crossing of lineage barriers. It is likely that the extra-
hematopoietic tissue microenvironment resulting from apoptosis or
necrosis (eg, cytokine milieu, extracellular matrix characteristics)
enables efficient engraftment of circulating stem cells. Currently
unknown is whether BMSCs pass through a tissue-specific stem
cell phase before final maturation, either through differentiation or
fusion. Carefully designed studies using the identification and
injury techniques described here will ascertain the cellular sources
and kinetics of this transformation.

Direct and indirect differentiation

Several possible mechanisms may be speculated for BMSC
plasticity (Figure 1), and proof of one mechanism does not
necessarily preclude other possibilities. One mechanism could be
that BM cells that differentiate into these diverse cell types
represent a previously unsuspected population of highly pluripotent
stem cells located in the BM that have not “committed” to
becoming blood (Figure 1A). Alternatively, they are committed
HSCs that can transdifferentiate (Figure 1B-C). Committed cells
have begun a path of termina differentiation, likely through
irreversible changes in DNA conformation. Transdifferentiation
refers to the ability of one committed cell type to change its gene
expression pattern to that of a completely different cell type.
Putative mechanisms for this change in potency include indirect
transdifferentiation (Figure 1B), requiring dedifferentiation fol-
lowed by maturation down an alternative pathway, and direct
transdifferentiation (Figure 1C), in which thereisadirect transition
in the gene expression pattern. However, the distinction between
direct and indirect transdifferentiation may be artificial; it may

Proposed mechanisms for adult cell plasticity
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Figure 1. Mechanisms of differentiation. The 4 models shown represent mechanisms of differentiation from BM-derived cells into an alternative nonhematopoietic
phenotype (green). (A) Consistent with our existing paradigm that cells always travel from a less differentiated to a more differentiated state, this model predicts that there is a
highly pluripotent cell (red) that has not yet committed to the hematopoietic lineage and maintains the ability to differentiate into multiple diverse cell types. (B) With indirect
transdifferentiation, an HSC changes its gene expression pattern to that of an alternative cell type through a dedifferentiation/redifferentiation pathway that presumably passes
through an as yet unidentified intermediate cell type, shown in white. (C) In direct transdifferentiation, an HSC may be able to directly change its gene expression pattern from
that of a hematopoietic stem cell to an alternative cell type. (D) If fusion is the mechanism by which BMSCs acquire a nonhematopoietic phenotype, a marrow-derived cell,
perhaps a macrophage (blue), fuses with a nonhematopoietic cell (yellow), and the nucleus of the marrow-derived cell takes on the gene expression pattern of the
nonhematopoietic cell type. The 2 nuclei do not have to fuse. Note that these models are not mutually exclusive and may all reflect the in vivo mechanisms involved. These
models apply equally well to MSCs and MAPCs, which may directly transdifferentiate into multiple cell types, dedifferentiate through an intermediate cell type, represent highly
pluripotent stem cells with the ability to differentiate directly into multiple cells types, or have the ability to fuse with different cell types.
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simply be that our existing paradigms of cellular differentiation do
not encompass the true plasticity of these cellsin vivo.

It isimportant to point out that in vivo transdifferentiation is not
necessarily pathologic; it occurs normally in plants and ani-
mals.89% For example, transdifferentiation occurs in amphibians
such as Urodeles (newts) during limb regeneration. In vitro,
somatic terminally differentiated cells such as pancreatic epithe-
lium can be switched to a hepatic phenotype.®>%2 Oligodendrocyte
progenitors can be reprogrammed into neural stem cell when
maintained in a low-density, serum free medium,® and fibroblasts
can be reprogrammed to express T-cell-specific genes using T-cell
protein extracts.%

Fusion

An dternative mechaniam for plasticity could be the fuson of a
BM-derived cell with a nonhematopoietic cell to form a heterokaryon,
thereby converting the gene expression pattern of the origind BM cell
type to that of the fusion partner (Figure 1D). For example, in vitro
fusion of fibroblasts with myoblastsis known to result in the expression
of muscle-specific MRNA by the fibroblast nuclei.® The question of
whether the apparent differentiation of marrow-derived cdls into
nonhematopoietic cellsisthe result of cell fusion has been raised based
on recent studies of coculture of embryonic stem (ES) cdlls with adult
somatic cells. %9 In one study, primary neurond stem cells cocultured
with ES cellsfused with the ES cells and took on some of the phenotypic
propeties of ES cdls® A dmila study showed the previoudy
unexpected possibility that BM cellsgrown with ES cdllsin the presence
of LIFandIL-3 candso developinto ES-ike cells after fusion.% In both
cases the resultant progeny were tetrgploid and hexaploid. Although
both studies found fusion to be a relatively rare event (on the order of
1/10%2/10° cells), they open the possibility that cells fuse without
apparent fusogenic stimulation. Therefore, investigators in this fied
should, when possible, test whether fuson may be responsible for
changes in the gene expression patterns (differentiation) of BMSCs to
those of epithdlia cells and other nonhematopoietic cell types. When
cdl—cdl fuson is responsble for reprogramming the gene expression
pattern of an adult cdl, this ill represents plagticity, but the cdls
involved need not be stem cells.

Although we till do not have optima methods for testing whether
fuson has occurred, severd studies have used chromosomal analysis
to show that BM-derived lung, muscle® and kidney®® are 2N,
which suggests, but does not prove, that they do not result from
fusion. Cell ploidy is not a foolproof approach because aneuploid
and tetraploid cells can be present normally in some tissues, and it
is possible that a 4N cell formed by fusion could subsequently
become 2N, particularly if the 2 nuclei did not fuse.

In a study designed to assess whether BMSCs fuse with
recipient cells to become pancreatic 8 cells, BMSCs from mae
stop-lox-GFP mice, in which the cells express enhanced GFP
(EGFP) only after recombination by Cre recombinase, were
transplanted into female recipient animals that expressed Cre
recombinase in al their cells. If fusion were to occur, the Cre
recombinase from the donor cell would induce recombination and
subsequent GFP expression from the donor cell nuclei. Y+
pancreatic B cells were found as expected. However, none ex-
pressed EGFP, suggesting that fusion had not occurred.&

Despite data in muscle, kidney, and pancreas suggesting that
fusion is not the underlying cause of BMSC differentiation into
mature nonhematopoietic cells, recently published papers find just
the opposite in the case of severely injured liver.91% |n both
studies, donor-derived BMSCs were transplanted into FAH=/—
mice, and engraftment into hepatocytes occurred after the FAH =/~
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mice were weaned from the drug NTBC, which allows them to
survive in the absence of the FAH enzyme. In the mice that
underwent transplantation and survived NTBC withdrawal, most
hepatocytes that were FAH+ (donor derived) also had markers of
the recipient cells, suggesting that fusion had occurred.

We do not know whether fusion is responsible for much of the
plasticity data. Even if it is, research in this field should not be
abandoned or ignored. Fusion of cells may be anaturally occurring
phenomenon or an abnormal response to intense selective pressure
for circulating BM SCsto fuse with the epithelia of multiple tissues.
If the resultant cells are functional and healthy, these cells could be
of great physiologic significance or may represent benign random
events. The concern, of course, would be that the resultant cells
carry high potential for malignant transformation. Such avenues of
research will require extensive investigation to see whether the
fusion data represent an even more profound challenge to our
existing paradigms of cell differentiation and devel opment.101.102

Controversies

These studies showing a previously unsuspected differentiation
potential for adult BM SCs have spawned controversy. Two primary
controversies include the suggestion that plasticity data are all
caused by artifacts of the detection methods and that the findings
are not reproduciblein other laboratories.

Overlay

Because detection methods have been largely 2 dimensional,
microscopic artifacts may responsible for the appearance of
donor-derived epithelium after transplantation. One study docu-
ments this phenomenon, using confocal microscopy to prove that
what appears to be a donor-derived glia cell after ex-mismatched
primate transplantation is actually 2 superimposed nuclei, one of
which islikely from ablood cell.*! Termed overlay, this significant
challenge to the data necessitates the use of additional detection
techniques, such as confocal microscopy or single-cell assays for
more convincing proof of BM-derived tissue cells. To date, assays
of isolated single cells have confirmed the lung and liver findingsin
mice (E.L.H. and D.S.K., unpublished data, 2002), pancreas,® and
kidney,® and confocal microscopy has been used to confirm the
murine muscle data.

Irreproducibility of data

Late in 2002, a study was published in which a single
Lin~kit*Sca* Thy1'c BM-derived cell from a GFP transgenic mouse
was transplanted into lethally irradiated hosts!® In contrest to a
previousreport using transplantation of asnglemaeBMSC intofemae
recipients in which BMSCs differentiated into epithdlid celsat alevel
of 1 of 100 to 1 of 1000 cellsin the Gl tract, lung, liver, and skin, the
study, using asingle KTL S cell, showed no GFP-positive donor-derived
cdls engrafting as epithelid cellsin the Gl tract or lung and only 1 of
70000 liver cdls. The authors concluded there was “little evidence for
plasticity of BM-derived stem cells.” 1% However, significant differences
in the study designs used may be responsible for the different findings.
The primary differences are in the donor cdll subpopulations used, the
ages of the donor and recipient mice, and the different methods of
detection of donor-derived cdlls. Regarding the detection methods, one
study used Y-chromosome FISH and the other used GFP transgene
expression. It is possble that transgene slencing, which has been
recognized as a cause for fase-negative data,*>* led to the inability to


http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From bloodjournal.hematologylibrary.org by guest on March 27, 2011. For personal use only.

BLOOD, 15 NOVEMBER 2003 - VOLUME 102, NUMBER 10

detect some donor-derived cells that had differentiated into epithelial
cdls. At this stage in our understanding of BMSC plagticity, these
seemingly contrasting results could highlight important differences in
the conditions required for these differentiation events to occur, in the
degree of plagticity among BM subpopulations, and in the potential
sengitivity of different detection methods.

Potential clinical applications

The potential clinical applications of BM differentiation into
nonhematopoietic cell types are limited only by our imaginations
and by the potentia of the cells. Pluripotent marrow cells could be
used to treat tissue injury and multiple diseases of nonhematopoi-
etic tissue in at least 4 ways: (1) transplantation of normal
autologous cells, (2) enhancement or mobilization of endogenous
marrow-derived stem cells, (3) transplantation of gene-modified
autologous marrow cells, and (4) transplantation of allogeneic BM
cells. For some applications, cells could be administered directly to
nonhematopoietic tissues, and for others the clinical benefit may be
best achieved by replacing the endogenous marrow. If BMSCs do
not engraft as self-renewing, tissue-specific stem cells in the
nonhematopoietic tissues, along-term therapeutic effect of BMSC
administration would require engraftment first in the bone marrow,
where they can self-renew as BMSCs.

Engrafting BMSCs as epithelia cells is likely to be of most
benefit in response to acute damage such as that caused by
infarction or atoxin. The animal modelsin which BMSC adminis-
tration has been beneficial include renal ischemia, acute myocardial
ischemia, and acute liver damage (in FAH-null mice). Endogenous
BMSCsmay normally play aroleintherepair of low-level injuries,
and administering exogenous BMSCs may be advantageous for
tissue repair only when the body’s endogenous repair mechanisms
are overwhelmed by the extent of theinjury or when the BMSCsdo
not have access to the injured site, asin severe wounds or ischemia
when the vascul ature is compromised.

When treating genetic diseases, transplanting genetically modified
autologous marrow would avoid many of the risks of alogeneic
trangplantation. A number of studiesindicate that such agoal isfessible.
Mouse models of sickle cdl disease®® and glycogen storage dis-
€asel®1% have been successfully treated with retroviraly mediated
gene transfer to host marrow followed by autologous transplantation.
More relevant to the ability of BMSCsto differentiate to epithdlid cells,
after transduction with GFP encoding retrovirus, BM SCs transplanted
into irradiated syngeneic hosts can engraft as lung epithelial® and
agtroglial® that express GFP. Future studies will have to determine
whether this gpproach can be used to stably express transgenes in a
cdl-type-specific manner intarget cells. Onechalengewill bemaintain-
ing stable gene expression while minimizing the risk for vector-
associated maignancies. Thereis also some concern that the stem cells
themselves may have malignant potential because of telomere mainte-
nance or other mechanisms. Thus, we must be cautious and perform
appropriate preclinical studies in animals, including nonhuman pri-
mates, before trandating these potential thergpiesto patients.

Critics of plasticity have voiced concern that the relatively
small number of marrow-derived epithelia limits the significance
and the usefulness of the data. In addition, if fusion were the sole
mechanism by which marrow-derived cells change to anonhemato-
poietic gene expression pattern in vivo, the potential repercussions
of providing selective growth advantage to fused cells would have
to be assessed in depth. These criticisms emphasize the need for
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Major Research Directions in Plasticity

Optimization and Standardization of Plasticity Experiments

¢ ] \Y
Donor Cell Organ Damage Detection
Sources Models Methods

) Clinical
Mechanisms Applications

Figure 2. Discerning mechanisms underlying plasticity. Progress in the field of
bone marrow stem cell plasticity must be made on multiple fronts simultaneously. To
discern the mechanisms underlying plasticity, we must optimize and standardize the
experimental approaches used so that the data obtained are as reproducible and
definitive as possible. While making progress in our understanding of the underlying
mechanisms, however, we must not lose sight of the potential therapeutic applica-
tions of these findings. By assessing the potential clinical benefits of stem cell
administration in different disease models, we will gain insight not only into their
therapeutic potential but also into the mechanisms by which plasticity occurs.

more studies; the only way we can determine whether the plasticity
of BMSCs can be harnessed for potentia clinical benefit isto first
better understand how this occurs. Only then can we knowledge-
ably devel op approaches and methods to enhance differentiation to
levelsthat could be clinically beneficial.

Where the future lies

Ultimately, we want to apply our understanding of adult stem cell
plasticity to treating disease and tissue injury in patients. For any
field of biomedical inquiry, there is a complex interplay between
developing effective clinical strategies, improving our understand-
ing of the underlying cellular mechanisms, and optimizing and
standardizing ongoing experiments (Figure 2), and this holds true
for the field of adult stem cell plasticity. To better understand the
mechanisms responsible for the differentiation of BMSCs into
meature functional nonhematopoietic cell types, progress will have
to be made on multiple fronts. It iscritical that researchers optimize
and standardize experiments. For standardization, we must clearly
indicate the donor cell sources and the specific cell subpopulations
analyzed. Because different injuries and diseases will likely select
for different cell types, tissue damage models and animal disease
models will have to be optimized. In addition, investigators must
continue to improve detection methods so that cell source, cell
phenotype, and cell function can be assessed unequivocally. It is
important to acknowledge, however, that developing clinical
applications can occur concurrently with studies to elucidate the
underlying cellular mechanisms. In fact, findings in the clinic will
likely reveal critical information regarding the underlying mecha-
nisms of plasticity and which model systems are most applicable.

Acknowledgments

We apologize to colleagues whose work was not cited due to space
limitations.


http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

From bloodjournal.hematologylibrary.org by guest on March 27, 2011. For personal use only.

3492 HERZOG et al BLOOD, 15 NOVEMBER 2003 - VOLUME 102, NUMBER 10
References
1. Rafii S, Lyden D. Therapeutic stem and progeni- after injection into neonatal mouse brains. Proc D. Engraftment and migration of human bone

N

w

IN

o

(2]

~

ecl

©

10.

11.

1

N

13.

1

15.

16.

17.

18.

&

tor cell transplantation for organ vascularization
and regeneration. Nat Med. 2003;9:702-712.

. Eglitis MA, Mezey E. Hematopoietic cells differ-

entiate into both microglia and macroglia in the
brains of adult mice. Proc Natl Acad Sci U SA.
1997;94:4080-4085.

. Priller J, Persons DA, Klett FF, Kempermann G,

Kreutzberg GW, Dirnagl U. Neogenesis of cer-
ebellar Purkinje neurons from gene-marked bone
marrow cells in vivo. J Cell Biol. 2001;155:733-
738.

. Weimann JM, Charlton CA, Brazelton TR, Hack-

man RC, Blau HM. Contribution of transplanted
bone marrow cells to Purkinje neurons in human
adult brains. Proc Natl Acad Sci U S A. 2003;100:
2088-2093.

Hao HN, Zhao J, Thomas RL, Parker GC, Lyman
WD. Fetal human hematopoietic stem cells can
differentiate sequentially into neural stem cells
and then astrocytes in vitro. J Hematother Stem
Cell Res. 2003;12:23-32.

. Danet GH, Luongo JL, Butler G, et al. C1qRp de-

fines a new human stem cell population with he-
matopoietic and hepatic potential. Proc Natl Acad
Sci U SA. 2002;99:10441-10445.

.Wang X, Ge S, McNamara G, Hao QL, Crooks

GM, Nolta JA. Albumin expressing hepatocyte-
like cells develop in the livers of immune-deficient
mice transmitted with highly purified human he-
matopoietic stem cells. Blood. 2003;101:4201-
4208.

. Avital |, Feraresso C, Aoki T, et al. Bone marrow-

derived liver stem cell and mature hepatocyte
engraftment in livers undergoing rejection. Sur-
gery. 2002;132:384-390.

. Oh SH, Miyazaki M, Kouchi H, et al. Hepatocyte

growth factor induces differentiation of adult rat
bone marrow cells into a hepatocyte lineage in
vitro. Biochem Biophys Res Commun. 2000;279:
500-504.

Fiegel HC, Lioznov MV, Cortes-Dericks L, et al.
Liver-specific gene expression in cultured human
hematopoietic stem cells. Stem Cells. 2003;21:
98-104.

Kakinuma S, Tanaka Y, Chinzei R, et al. Human
umbilical cord blood as a source of transplantable
hepatic progenitor cells. Stem Cells. 2003;21:
217-227.

. Jackson KA, Majka SM, Wang H, et al. Regen-

eration of ischemic cardiac muscle and vascular
endothelium by adult stem cells. J Clin Invest.
2001;107:1395-1402.

Lin F, Cordes K, Li L, et al. Hematopoietic stem
cells contribute to the regeneration of renal tu-
bules after renal ischemia-reperfusion injury in
mice. JAm Soc Nephrol. 2003;14:1188-1199.

Krause D, Theise N, Collector M, et al. Multipo-
tent adult progenitor cells from bone marrow dif-
ferentiate into functional hepatocyte-like cells.
Cell. 2001;105:369-377.

Ortiz LA, Gambelli F, McBride C, et al. Mesenchy-
mal stem cell engraftment in lung is enhanced in
response to bleomycin exposure and ameliorates
its fibrotic effects. Proc Natl Acad Sci U S A.
2003;100:8407-8411.

Sanchez-Ramos J, Song S, Cardozo-Pelaez F, et
al. Adult bone marrow stromal cells differentiate
into neural cells in vitro. Exp Neurol. 2000;164:
247-256.

Deng W, Obrocka M, Fischer I, Prockop DJ. In
vitro differentiation of human marrow stromal
cells into early progenitors of neural cells by con-
ditions that increase intracellular cyclic AMP. Bio-
chem Biophys Res Commun. 2001;282:148-152.
Kopen GC, Prockop DJ, Phinney DG. Marrow
stromal cells migrate throughout forebrain and
cerebellum, and they differentiate into astrocytes

19.

20.

21.

22.

23.

24.

2

[$2]

2

(22}

27.

2

o]

29.

30.

3

-

32

33.

34.

3

o

3

(2]

3

by

Natl Acad Sci U S A. 1999;96:10711-10716.

Hung SC, Cheng H, Pan CY, Tsai MJ, Kao LS, Ma
HL. In vitro differentiation of size-sieved stem
cells into electrically active neural cells. Stem
Cells. 2002;20:522-529.

Zhao L, Duan W, Reyes M, Keene C, Verfaillie C,
Low W. Human bone marrow stem cells exhibit
neural phenotypes and ameliorate neurological
deficits after grafting into the ischemic brain of
rats. Exp Neurol. 2002;174:11-20.

Schwartz RE, Reyes M, Koodie L, et al. Multipo-
tent adult progenitor cells from bone marrow dif-
ferentiate into functional hepatocyte-like cells.

J Clin Invest. 2002;109:1291-1302.

Wolf N, Kone A, Priestley G, Bartelmez S. In vivo
and in vitro characterization of long-term repopu-
lating primitive hematopoietic cells isolated by
sequential Hoechst 33342-rhodamine 123 FACS
selection. Exp Hematol. 1993;21:614-619.

Krause DS, Ito T, Fackler MJ, Collector MI,
Sharkis SJ, May WS. Characterization of murine
CD34, a marker for hematopoietic progenitor and
stem cells. Blood. 1994;84:691-701.

Fleming WH, Alpern EJ, Uchida N, Ikuta K, Span-
grude GJ, Weissman IL. Functional heterogeneity
is associated with the cell cycle status of murine
hematopoietic stem cells. J Cell Biol. 1993;122:
897-902.

. Donnelly DS, Zelterman D, Sharkis S, Krause

DS. Functional activity of murine CD34* and
CD34~ hematopoietic stem cell populations. Exp
Hematol. 1999;27:788-796.

. Scharenberg CW, Harkey MA, Torok-Storb B. The

ABCG?2 transporter is an efficient Hoechst 33342
efflux pump and is preferentially expressed by
immature human hematopoietic progenitors.
Blood. 2002;99:507-512.

Seale P, Asakura A, Rudnicki MA. The potential of
muscle stem cells. Dev Cell. 2001;1:333-342.

. McKinney-Freeman SL, Jackson KA, Camargo

FD, Ferrari G, Mavilio F, Goodell MA. Muscle-
derived hematopoietic stem cells are hematopoi-
etic in origin. Proc Natl Acad Sci U S A. 2002;99:
1341-1346.

Kawada H, Ogawa M. Bone marrow origin of he-
matopoietic progenitors and stem cells in murine
muscle. Blood. 2001;98:2008-2013.

Majka SM, Jackson KA, Kienstra KA, Majesky
MW, Goodell MA, Hirschi KK. Distinct progenitor
populations in skeletal muscle are bone marrow
derived and exhibit different cell fates during vas-
cular regeneration. J Clin Invest. 2003;111:71-79.

. Lanzkron SM, Collector MI, Sharkis SJ. Hemato-

poietic stem cell tracking in vivo: a comparison of
short-term and long-term repopulating cells.
Blood. 1999;93:1916-1921.

. Krause DS, Theise ND, Collector Ml, et al. Multi-

organ, multi-lineage engraftment by a single bone
marrow-derived stem cell. Cell. 2001;105:369-
377.

Simmons PJ, Gronthos S, Zannettino A, Ohta S,
Graves S. Isolation, characterization and func-
tional activity of human marrow stromal progeni-
tors in hemopoiesis. Prog Clin Biol Res. 1994;
389:271-280.

Simmons PJ, Torok-Storb B. Identification of stro-
mal cell precursors in human bone marrow by a
novel monoclonal antibody, STRO-1. Blood.
1991;78:55-62.

. Gronthos S, Zannettino AC, Hay SJ, et al. Mo-

lecular and cellular characterisation of highly puri-
fied stromal stem cells derived from human bone
marrow. J Cell Sci. 2003;116:1827-1835.

. Pittenger MF, Mackay AM, Beck SC, et al. Multi-

lineage potential of adult human mesenchymal
stem cells. Science. 1999;284:143-147.

. Azizi S, Stokes D, Augelli B, DiGirolamo, Prockop

3

©

39.

40.

4

fy

4

N

4

w

44.

4

(4]

46.

47.

48.

4

©

50.

5

[uiy

5

N

5

w

54.

5

o

5

(2]

marrow stromal cells implanted in the brains of
albino rats—similarities to astrocyte grafts. Proc
Natl Acad Sci U S A. 1998;95:3908-3913.

.Jiang Y, Vaessen B, Lenvik T, Blackstad M,

Reyes M, Verfaillie CM. Multipotent progenitor
cells can be isolated from postnatal murine bone
marrow, muscle, and brain. Exp Hematol. 2002;
30:896-904.

Jiang Y, Jahagirdar BN, Reinhardt RL, et al. Pluri-
potency of mesenchymal stem cells derived from
adult marrow. Nature. 2002;418:41-49.

Morrison SJ, Prowse KR, Ho P, Weissman IL.
Telomerase activity in hematopoietic cells is as-
sociated with self- renewal potential. Immunity.
1996;5:207-216.

. Rakic P. Neurogenesis in adult primate neocor-

tex: an evaluation of the evidence. Nat Rev Neu-
rosci. 2002;3:65-71.

. Theise ND, Krause DS, Sharkis S. Comment on

‘Little evidence for developmental plasticity of
adult hematopoietic stem cells.” Science. 2003;
299:1317.

.Mezey E, Key S, Vogelsang G, Szalayova |,

Lange GD, Crain B. Transplanted bone marrow
generates new neurons in human brains. Proc
Natl Acad Sci U S A. 2003;100:1364-1369.

Hu M, Krause D, Greaves M, et al. Multilineage
gene expression precedes commitment in the
hemopoietic system. Genes Dev. 1997;11:774-
785.

. Billia F, Barbara M, McEwen J, Trevisan M,

Iscove NN. Resolution of pluripotential intermedi-
ates in murine hematopoietic differentiation by
global complementary DNA amplification from
single cells: confirmation of assignments by ex-
pression profiling of cytokine receptor transcripts.
Blood. 2001;97:2257-2268.

Petersen BE, Bowen WC, Patrene KD, et al.
Bone marrow as a potential source of hepatic
oval cells. Science. 1999;284:1168-1170.

Theise ND, Badve S, Saxena R, et al. Derivation
of hepatocytes from bone marrow cells in mice
after radiation-induced myeloablation. Hepatol-
ogy. 2000;31:235-240.

Alison MR, Poulsom R, Jeffery R, et al. Hepato-

cytes from non-hepatic adult stem cells. Nature.
2000;406:257.

. Theise ND, Nimmakayalu M, Gardner R, et al.

Liver from bone marrow in humans. Hepatology.
2000;32:11-16.

Austin TW, Lagasse E. Hepatic regeneration from
hematopoietic stem cells. Mech Dev. 2003;120:
131-135.

. Evarts RP, Nagy P, Nakatsukasa H, Marsden E,

Thorgeirsson SS. In vivo differentiation of rat liver
oval cells into hepatocytes. Cancer Res. 1989;49:
1541-1547.

. Lagasse E, Connors H, Al-Dhalimy M, et al. Puri-

fied hematopoietic stem cells can differentiate
into hepatocytes in vivo. Nat Med. 2000;6:1229-
1234.

. Korbling M, Katz RL, Khanna A, et al. Hepato-

cytes and epithelial cells of donor origin in recipi-
ents of peripheral-blood stem cells. N Engl J Med.
2002;346:738-746.

Srour EF, Jetmore A, Wolber FM, et al. Homing,
cell cycle kinetics and fate of transplanted hema-
topoietic stem cells. Leukemia. 2001;15:1681-
1684.

. Heissig B, Hattori K, Dias S, et al. Recruitment of

stem and progenitor cells from the bone marrow
niche requires MMP-9 mediated release of kit-
ligand. Cell. 2002;109:625-637.

. Wright DE, Bowman EP, Wagers AJ, Butcher EC,

Weissman IL. Hematopoietic stem cells are
uniquely selective in their migratory response to
chemokines. J Exp Med. 2002;195:1145-1154.


http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl

BLOOD, 15 NOVEMBER 2003 - VOLUME 102, NUMBER 10

57.

58.

59.

6

o

61.

62.

6

w

64.

65.

6

(=]

6

J

68.

69.

70.

71.

72.

73.

From bloodjournal.hematologylibrary.org by guest on March 27, 2011. For personal use only.

Hatch HM, Zheng D, Jorgensen ML, Petersen
BE. SDF-1a/CXCR4: a mechanism for hepatic
oval cell activation and bone marrow stem cell
recruitment to the injured liver of rats. Cloning
Stem Cells. 2002;4:339-351.

Orlic D, Kajstura J, Chimenti S, et al. Bone mar-
row cells regenerate infarcted myocardium. Na-
ture. 2001;410:701-705.

Orlic D, Kajstura J, Chimenti S, et al. Mobilized
bone marrow cells repair the infarcted heart, im-
proving function and survival. Proc Natl Acad Sci
U S A. 2001;98:10344-10349.

. Quaini F, Urbanek K, Beltrami AP, et al. Chimer-

ism of the transplanted heart. N Engl J Med.
2002;346:5-15.

Tse HF, Kwong YL, Chan JK, Lo G, Ho CL, Lau
CP. Angiogenesis in ischaemic myocardium by
intramyocardial autologous bone marrow mono-
nuclear cell implantation. Lancet. 2003;361:
47-49.

Stamm C, Westphal B, Kleine HD, et al. Autolo-
gous bone-marrow stem-cell transplantation for
myocardial regeneration. Lancet. 2003;361:
45-46.

. Ferrari G, Cusella-DeAngelis G, Coletta M, et al.

Muscle regeneration by bone marrow-derived
myogenic progenitors. Science. 1998;279:1528-
1530.

Gussoni E, Soneoka Y, Strickland CD, et al. Dys-
trophin expression in the mdx mouse restored by
stem cell transplantation. Nature. 1999;401:390-
394.

Gussoni E, Bennett RR, Muskiewicz KR, et al.
Long-term persistence of donor nuclei in a Du-
chenne muscular dystrophy patient receiving
bone marrow transplantation. J Clin Invest. 2002;
110:807-814.

. LaBarge MA, Blau HM. Biological progression

from adult bone marrow to mononucleate muscle
stem cell to multinucleate muscle fiber in re-
sponse to injury. Cell. 2002;111:589-601.

. Brazelton TR, Rossi FM, Keshet GI, Blau HM.

From marrow to brain: expression of neuronal
phenotypes in adult mice. Science. 2000;290:
1775-1779.

Mezey E, Chandross KJ, Harta G, Maki RA, Mc-
Kercher SR. Turning blood into brain: cells bear-
ing neuronal antigens generated in vivo from
bone marrow. Science. 2000;290:1779-1782.

Jin HK, Carter JE, Huntley GW, Schuchman EH.
Intracerebral transplantation of mesenchymal
stem cells into acid sphingomyelinase-deficient
mice delays the onset of neurological abnormali-
ties and extends their life span. J Clin Invest.
2002;109:1183-1191.

Woodbury D, Schwarz EJ, Prockop DJ, Black IB.
Adult rat and human bone marrow stromal cells
differentiate into neurons. J Neurosci Res. 2000;
61:364-370.

Akiyama Y, Radtke C, Kocsis JD. Remyelination
of the rat spinal cord by transplantation of identi-
fied bone marrow stromal cells. J Neurosci. 2002;
22:6623-6630.

Akiyama Y, Radtke C, Honmou O, Kocsis JD. Re-
myelination of the spinal cord following intrave-
nous delivery of bone marrow cells. Glia. 2002;
39:229-236.

Chopp M, Zhang XH, Li Y, et al. Spinal cord injury

74.

75.

76.

77.

78.

79.

80.

81.

8

N

83.

84.

8

(5]

8

(=2

8

J

88.

89.

in rat: treatment with bone marrow stromal cell
transplantation. Neuroreport. 2000;11:3001-3005.

Gupta S, Verfaillie C, Chmielewski D, Kim Y,
Rosenberg ME. A role for extrarenal cells in the
regeneration following acute renal failure. Kidney
Int. 2002;62:1285-1290.

Poulsom R, Forbes SJ, Hodivala-Dilke K, et al.
Bone marrow contributes to renal parenchymal
turnover and regeneration. J Pathol. 2001;195:
229-235.

Grimm PC, Nickerson P, Jeffery J, et al. Neointi-
mal and tubulointerstitial infiltration by recipient

mesenchymal cells in chronic renal-allograft re-

jection. N Engl J Med. 2001;345:93-97.

Ito T, Suzuki A, Imai E, Okabe M, Hori M. Bone
marrow is a reservoir of repopulating mesangial
cells during glomerular remodeling. J Am Soc
Nephrol. 2001;12:2625-2635.

Cornacchia F, Fornoni A, Plati AR, et al. Glomeru-
losclerosis is transmitted by bone marrow-derived
mesangial cell progenitors. J Clin Invest. 2001;
108:1649-1656.

Kale S, Karihaloo A, Clark PR, Kashgarian M,
Krause DS, Cantley LG. Bone marrow stem cells
contribute to repair of the ischemically injured re-
nal tubule. J Clin Invest. 2003;112:42-49.

lanus A, Holz GG, Theise ND, Hussain MA. In
vivo derivation of glucose-competent pancreatic
endocrine cells from bone marrow without evi-
dence of cell fusion. J. Clin. Invest. 2003;111:843-
850.

Hess D, Li L, Martin M, et al. Bone marrow-de-

rived stem cells initiate pancreatic regeneration.
Nat Biotechnol. 2003;21:763-770.

. Fishman AP, ed. Fishman's Pulmonary Diseases

and Disorders. Vol. 1. New York: McGraw Hill
Health Professions Division; 1998.

Theise N, Henegariu O, Grove J, et al. Radiation
pneumonitis in mice: a severe injury model for
pneumocyte engraftment from bone marrow. Exp
Hem. 2002;30:1333-1338.

Kotton DN, Ma BY, Cardoso WV, et al. Bone mar-
row-derived cells as progenitors of lung alveolar
epithelium. Development. 2001;128:5181-5188.

. Kapanci Y, Weibel ER, Kaplan HP, Robinson FR.

Pathogenesis and reversibility of the pulmonary
lesions of oxygen toxicity in monkeys, II: ultra-
structural and morphometric studies. Lab Invest.
1969;20:101-118.

. Hematti P, Sloand E, Carvallo C, et al. Absence of

donor-derived keratinocyte stem cells in skin tis-
sues cultured from patients after mobilized pe-
ripheral blood hematopoietic stem cell transplan-
tation. Exp Hematol. 2002;30:943-949.

. Badiavas EV, Abedi M, Butmarc J, Falanga V,

Quesenberry P. Participation of bone marrow de-
rived cells in cutaneous wound healing. J Cell
Physiol. 2003;196:245-250.

Okamoto R, Yajima T, Yamazaki M, et al. Dam-
aged epithelia regenerated by bone marrow-de-
rived cells in the human gastrointestinal tract. Nat
Med. 2002;8:1011-1017.

Demura T, Tashiro G, Horiguchi G, et al. Visual-
ization by comprehensive microarray analysis of
gene expression programs during transdifferen-
tiation of mesophyll cells into xylem cells. Proc
Natl Acad Sci U S A. 2002;99:15794-15799.

PLASTICITY OF MARROW-DERIVED STEM CELLS

90.

91.

92.

93.

94.

95

96.

97.

98.

9

©

100.

101.
102.

10

w

104.

105.

106.

107.

108.

3493

Stocum DL. Development: a tail of transdifferen-
tiation. Science. 2002;298:1901-1903.

Shen CN, Horb ME, Slack JM, Tosh D. Transdif-
ferentiation of pancreas to liver. Mech Dev. 2003;
120:107-116.

Shen CN, Slack JM, Tosh D. Molecular basis of
transdifferentiation of pancreas to liver. Nat Cell
Biol. 2000;2:879-887.

Tang DG, Tokumoto YM, Apperly JA, Lloyd AC,
Raff MC. Lack of replicative senescence in cul-
tured rat oligodendrocyte precursor cells. Sci-
ence. 2001;291:868-871.

Hakelien AM, Landsverk HB, Robl JM, Skalhegg
BS, Collas P. Reprogramming fibroblasts to ex-
press T-cell functions using cell extracts. Nat Bio-
technol. 2002;20:460-466.

. Hardeman EC, Chiu CP, Minty A, Blau HM. The

pattern of actin expression in human fibroblast X
mouse muscle heterokaryons suggests that hu-
man muscle regulatory factors are produced.
Cell. 1986;47:123-130.

Terada N, Hamazaki T, Oka M, et al. Bone mar-
row cells adopt the phenotype of other cells by
spontaneous cell fusion. Nature. 2002;416:542-
545,

Ying QL, Nichols J, Evans EP, Smith AG. Chang-
ing potency by spontaneous fusion. Nature. 2002;
416:545-548.

Masuya M, Drake CJ, Fleming PA, et al. Hemato-
poietic origin of glomerular mesangial cells.
Blood. 2003;101:2215-2218.

. Vassilopoulos G, Wang PR, Russell DW. Trans-

planted bone marrow regenerates liver by cell
fusion. Nature. 2003;422:901-904.

Wang X, Willenbring H, Akkari Y, et al. Cell fusion
is the principal source of bone-marrow—derived
hepatocytes. Nature. 2003;422:897-901.

Blau HM. A twist of fate. Nature. 2002;419:437.

Blau HM, Blakely BT. Plasticity of cell fate: in-
sights from heterokaryons. Semin Cell Dev Biol.
1999;10:267-272.

. Wagers AJ, Sherwood RI, Christensen JL, Weiss-

man IL. Little evidence for developmental plastic-
ity of adult hematopoietic stem cells. Science.
2002;297:2256-2259.

Pawliuk R, Westerman KA, Fabry ME, et al. Cor-
rection of sickle cell disease in transgenic mouse
models by gene therapy. Science. 2001;294:
2368-2371.

Matzner U, Hartmann D, Lullmann-Rauch R, et
al. Bone marrow stem cell-based gene transfer in
a mouse model for metachromatic leukodystro-
phy: effects on visceral and nervous system dis-
ease manifestations. Gene Ther. 2002;9:53-63.

Siatskas C, Medin JA. Gene therapy for Fabry
disease. J Inherit Metab Dis. 2001;24:25-41; dis-
cussion 11-22.

Grove JE, Lutzko C, Priller J, et al. Marrow-de-
rived cells as vehicles for delivery of gene therapy
to pulmonary epithelium. Am J Respir Cell Mol
Biol. 2002;27:645-651.

Priller J, Flugel A, Wehner T, et al. Targeting
gene-modified hematopoietic cells to the central
nervous system: use of green fluorescent protein
uncovers microglial engraftment. Nat Med. 2001;
7:1356-1361.


http://bloodjournal.hematologylibrary.org/
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl



