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J.-P. Lévesque, N. Levičar, D.W. Losordo, F. Marini,
E. Melamed, D. Offen, H.-S. Qian, A. Quraishi,
J.E.J. Rasko, M.M. de Resende, K.H. Schuleri, J. Stagg,
D.A. Taylor, J. Tracey, I.G. Winkler, A. Zenovich

Editors
Katalin Kauser and Andreas-Michael Zeiher

123



Katalin Kauser MD, PhD, DSc
Director, Cardiovascular Disease
Boehringer Ingelheim
Pharmaceuticals, Inc.
175 Briar Ridge Road,
Ridgefield, CT 06877
USA

e-mail: kkauser
@rdg.boehringer-ingelheim.com

Andreas-Michael Zeiher MD
Professor Molecular Cardiology
Department of Internal Medicine III
University of Frankfurt
Theodor-Stern-Kai 7
D-60590 Frankfurt a. Main

e-mail: zeiher@em.uni-frankfurt.de

With 18 Figures and 6 Tables

ISSN 0171-2004

ISBN 978-3-540-68975-1 Springer Berlin Heidelberg New York

This work is subject to copyright. All rights reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broad-
casting, reproduction on microfilm or in any other way, and storage in data banks. Duplication of
this publication or parts thereof is permitted only under the provisions of the German Copyright Law
of September 9, 1965, in its current version, and permission for use must always be obtained from
Springer. Violations are liable for prosecution under the German Copyright Law.

Springer is a part of Springer Science+Business Media
springer.com

© Springer-Verlag Berlin Heidelberg 2007

The use of general descriptive names, registered names, trademarks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

Product liability: The publishers cannot guarantee the accuracy of any information about dosage and
application contained in this book. In every individual case the user must check such information by
consulting the relevant literature.

Editor: Simon Rallison, London
Desk Editor: Susanne Dathe, Heidelberg
Cover design: design & production GmbH, Heidelberg, Germany
Typesetting and production: LE-TEX Jelonek, Schmidt & Vöckler GbR, Leipzig, Germany
Printed on acid-free paper 27/3100-YL - 5 4 3 2 1 0



Preface

There is excitement generated almost daily about the possible uses of stem cells
to treat human disease. The ability of stem cells to acquire different desired
phenotypes has opened the door for a new discipline: regenerative medicine.
Much of the interest for this purpose is generated by embryonic stem cells, but
their use is still controversial for moral as well as scientific reasons. Less con-
troversial and readily available are the adult bone marrow-derived progenitors,
including hematopoietic stem cells, endothelial progenitors, and mesenchymal
stem cells, which are the subjects of this book. These cells can be isolated by
simple procedures directly from the bone marrow or from peripheral blood
after being stimulated, i.e., mobilized. By reaching sites of damage through
the circulation or even after local administration, these cells can overcome the
hurdles of delivery approaches that limit the success of gene therapy. Adult
bone marrow-derived cells have been shown to regenerate diseased hepato-
cytes and contribute to neurons, blood vessels, and skeletal and cardiac muscle
cells. The increasing amount of new data, sometimes with conflicting results,
is making us appreciate the molecular complexity of cell differentiation and
potential mechanisms of action involved in these cell-mediated processes. It
is becoming increasingly important to understand the biology of these cells to
potentially improve their therapeutic efficiency and to facilitate their proper
therapeutic use. Examining the cell-mediated processes can ultimately lead to
the discovery of pathways and molecular mechanisms of organ repair, which
can be further utilized in drug development. With patients’ growing attention
to the most recent research developments, there is increasing medical need
for a better understanding—developed through rationally designed, random-
ized clinical trials that will move these strategies quickly and carefully toward
medical reality—to parallel the increased enthusiasm.

In this volume of the series Handbook of Experimental Pharmacology pub-
lished by Springer, we hope to achieve the ambitious goal of providing a
comprehensive overview of the currently available information related to the
therapeutic utility of adult bone marrow-derived cells. Chapters in Part I fo-
cus on basic principles, including a general introduction to the different bone
marrow-derived cell types, mechanisms contributing to their development
and localization in the bone marrow niche, mechanisms leading to their mo-
bilization, the current understanding about their immune plasticity, the effect
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of aging, and the potential enhancement of their survival or function using
cell–gene combinations. Part II is dedicated to therapeutically relevant pre-
clinical experiences and the most recent clinical experiences with these cells
for cardiac diseases, neurodegenerative disorders, liver diseases, and diabetes.
The potential role of bone marrow-derived cells in tumorigenesis and their po-
tential contribution to tumor angiogenesis are also discussed. Although their
exact role in cancer pathology remains to be better understood, harnessing
the ability of these cells to deliver antitumor agents provides an additional
therapeutic opportunity, which is introduced within the therapeutic section.

Each chapter is written or co-authored by accomplished scientists, leading
experts in their field, ensuring the delivery of up-to-date information regarding
our current understanding of bone marrow-derived progenitor cell biology
and its applications to specific disease indications. The editors focused their
efforts on providing a balanced overview of the recent developments in the
field without major interference with the content and style of the individual
chapters. In some instances reiteration of basic principles in the different
chapters may appear redundant when looking at the volume as a whole, but it
is necessary to allow each chapter to serve as a self-standing overview of the
chosen principle.

The editors thank the authors of the chapters for their excellent contribu-
tions, and Springer for its highly professional work and timely publication of
the book. We would like to express our specific gratitude to Susanne Dathe
from Springer for her patience and guidance throughout the development of
this book. We also appreciate the interest and support of the HEP Editorial
Board, specifically acknowledging Gabor M. Rubanyi among the board mem-
bers for his enthusiastic support and encouragement from the very beginning
of this project.

Ridgefield and Frankfurt am Main, Katalin Kauser
March 2007 Andreas-Michael Zeiher
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Abstract Bone marrow (BM) is a source of various stem and progenitor cells in the adult,
and it is able to regenerate a variety of tissues following transplantation. In the 1970s the first
BM stem cells identified were hematopoietic stem cells (HSCs). HSCs have the potential to
differentiate into all myeloid (including erythroid) and lymphoid cell lineages in vitro and
reconstitute theentirehematopoietic and immunesystems following transplantation invivo.
More recently, nonhematopoietic stem and progenitor cells have been identified that can
differentiate into other cell types such as endothelial progenitor cells (EPCs), contributing
to the neovascularization of tumors as well as ischemic tissues, and mesenchymal stem
cells (MSCs), which are able to differentiate into many cells of ectodermal, endodermal,
and mesodermal origins in vitro as well as in vivo. Following adequate stimulation, stem
and progenitor cells can be forced out of the BM to circulate into the peripheral blood,
a phenomenon called “mobilization.” This chapter reviews the molecular mechanisms
behind mobilization and how these have led to the various strategies employed to mobilize
BM-derived stem and progenitor cells in experimental and clinical settings. Mobilization of
HSCs will be reviewed first, as it has been best-explored—being used extensively in clinics
to transplant large numbers of HSCs to rescue cancer patients requiring hematopoietic
reconstitution—and provides a paradigm that can be generalized to the mobilization of
other types of BM-derived stem and progenitor cells in order to repair other tissues.

Keywords Mobilization · Hematopoietic stem cells · Endothelial progenitor cells ·
Mesenchymal stem cells · Transplantation · Tissue repair

1
Introduction

In the adult, bone marrow (BM) is a source of various stem and progenitor
cells that are able to regenerate a variety of tissues following transplantation.
Schofield identified the first BM stem cells, which were hematopoietic stem
cells (HSCs) (Schofield 1970). HSCs have the potential to differentiate into all
myeloid (including erythroid) and lymphoid cell lineages in vitro and reconsti-
tute the entire hematopoietic and immune systems following transplantation
in vivo. More recently, nonhematopoietic stem and progenitor cells have been
identified that can differentiate into other cell types such as endothelial pro-
genitor cells (EPCs), contributing to the neovascularization of tumors as well
as ischemic tissues (Asahara et al. 1999), and mesenchymal stem cells (MSCs),
which are able to differentiate into many cells of ectodermal, endodermal, and
mesodermal origins (such as adipocytes, chondrocytes, osteoblasts, hepato-
cytes, neurons, myocytes, and endothelial and epithelial cells) in vitro as well
as in vivo (Sale and Storb 1983; Barry et al. 1999, 2001; Devine et al. 2001;
Dennis and Charbord 2002).

In steady-state conditions in adult mammals, most HSCs, EPCs, and MSCs
reside in the BM, with a few HSCs (Wright et al. 2001; Abkowitz et al. 2003) and
EPCs (Lin et al. 2000) circulating in the peripheral blood; circulating MSCs
are usually not detectable (Lazarus et al. 1997; Wexler et al. 2003). For this
reason, the stem and progenitor cells used to be isolated by BM aspiration for
subsequent transplantation into patients requiring immune and hematopoi-
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etic reconstitution or tissue repair. As multiple painful BM aspirations are
necessary to obtain sufficient numbers of stem cells to reconstitute a patient,
general anesthesia and hospitalization of the donor were required, a process
posing a risk for the donor. Because of this limitation, alternative sources of
transplantable stem cells have been investigated. Following stress, challenge, or
stimulation of the BM compartment, a proportion of these BM stem and pro-
genitor cells egress from the BM and circulate into the blood. This phenomenon
is called “mobilization.” Mobilized cells are harvested by apheresis from the
peripheral blood so they can be concentrated, eventually enriched, and stored
for transplantation. If sufficient numbers of stem cells can be mobilized, mo-
bilization offers the advantage of a cost-effective, relatively safe procedure to
collect transplantable stem cells. The advantage of mobilized stem cells over
BM aspiration is illustrated by the speed at which mobilized hematopoietic
stem and progenitors cells (HSPCs) have supplanted BM aspiration as the pre-
ferred source of HSPCs for transplantation. Since its first discovery in human
patients in the 1980s, cellular support using mobilized HSPCs has now grown to
the point where it is used with over 45,000 patients a year worldwide. The main
reason why mobilization is preferred to BM aspiration for collection of HSPCs
is increased safety and comfort for the donor, faster reconstitution, and greater
disease-free survival in recipient (To et al. 1997; Korbling and Anderlini 2001).

The molecular mechanisms that drive BM stem cell mobilization and the
reasons behind certain molecules eliciting that mobilization have remained
a mystery for a long time. In recent years, systematic analysis of (1) the molec-
ular mechanisms responsible for the retention of BM stem and progenitor
cells at their specific niches and (2) how these mechanisms are perturbed dur-
ing mobilization has shed some light on the processes behind mobilization.
The identification of some of the mechanisms responsible for mobilization
(although many remain to be identified) has led to the development of new
molecules that will considerably improve HSPC mobilization in the clinic.

Theaimof this chapter is to review themolecularmechanismsandhowthese
have led to the various strategies employed to mobilize BM-derived stem and
progenitor cells in experimental and clinical settings. Mobilization of HSPCs
will be reviewed first as it is the best understood and provides a paradigm
that can be generalized to the mobilization of other types of BM stem and
progenitor cells.

2
Mobilization of Hematopoietic Stem and Progenitor Cells

2.1
Diversity of Mobilization Mechanisms and Resulting Kinetics

HSPC mobilization can occur in response to a variety of stimuli that can be
grouped according to their molecular nature, kinetics, and efficiency to mobi-
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lize HSPC. For instance, intense and prolonged physical exercise causes a lim-
ited but nevertheless significant HSPC mobilization as observed in marathon
runners (Barrett et al. 1978; Bonsignore et al. 2002). Neutrophil-activating
chemokines such as interleukin (IL)-8/CXCL8 or Groβ/CXCL2 induce ex-
tremely rapidandbriefHSPCmobilizationwithinminutes,whereashematopoi-
etic growth factors induce more sustained mobilization within days. At the
other end of the spectrum, cytotoxic drugs such as cyclophosphamide (CY)
or 5′-fluorouracil (5-FU) induce HSPC mobilization within weeks during the
recovery that follows myeloablation of the BM. Collectively, this broad range
of kinetics and these levels of mobilization suggests that the different agents
induce HSPC mobilization through different mechanisms (Table 1).

Currently, the agent most commonly used to elicit HSPC mobilization in the
clinical setting is granulocyte-colony stimulating factor (G-CSF) used alone or
in combination with myelosuppressive chemotherapy or stem cell factor (SCF)
(To et al. 1994; Korbling and Anderlini 2001). The administration of G-CSF
induces a 10- to 100-fold increase in the level of circulating HSPC in humans,
primates, and mice. G-CSF-induced mobilization is time- and dose-dependent,
involving a rapid neutrophilia (evident within hours) and a gradual increase
in HSPC numbers in the blood, peaking between 4 and 7 days of G-CSF
administration in humans. Mobilization with chemotherapeutic agents such
as CY occurs during the recovery phase following the chemotherapy-induced
neutropenia, that is, days 6–8 in mice, and days 10–14 in humans.

In order to understand how BM HSPCs are mobilized into the blood, it
is first necessary to understand why they remain in the BM in steady-state
conditions.

2.2
Stem and Progenitor Cells Reside in Separate Niches Within the Bone Marrow

Hematopoietic stem cells and lineage-restricted progenitor cells (HPCs) do
not distribute randomly in the BM but are localized according to their differ-
entiation stage. The majority of true HSCs are found at the bone–BM interface
(endosteum) (Lord et al. 1975; Nilsson et al. 2001) in contact with osteoblasts
(Zhang et al. 2003; Arai et al. 2004), whereas more committed progenitors
accumulate in the central BM (Lord et al. 1975; Nilsson et al. 2001). The first
experiments to illustrate this were performed by Brian Lord in the 1970s. The
BM was dissected according to its proximity to the femur shaft. Most of the
short-term reconstitution cells that colonize the spleen of lethally irradiated
mice (colony forming units-spleen, CFU-S) were found close to the bone, while
lineage-restricted HPCs that form colonies in vitro (CFU-C), but are unable
to reconstitute hematopoiesis in vivo in lethally irradiated mice, accumulated
away from the bone, in the central BM (Lord et al. 1975). As CFU-S can reconsti-
tute hematopoiesis in vivo for a few weeks (unlike true HSCs that reconstitute
life-long hematopoiesis), while CFU-C cannot, it was concluded that the most
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primitive HPCs and HSCs reside in proximity of the bone, whereas more
lineage-restricted HPCs reside in the central marrow (Lord et al. 1975). This
was recently confirmed in the mouse by sorting lineage-negative (Lin−) wheat-
germ agglutinin (WGA)dim rhodamine 123 (Rho123)dull cells or Lin− Sca-1+

c-KIT+ cells, which are both enriched in HSCs, and Lin− WGAdim Rho123bright

cells, which are enriched in HPCs. HSC- and HPC-enriched populations were
then labeled with the fluorescent cell tracker carboxylfluorescein diacetate
succinimidyl ester (CFSE) and injected intravenously into nonirradiated syn-
geneic recipients. While HPCs distributed randomly in the whole BM, HSCs
lodged preferentially at the bone–BM interface or endosteum (Nilsson et al.
2001, 2005). Further studies have confirmed that cells that display the antigen
profile of mouse HSCs (Lin− Sca-1+ c-KIT+ Tie-2+) are in close association
with bone-forming osteoblasts that line the endosteum (Calvi et al. 2003; Zhang
et al. 2003; Arai et al. 2004), whereas myeloid and lymphoid HPCs are in con-
tact with fibroblastoid elements of the central marrow that express vascular cell
adhesion molecule-1 (VCAM-1) and the chemokine CXCL12 (Tokoyoda et al.
2004). This differential distribution of stem and progenitor cells within the BM
is in good accord with the notion that each type of stem and progenitor cell
lodges in specific niches that provide specific signals adapted to the specific
requirements of these cells (Schofield 1978; Fuchs et al. 2004; Tumbar et al.
2004; Kiel et al. 2005; Nagasawa 2006; Yin and Li 2006). These niche-specific
signals control survival, quiescence, proliferation, and differentiation in order
to maintain a steady stock of stem and progenitor cells while producing an
adequate number of mature blood cells.

2.3
Finding Your Home and Staying There: A Matter for Cell Adhesion Molecules
and Chemokines

2.3.1
Bone Marrow Hematopoietic Stem Cell Niches

Inaddition to theanatomical evidence foranHSCnicheat the endosteum, there
is strong genetic evidence that osteoblasts are crucial to BM hematopoiesis.
For instance, transgenic mice with increased bone formation have an increased
number of HSCs in the BM. Transgenic mice expressing a constitutively active
mutant of the parathyroid hormone receptor 1 (PTHR1) in osteoblasts as well
as mice carrying an inducible deletion of the bone morphogenic protein (BMP)
receptor 1A (BMPR1A) gene, both have an increased number of osteoblasts,
increased trabeculae, and a doubling in the number of HSCs per femur despite
a markedly reduced BM cavity due to increased bone formation (Calvi et al.
2003; Zhang et al. 2003). Conversely, the ablation of osteoblasts results in a drop
in HSC number. In transgenic mice carrying a herpesvirus thymidine kinase
(HTK) suicide gene driven by an osteoblast-specific promoter, administration
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of ganciclovir specifically induces osteoblast death. Osteoblast ablation results
in a rapid and strong reduction in BM cellularity and a tenfold reduction
in the number of HSCs present in the BM (Visnjic et al. 2004). Importantly,
HSPCs and hematopoiesis relocate to the spleen and liver of these conditionally
osteoblast-ablated mice (Visnjic et al. 2004). Collectively, these data strongly
suggest that osteoblasts are an essential component of the HSC niche in the BM.

To understand how bone formation and BM hematopoiesis are coupled,
one has to consider the molecular interactions between osteoblasts and HSCs.
Lodgment at the endosteal niche is driven by a calcium gradient (Adams et al.
2006) and an array of osteoblast-mediated adhesive interactions (Fig. 1). At the
endosteum, the bone is in constant turnover with concomitant bone formation
drivenby osteoblasts and osteoclast-mediated bone degradation. This continu-
ousbonedegradation releases solubleCa2+ in theBMfluid, thus formingaCa2+

gradient. HSCs express a chemotactic Ca2+ receptor that senses this gradient
and promotes their migration to and lodgment at the endosteal HSC niche
(Adamset al. 2006). Similarly, adhesivemoleculesproducedbyosteoblasts such
as osteopontin, N-cadherin, transmembrane c-KIT ligand stem cell factor (tm-
SCF), and the polysaccharide hyaluronic acid keep HSCs at the endosteum (see
Fig. 1). Deletion of any of these molecules or their receptors results in random
distribution of HSCs in the BM following transplantation (Nilsson et al. 2003,
2005;Hosokawaet al. 2005; Stier et al. 2005;Adamset al. 2006). Interestingly, ad-
hesive interactions mediated by osteopontin, hyaluronic acid, and N-cadherin
also initiate signaling events in HSCs that together delay their proliferation
(Nilsson et al. 2003, 2005; Hosokawa et al. 2005; Stier et al. 2005). Thus, these
adhesive interactions not only mediate tight adhesion of HSCs to osteoblasts at
the hematopoietic niche, but are also likely to regulate HSC self-renewal in vivo.

The dramatic effect of osteoblast ablation on hematopoiesis may be ex-
plained by the loss of osteoblast-mediated adhesive interactions as well as
loss of the cytokines and chemokines they produce (Fig. 1). In particular, os-
teoblasts are the main source of (1) chemokine stromal cell-derived factor-1
(SDF-1)/CXCL12 in the BM (Semerad et al. 2005), (2) angiopoietin-1, the lig-
and for the tyrosine-kinase receptor Tie-2 which is expressed by HSCs (Arai
et al. 2004), and (3) Jagged-1, a ligand for Notch1 also expressed at the surface
of HSCs (Calvi et al. 2003). Importantly, these interactions all regulate the sur-
vival/quiescence/proliferation of HSCs (Carlesso et al. 1999; Lataillade et al.
2000; Cashman et al. 2002; Arai et al. 2004). Hence, in light of these recent
findings, it is not surprising that elimination of these essential interactions
by specific ablation of osteoblasts, or conversely enhancement of osteoblast-
specific ligands through increased bone formation, suppresses or enhances
BM hematopoiesis. Interestingly, ablation of osteoblasts results in the massive
migration of HSPCs to the spleen and liver via the blood (Visnjic et al. 2004).
Hence, suppression of bone formation results in HSPC mobilization.

Itmustbenoted that an“endothelialHSCniche”has recentlybeensuggested
as some HSCs that express CD150 are found in direct contact with the many
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Fig. 1 Molecular interactions between HSCs and osteoblasts at the endosteal HSC niche.
Attracted by CXCL12 secreted by osteoblasts and by soluble calcium released from bone
degradation, HSCs expressing CXCR4 and calcium receptors lodge at the endosteum to
establish direct cell–cell contact with osteoblasts through N-cadherin homotypic adhesive
interactions, VCAM-1 interaction with α4β1 integrin, osteopontin with β1 integrins and
CD44, hyaluronic acid with CD44. These cell–cell adhesive interactions allow Notch-1 to
interact with its ligand Jagged-1, Tie-2 with angiopoietin-1 (Ang-1), and c-KIT with trans-
membrane SCF (tmSCF) expressed at the surface of osteoblasts

endothelial sinuses that irrigate the BM (Kiel et al. 2005). It is not clear, however,
whether these HSCs that locate to endothelial sinuses represent cells in transit
(as HSCs permanently leak into the circulation and home back to the BM)
or whether they represent a separate HSC pool that is regulated differently.
What is clear, however, is that these HSCs that lodge in specific endothelial
niches must utilize a separate array of adhesive interactions from the HSCs
found at the endosteum. Indeed, unlike osteoblasts, BM endothelial cells that
compose this endothelial niche do not express osteopontin nor N-cadherin,
but express instead high levels of platelet endothelial cell adhesion molecule-1
(PECAM-1/CD31), VCAM-1/CD106, P-selectin, and E-selectin (Jacobsen et al.
1996; Schweitzer et al. 1996; Sipkins et al. 2005) whose counter-receptors are all
expressed at the surface of HSCs (Yong et al. 1998; Lévesque et al. 1999; Winkler
et al. 2004). Similar to theadhesionmolecules expressed in theendostealniches,
P- and E-selectin-mediated adhesion regulates HSPC survival, proliferation,
and differentiation (Lévesque et al. 1999; Winkler et al. 2004; Eto et al. 2005).
Thus, the two anatomically distinct HSC niches, endosteal and endothelial,
must regulate HSC turnover differently.

2.3.2
Bone Marrow-Committed Hematopoietic Progenitor Cell Niches

Due to the number and diversity of HPCs (multipotential, myeloid, lymphoid,
etc.) their niches are much less understood and defined. B lymphoid progenitor
cell niches, however, have been characterized. In mice with a green fluorescent
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protein (GFP) complementary DNA (cDNA) knocked into the CXCL12 gene,
GFP is specifically expressed by cells expressing CXCL12, a potent chemokine
and survival factor for B cells as well as HSCs and HPCs. In these mice, the
most primitive B cell progenitors (pre-pro B cells) are in direct contact with BM
stromal cells located in the central BM that coexpress CXCL12 and VCAM-1. In
contrast, the more mature pro-B cells are in contact with a distinct population
of BM stromal cells that express IL-7 but not CXCL12 (Tokoyoda et al. 2004).
Interestingly, Sca-1+ KIT+ cells, which include HSCs, multipotential HPCs, and
most pluripotent colony-forming cells, were also found in direct contact with
stromal cells that coexpress CXCL12 and VCAM-1 and are scattered throughout
the BM (Tokoyoda et al. 2004).

Similarly, it has been found that megakaryocytes migrate to a specific niche
proximal to BM endothelial sinuses, where they directly interact with BM
endothelial cells via CXCL12 and VCAM-1. Furthermore, this direct interaction
between megakaryocytes and BM endothelial cells was found to be necessary
for platelet production (Avecilla et al. 2004).

From these observations, it has been speculated that the endosteal niche
may maintain HSCs in a quiescent state, whereas the various niches scattered
throughout the BM stroma may represent proliferative niches in which HSCs
and HPCs proliferate to renew the pool of mature blood leukocytes as well as
erythrocytes.

2.4
What Keeps HSPCs Within the BM?

The two interactions thought to be most important in retaining HSPCs within
the BM are: (1) the adhesive interaction between VCAM-1 expressed by BM
stromal cells and integrin α4β1 (very late activation antigen-4, VLA-4) ex-
pressed by HSPCs, and (2) the chemotactic interaction between the chemokine
CXCL12 (or SDF-1) and its sole receptor CXCR4, also expressed by HSPCs. The
conditional deletion of either the integrin α4 gene or the VCAM-1 gene (its
ligand) results in a permanent and robust HSPC mobilization (Scott et al. 2003;
Ulyanova et al. 2005) as does the systemic administration of CXCR4 antago-
nists such as AMD3100 (Liles et al. 2003; Broxmeyer et al. 2005) or the systemic
delivery of CXCL12 via recombinant adenoviruses (Hattori et al. 2001b). Both
VCAM-1 and CXCL12 are expressed by osteoblasts, BM stromal cells, and en-
dothelial cells, which are all cellular components of the various HSC and HPC
niches in the BM. As discussed further in the following section, it is therefore
not surprising that, by targeting these two critical interactions, most mobi-
lizing agents induce mobilization of HSCs as well as most HPCs (collectively
termed as HSPCs).
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2.5
What Makes HSPCs Leave the BM?

2.5.1
Neutrophilia and/or Neutrophil Activation Are Essential for HSPC Mobilization

Neutrophilia always precedes the HSPC mobilization induced by physical ex-
ercise (Barrett et al. 1978), ACTH (Barrett et al. 1978), endotoxin (Cline and
Golde1977), sulfatedpolysaccharides andpolyanions (vanderHametal. 1977),
myelosuppressive chemotherapy (To et al. 1984, 1989), chemokines (Pruijt et al.
1999; King et al. 2001), or hematopoietic growth factors (Molineux et al. 1990,
1991, 1997; Sato et al. 1994; Glaspy et al. 1997; Torii et al. 1998), and the degree
of neutrophilia is correlated to the level of mobilization (Roberts et al. 1997;
Krieger et al. 1999).

The critical importance of neutrophils and neutrophilia to the mobilization
of HSPCs is illustrated by the fact that mice that are made neutropenic by
homozygous targeted deletion of the G-CSF receptor gene (G-CSFR−/− knock-
out mice), or by administration of specific antineutrophil antibodies, do not
mobilize in response to G-CSF, CY, or IL-8 (Liu et al. 1997; Pruijt et al. 2002;
Pelus et al. 2004). Thus, neutrophils are essential for HSPC mobilization.

2.5.2
Role of Neutrophil Proteases

Mobilization with G-CSF or CY induces the accumulation of neutrophils and
their precursors in the BM (Lévesque et al. 2002) with the release of large
amounts of neutrophil proteases such as neutrophil elastase (NE), cathep-
sin G (CG), and matrix metalloproteinase-9 (MMP-9) (Lévesque et al. 2001,
2002) directly in the BM fluid. These proteases selectively cleave and inactivate
the adhesion molecules and chemokines necessary for the retention of HSPC
within the BM, particularly VCAM-1 (Lévesque et al. 2001), CXCL12, and the
CXCL12 receptor CXCR4 (Petit et al. 2002; Lévesque et al. 2003a), as well as
the tyrosine-kinase receptor c-KIT (Lévesque et al. 2003b) and transmem-
brane c-KIT ligand SCF (Heissig et al. 2002) whose roles in BM retention and
mobilization of HSPC has also been reported (Papayannopoulou et al. 1998;
Nakamura et al. 2004). Thus, active proteases released by neutrophils during
mobilization disrupt the adhesive and chemotactic interactions that are es-
sential for retaining HSPC within the BM, resulting in their release into the
circulation.

In support of this model is the fact that specific NE inhibitors reduce mo-
bilization by 60%–70% in the mouse (Petit et al. 2002; Pelus et al. 2004), and
the administration of the serine-protease inhibitor serpina1/α1-antitrypsin
(a physiological inhibitor of both NE and CG) completely blocks mobilization
(van Pel et al. 2006). Similarly, anti-MMP-9 monoclonal antibodies that block
MMP-9 proteolytic function inhibit mobilization induced by IL-8 (by 90%)
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and G-CSF (by 40%) in the mouse (Pruijt et al. 1999; Pelus et al. 2004). In
humans, raised plasma NE and MMP-9 concentrations correlate significantly
with the level of HPC mobilization (Lévesque et al. 2001). A similar increase
in blood NE, CG, MMP-9, and cleaved soluble VCAM-1 has been observed in
idiopathic myelofibrosis and polycythemia vera patients, correlating with the
level of constitutive HSPC mobilization that occurs with these conditions (Xu
et al. 2005; Passamonti et al. 2006). It thus appears that mobilizing agents that
induce the accumulation, activation, or accumulation and activation of neu-
trophils in the BM (e.g., G-CSF, cytotoxic, IL-8, Groβ) disrupt the proteolytic
balance within the BM, maintenance of which is essential to the regulation of
the BM microenvironment, homeostasis, and HSPC trafficking.

It must be noted, however, that body fluids are normally loaded with natu-
rally occurring protease inhibitors to protect tissues from proteolytic damage.
For instance, blood contains approximately 2 mg/ml α2-macroglobulin, an in-
hibitor of a wide range of proteases, and approximately 1 mg/ml serpina1/α1-
antitrypsin and serpina3/α1-antichymotrypsin, both of which are specific in-
hibitors of NE and CG. BM extracellular fluids are devoid of α2-macroglobulin
(which is produced by the liver and cannot diffuse through the endothelial cell
barrier because of its large size) but contain large amounts of serpina1 and
serpina3 (Winkler et al. 2005). Unlike blood serpins, which are produced by
the liver, BM serpins are transcribed and produced within the BM to protect
the BM stroma from neutrophil serine proteases (Winkler et al. 2005). We have
recently demonstrated that during mobilization induced by either G-CSF or CY,
the levelsof these serpinsdropdramaticallywithin theBM(froma fewmg/ml to
below detection) boosting the levels of active neutrophil serine proteases with
concomitant cleavage and inactivation of molecules essential for the retention
of HSPCs (Winkler et al. 2005). Interestingly, serpina1 expression by the liver
and hence in the plasma remains unchanged during mobilization (Winkler
et al. 2005). That the downregulation of serpina1 and serpina3 is critical to
mobilization is also supported by the recent finding that prior administration
of human serpina1 into mice prevents HSPC mobilization in response to IL-8
(van Pel et al. 2006). Therefore, the downregulation of serpin expression is
likely to be a permissive step enabling the accumulation of active neutrophil
proteases in the BM extracellular fluid.

Despite this array of convergent observations, there remains a discrepancy
between the results of studies using short-term, systemic administration of
protease inhibitors or conditional gene deletions (many of which alter mo-
bilization) and those using mice where the targeted gene has been deleted
throughout development (where mobilization is generally not altered). For
example, systemic administration of specific NE or CG inhibitors decreases
mobilization (Petit et al. 2002; Pelus et al. 2004) while mice knocked out for
NE and CG mobilize normally even in the presence of a soluble MMP in-
hibitor (Lévesque et al. 2004). Functional redundancy between proteases may
be partly responsible for these conflicting results, as neutrophils express many
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other proteases that were not targeted or might have been overexpressed to
compensate for the lack of NE and CG.

2.5.3
The Role of Bone-Forming Cells

Recently we have found that in addition to cleavage by neutrophil proteases,
CXCL12 messenger RNA (mRNA) levels also drop in the BM of mobilized
mice, suggesting that an alternative mechanism may also be involved (Se-
merad et al. 2005). By sorting various mouse BM cell populations, we found
the Lin−CD45−CD31−CD51+ population that is enriched in osteoblasts most
actively transcribed CXCL12 (Semerad et al. 2005). This is of particular interest
as osteoblasts have been recently identified as an essential component of the
HSC endosteal niche (Visnjic et al. 2001; Calvi et al. 2003; Zhang et al. 2003;
Zhu and Emerson 2004).

A common side effect of G-CSF administration is bone pain, which affects
80% of mobilized donors (Vial and Descotes 1995). This may be due to the
dramatic reduction in bone turnover that occurs with G-CSF administration
(Takamatsu et al. 1998). Systemic administration of G-CSF rapidly inhibits
osteoblast-mediated bone formation as well as increasing bone degradation
by osteoclasts in both human and mouse (Takamatsu et al. 1998). Osteocal-
cin, a bone matrix protein specifically produced by osteoblasts, is a good
indicator of bone formation and osteoblast activity. In humans, osteocalcin
concentration in the plasma drops during HSPC mobilization, and this drop
is significantly correlated with the number of CFU-GM mobilized in the pe-
ripheral blood (Takamatsu et al. 1998). Similarly in mice, the concentration
of osteocalcin mRNA in the bone marrow drops approximately 50-fold during
G-CSF administration (Semerad et al. 2005), while the number of osteoblasts
lining the endosteum is reduced. The mechanisms by which osteoblasts are
inhibited during HSPC mobilization are still poorly understood as none of the
cytokines used to induce mobilization directly binds to osteoblasts or alters
their function (Lévesque et al. 2005; Semerad et al. 2005; Katayama et al. 2006).
It is not a direct effect of G-CSF as osteoblasts do not express the G-CSF recep-
tor and do not respond to G-CSF in vitro (Semerad et al. 2005). It has recently
emerged that sympathetic nerves that extend through the BM and bones may
play an important role in the maintenance of osteoblast function and HSC
mobilization (Katayama et al. 2006). Using mice knocked out for the uridine
diphosphate-galactose ceramide galactosyltransferase (an enzyme necessary
for myelin synthesis) gene or for the dopamine β hydroxylase (the enzyme
converting dopamine to norepinephrine) gene, it has been shown that func-
tional sympathetic nerves are necessary for HSPC mobilization and osteoblast
inhibition in neonatal mice, but to a much lesser extent in adults (Katayama
et al. 2006). As adrenergic nerves express G-CSF receptors and osteoblasts
express β2 adrenergic receptors, it is possible that G-CSF may directly act on
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these nerves eliciting osteoblast inhibition and HSPC mobilization. However,
lethally irradiated G-CSFR−/− adult recipients reconstituted with wild-type BM
cells (thus containing G-CSFR−/− nerves with G-CSFR+/+ hematopoietic cells)
mobilize normally in response to G-CSF or CY (Liu et al. 2000). Similarly,
HSPC mobilization can be completely abrogated by neutrophil depletion (Liu
et al. 1997, 2000; Pruijt et al. 2002; Pelus et al. 2004) despite apparently normal
neuronal function. Taken together, it is therefore likely that the predominant
mechanisms behind mobilization in adults are independent of neurons.

Collectively, these data indicate that mobilization follows the inhibition of
bone-forming osteoblasts, which in turn would lead to a decrease in both
CXCL12 production and number of HSPC endosteal niches. Therefore, HSPC
mobilization may involve at least two underlying mechanisms. The first mech-
anism involves the release of active proteases by BM neutrophils that cleave and
inactivate chemotactic andadhesivemolecules that retainHSPCwithin theBM,
particularly CXCL12, c-KIT, tmSCF, and VCAM-1. Since most HSPCs are in di-
rect contact with BM stromal and endothelial cells expressing these molecules
and express receptors for these molecules, the protease-mediated mechanism
could be responsible for the mobilization of multipotential, myeloid and lym-
phoid progenitors located in the central BM (Fig. 2).

A second mechanism targets the osteoblasts that form the HSC niche by
decreasing their number and function (Fig. 2). Ultimately, this inhibition not
only results in decreased CXCL12 expression and release by osteoblasts, but
also in a net decrease in the number of functional HSC niches at the endosteum.
Thus, this mechanism could be involved in the mobilization of most primitive
HSCs residing at the endosteum, by depleting the endosteal niches, and forcing
their migration to more a central location within the BM where protease-
dependant mechanisms could take the relay to force their egress into the
peripheral blood (Fig. 2).

2.6
Strategies to Increase HSPC Mobilization

2.6.1
Why the Need to Enhance Mobilization

The dose of mobilized CD34+ HSPCs infused correlates directly with the speed
of recovery to acceptable levels of neutrophils and platelets and the overall
survival of transplanted patients (To et al. 1986; Sheridan et al. 1994; Siena
et al. 2000). A minimal threshold of 2–5×106 CD34+ cells/kg is necessary for
successful hematopoietic reconstitution (Demirer and Bensinger 1995; To et al.
1997; Siena et al. 2000). Furthermore, it now appears that the higher the dose
of CD34+ cells infused the shorter is the leukopenic period and the faster is the
recovery.

A significant and well-documented problem with G-CSF is patient-to-
patient variability in HSPC mobilization which extends over 2.5 orders of
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Fig. 2 A two-step model of HSPC mobilization. The inhibition of osteoblasts results in
a loss of the HSC endosteal niche and decrease production of the chemokine CXCL12
causing the migration of HSCs away from the endosteum into the central marrow. In
parallel, neutrophils expand and accumulate within the BM, releasing proteases. Because
the expression of protease inhibitors is downregulated, neutrophil proteases accumulate in
an active state, cleaving and inactivating molecules essential to HSPC retention in the BM
such as VCAM-1, tmSCF, c-KIT, CXCL12, and CXCR4

magnitude (Roberts et al. 1995; Villalon et al. 2000). A consequence of this
variability is the failure to harvest sufficient numbers of peripheral blood HSPC
to reach minimal thresholds in 5%–10% of allogeneic healthy donors and up
to 50%–60% of patients who have already undergone several courses of high-
dose chemotherapy (mobilized for autologous transplantation) (Bensinger
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et al. 1995; Demirer and Bensinger 1995; Brown et al. 1997; Villalon et al.
2000). Thus, the discovery of more efficient mobilizing agents is paramount to
improve transplantation outcome.

2.6.2
Chemical Stabilization of G-CSF

The commercially available form of human G-CSF used to mobilize HSPCs
(Filgrastim or Neupogen, Amgen, Thousand Oaks, CA) in clinics is produced
in recombinant form in Escherichia coli and is thus unglycosylated. Unglyco-
sylated G-CSF is more sensitive to proteolytic degradation by both NE and
CG (El Ouriaghli et al. 2003; Carter et al. 2004), the very same proteases
that become active during mobilization. More recently, the recombinant hu-
man G-CSF produced in E. coli has been stabilized by attaching long chains
of polyethylene glycol (“pegylation”). Because of its increased resistance to
proteases and lower renal filtration, due its large size, this pegylated G-CSF
(Pegfilgrastim or Neulasta, Amgen, Thousand Oaks, CA) persists at pharma-
cologically active concentrations in the plasma over 4 days following a single
injection. As a consequence, a single injection of pegylated G-CSF is sufficient
to induce robust mobilization in rodents and humans instead of a 4–5 day
course of daily injections of nonpegylated G-CSF (de Haan et al. 2000; van Der
Auwera et al. 2001). In addition, transplantations using cells mobilized with
pegylated G-CSF or progenipoietin-1 (a fusion protein made of G-CSF and
Flt-3 ligand) display (1) reduced graft-vs-host disease (GvHD) in fully mis-
matched murine models and (2) increased graft-vs-leukemia reaction (GvL)
(Morris et al. 2004, 2005; Kiel et al. 2005). Because of its improved stabil-
ity and its strong immunomodulatory functions, the use of pegylated G-CSF
for HSPC mobilization is likely to increase rapidly and replace nonpegylated
G-CSF.

2.6.3
Stem Cell Factor

In the last 15 years, a number of hematopoietic growth factors have been tried
for their potential to mobilize HSPCs, with varying degrees of success. For
instance, GM-CSF, IL-3, IL-1, and IL-6 showed little potential, while ligands of
tyrosine kinase receptors such as SCF synergized when used with G-CSF (To
et al. 1994; Roberts et al. 1997; Stiff et al. 2000; To et al. 2003). Of those, the
KIT ligand/SCF is the only one that has made it to the bedside. Because of the
strong synergistic effect of SCF with other hematopoietic growth factors, and
particularly G-CSF, this combination of SCF together with G-CSF increases
by a factor 5 to 20 the number of HSPCs mobilized by G-CSF alone. Despite
its very potent effect on HSPC mobilization, SCF is no longer used the USA
due to a high incidence of mast cell-mediated reactions despite antihistamine
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prophylaxis (Stiff et al. 2000). SCF, however, is still used in Canada, Europe,
and Australia to boost mobilization in patients who have failed to respond
adequately in response to G-CSF alone.

2.6.4
Chemokines and Their Analogs: The AMD3100 Success Story

As reviewed earlier, CXCR4 is central to the retention of HSCs and HPCs
within the BM, and perturbations of the CXCR4:CXCL12 chemotactic interac-
tion within the BM results in mobilization. Since exogenous CXCL12 is rapidly
cleared from the circulation, injection of CXCL12 has a limited effect on mobi-
lization. Therefore more stable CXCR4 agonists and antagonists were designed
to induce mobilization. The first series of compounds comprises a shorter
cyclic version of CXCL12 (Perez et al. 2004; Pelus et al. 2005). A second cat-
egory of compounds comprises small synthetic nonpeptide molecules such
as the bicyclam AMD3100 (Mozobil, AnorMED-Genzyme, Cambridge, MA).
AMD3100 was designed as a CXCR4 antagonist to treat human immunod-
eficiency virus (HIV) infection, as CXCR4 is a coreceptor of HIV. Although
AMD3100 was efficacious in blocking HIV entry into T cells in vitro, clin-
ical trials were stopped because of its long-term toxicity and low effect on
HIV viral load (Hendrix et al. 2000; Hendrix et al. 2004). However, when
administered for a few days, AMD3100 induces potent HSPC mobilization
and strongly synergizes with G-CSF, increasing mobilization by one to two
logs over G-CSF alone (Liles et al. 2003; Devine et al. 2004; Broxmeyer et al.
2005; Flomenberg et al. 2005). There are currently eight clinical trials from
phase I to phase III ongoing in the USA to further evaluate the safety and
efficacy of AMD3100 to increase G-CSF-induced HSPC mobilization in autolo-
gous transplantations (multiple myeloma, non-Hodgkin’s lymphoma) as well
as in healthy donors for transplantation into patients affected with a variety
of hematopoietic diseases. These diseases include myelodysplastic syndrome,
multiple myeloma, non-Hodgkin’s lymphoma, Hodgkin’s disease, and acute
myelogenous, acute lymphoblastic, chronic myelogenous, and chronic lym-
phocytic leukemia (http://www.clinicaltrials.gov).

3
Mobilization of Bone Marrow Endothelial Progenitor Cells

3.1
Mobilization of Pro-angiogenic Progenitor Cells

Following limb ischemia or myocardial infarct, rapid reperfusion and reestab-
lishment of circulation is critical in order to limit the extent of tissue damage
and necrosis. Since terminally differentiated endothelial cells isolated from
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the vascular lumen (i.e., from umbilical cord or from aorta) have an enor-
mous capacity to proliferate and migrate in vitro, postnatal neovasculariza-
tion was thought to involve the migration and proliferation of differentiated
endothelial cells from neighboring preexisting vessels. In 1997, however, Asa-
hara et al. reported the existence of a subpopulation of CD34+ cells isolated
from human peripheral blood that adhere to fibronectin, proliferate, and dif-
ferentiate in culture into cells that display the hallmarks of endothelial cells:
spindle-shaped morphology, formation of tube-like structures, incorporation
of fluorescent acetylated low-density lipoproteins (AcLDL), expression of en-
dothelial nitric oxide synthase (eNOS)/Nos3 and vascular endothelial growth
factor receptor 2 (VEGFR2)/kinase insert-domain containing receptor (KDR).
Furthermore, when injected intravenously into immunodeficient mice with
a prior hind-limb ischemia, these cells colonized the neovascularized ischemic
limb, suggesting that they directly contributed to the neovascularization pro-
cess and as such were labeled “endothelial progenitor cells” or EPCs (Asahara
et al. 1997). From this pioneering observation, a flurry of studies followed in
order to determine whether these putative EPCs that circulate in steady-state
blood could be mobilized to accelerate postischemic revascularization. Two
years later, the same group showed that administration of human vascular
endothelial growth factor 165 (VEGF165) into mice mobilized cells displaying
these EPC characteristics. Furthermore, VEGF administration resulted in a
50% increase of the neovascularization taking place in the cornea following
corneal injury. When these experiments were repeated in chimera mice trans-
planted with BM cells from transgenic mice expressing LacZ under the Tie-2
promoter, administration of VEGF resulted in the contribution of LacZ+ cells
in the neovascularized cornea. LacZ+ cells were very rare in the neovascular-
ized cornea of control mice injected with bovine serum albumin, proving that
these endothelial-like cells in neoformed vasculature were (1) coming from
the BM and (2) mobilized into the circulation in response to VEGF (Asahara
et al. 1999). Subsequently, it was shown that EPCs are mobilized by many of
the cytokines that mobilize HSPCs such as VEGF-A, angiopoietin-1 (Hattori
et al. 2001a), G-CSF (Orlic et al. 2001), GM-CSF (Takahashi et al. 1999), or
erythropoietin (Heeschen et al. 2003). In these experiments, evidence of EPC
mobilization was demonstrated using Tie-2LacZ BM transplantation chimera
with enhanced neovascularization of damaged tissues and enhanced contri-
bution of LacZ+ bone marrow-derived cells in neoformed vessels following
corneal injury, hind-limb ischemia, or acute myocardial ischemia.

3.2
What Are Endothelial Progenitor Cells? A Simple Question, a Complex Answer

That the phenotypic profile of HSCs and HPCs is now well-established in both
humans and mice has greatly helped our understanding of HSPC mobilization.
Transplantation of single-sorted cells and clonal analyses have resolved the
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identity of HSCs and most types of HPCs (Morrison and Weissman 1994;
Kondo et al. 1997, 2003; Akashi et al. 2000). This knowledge has enabled the
precise localization of HSCs and HPCs in a variety of tissues in adults and
during development, follow their trafficking in vivo, or purify them to analyze
their fundamental biological properties as well as their potential to reconstitute
the various lineages of the hematopoietic and immune systems. In respect to
EPCs, their proper identification and characterization has been a lot more
challenging, and to date their precise nature remains still open to debate.

EPCs are still currently defined as cells that, upon culture, form colonies
of adherent spindle-shaped cells displaying characteristics of endothelial cells
such as the incorporation of AcLDL and binding of von Willebrand factor
(vWF) and BS-1 lectin. While this functional definition is sufficient to enable
the identification of molecules that accelerate neovascularization and/or en-
hance EPC mobilization in vivo, it gives little insight on the nature, ontology,
and biology of the cells responsible for this effect, whether it is due to the mobi-
lization of so-called EPCs and/or to comobilized hematopoietic cells secreting
pro-angiogenic cytokines.

The task of precisely identifying and defining EPCs has been hampered not
only by the lack of specific markers but also by the very nature of endothelial
cells, since they share many markers with hematopoietic cells. This promiscu-
ity of endothelial vs hematopoietic markers is likely to be due to the fact that
during development they derive from a common cell, the hemangioblast. The
task is also complicated by the fact that many hematopoietic cells are mobi-
lized together with EPCs, and these hematopoietic cells secrete a wide range
of proangiogenic cytokines and directly contribute to the repair of the is-
chemic tissue, particularly macrophages and granulocytes (Balsam et al. 2004;
Minatoguchi et al. 2004; De Palma et al. 2005).

Mobilized EPCs express CD34, CD133, VEGFR2, and VE-cadherin in hu-
mans and are Lin− c-KIT+ Sca-1+ VEGFR2+ VE-cadherin+ in mice (Rafii and
Lyden 2003). However, this phenotype is shared with that of HSCs. Other
frequently used markers are CD31 and CD146 (P1H12). While CD31 is ex-
pressed by many nucleated hematopoietic cells in the BM, CD146 is expressed
by a subset including HSCs. Amazingly, CD45, a transmembrane phosphatase
exclusively expressed by nucleated hematopoietic cells, is very rarely included
in these studies. It is therefore difficult to assess whether mobilized EPCs are
of hematopoietic or endothelial origin, and whether accelerated revascular-
ization following ischemia is due to mobilized EPCs, mobilized hematopoietic
cells, or both. To illustrate the importance of this still unresolved question,
a subpopulation of CD45+ CD11b+ monocytes expressing Tie2 (as HSCs and
EPCs do) play a critical role in tumor neovascularization and ischemia revas-
cularization (De Palma et al. 2005). These Tie2-expressing monocytes express
proangiogenic factors, and their ablation suppresses tumor neovasculariza-
tion. Reciprocally, incorporation of Tie2-expressing monocytes into Matrigel
plugs implanted under the skin promotes robust angiogenesis, suggesting that
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recruitment of these Tie2-expressing monocytes to the site of ischemic injury
is sufficient to support revascularization (De Palma et al. 2005).

The hematopoietic nature of mobilized EPCs is suggested by a recent study
showing that injection of monoclonal antibodies blocking α4-integrin func-
tion mobilize EPCs (Qin et al. 2006) in parallel to HSPCs (Papayannopoulou
and Nakamoto 1993; Papayannopoulou et al. 1995). The ability of blood cells to
form endothelial colonies (defined as mobilized EPCs) was contained within
the CD45+ α4-integrin+ population, which comprises only hematopoietic cells
(as CD45 is exclusively expressed by hematopoietic cells). Unfortunately, the
potential of CD45− cells was not tested, and it is therefore impossible to con-
clude from this study whether the entire EPC activity is contained within the
CD45+ population.

The possibility that mobilized hematopoietic cells are essential to the revas-
cularizationof ischemic tissues is further suggestedby thefinding that ischemia-
induced revascularization could be due to “hemangiocytes,” a subpopulation
of HPCs expressing VEGFR1 together with CXCR4 (Jin et al. 2006). Unlike
endothelial cells, these hemangiocytes do express CD45 and CD11b (and are
therefore of hematopoietic origin), but do not express VE-cadherin, vWF,
E-selectin, or smooth muscle α-actin (Grunewald et al. 2006). The hemangio-
cytes are mobilized following VEGF-A administration and home to the site of
ischemia due to the release of CXCL12 by fibroblasts surrounding the dam-
age vessels. Once homed to ischemic vessels, the hemangiocytes may release
proangiogenic paracrine factors that stimulate the proliferation of adjacent
endothelial cells from the damaged vessel, or of mobilized EPCs that have been
recruited the site of ischemia by a similar mechanism (Grunewald et al. 2006).

3.3
Is Re-vascularization Due to EPC Mobilization?

It is intriguing that many of the agents that mobilize HSPCs also induce revas-
cularization post ischemia and are therefore presumed to mobilize EPCs (e.g.,
VEGF-A, placental growth factor, G-CSF, GM-CSF, erythropoietin, CXCL12,
function-blocking anti-α4-integrin). This raises the question about whether
revascularization is due to mobilized EPCs, and if so, is this function due to
intrinsic properties of EPCs or rather BM leukocytes that comobilize with
them, such as Tie2-expressing monocytes, granulocytes, and hemangiocytes
(Balsam et al. 2004; Minatoguchi et al. 2004; Ingram et al. 2005; Jin et al. 2006;
Kopp et al. 2006).

An answer to this difficult question has been provided by Shahin Rafii’s
group. The blood concentration of cytokines such as thrombopoietin/mega-
karyocyte growth and differentiation factor (TPO), soluble SCF, erythropoi-
etin, andGM-CSFandofCXCL12chemokine risesdramatically between24and
72 h following hind-limb ischemia. Furthermore, mice deficient for TPO, its re-
ceptor c-Mpl, G-CSF, or GM-CSF exhibit reduced ischemia-induced revascular-
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ization, demonstrating that in vivo revascularization is critically dependent on
endogenous cytokines that also induce mobilization of HSPCs (Jin et al. 2006).
Interestingly, MMP-9−/− mice, in which the shedding of tmSCF into soluble SCF
is compromised, alsoexhibit impairedpostischemiarevascularization(Jinet al.
2006). TPO and soluble SCF induce the release of CXCL12 stored in platelet
granules both in vitro and in vivo, as there is no rise in CXCL12 blood concen-
tration following ischemia in thrombocytopenic TPO−/− or c-mpl−/− mice (Jin
et al. 2006).Revascularization is criticallydependantonCXCL12as systemicde-
livery of CXCL12 following infection with recombinant adenoviruses express-
ing CXCL12 restores postischemic revascularization in TPO−/− or c-mpl−/−

mice (Jin et al. 2006). Finally, these authors show that the rise in plasma CXCL12
mobilizes BM VEGFR1+ CXCR4+ hemangiocytes, which then home to dam-
aged vessels in response to the release of CXCL12 and VEGF-A by the surround-
ing hypoxic tissue (Jin et al. 2006). In favor of this model, injection of purified
hemangiocytes into MMP-9−/− ischemic mice (which have impaired heman-
giocyte mobilization and revascularization) restores revascularization. Thus,
accelerated revascularization following mobilization may not involve the mo-
bilization of EPCs but rather that of hemangiocytes, which are nonendothelial.

The intimate link between acceleration of revascularization and mobi-
lization of BM hematopoietic cells is further illustrated in mice deficient
for eNOS/Nos3. Nos3−/− mice have impaired neovascularization following is-
chemia. This intracellular enzyme is expressed by endothelial cells and my-
ocytes but not by BM hematopoietic cells. It produces nitric oxide (NO) by
converting l-arginine into citrulline. Once released by endothelial cells, NO is
a vasodilator that relaxes smooth muscle cells and increases vessel permeabil-
ity, as well as promotes endothelial cell survival and proliferation. Increased
Nos3 activity and NO release are characteristic of the ischemic response. Al-
though Nos3 is not expressed by BM hematopoietic cells, the deletion of the
Nos3 gene reduces BM hematopoietic cell survival and recovery in response
to cytotoxic injury (particularly in response to 5-FU), reduces EPC and HSPC
mobilization in response to VEGF, and impairs revascularization following
hind-limb ischemia (Aicher et al. 2003). This effect is due to nonhematopoi-
etic cells, as lethally irradiated Nos3−/− recipients reconstituted with wild-type
BM cells have impaired mobilization and revascularization whereas wild-type
recipients reconstituted with Nos3−/− BM cells mobilize normally in response
to VEGF-A. The effect of Nos3 on mobilization and revascularization seems
to involve MMP-9 because (1) MMP-9 release is reduced in the BM of Nos3−/−

mice (Aicher et al. 2003), and (2) MMP-9 cleaves tmSCF into soluble SCF,
a critical step of VEGF-induced and 5-FU-induced mobilization of EPCs and
HSPCs (Heissig et al. 2002; see Fig. 3). Therefore, although not expressed in
hematopoietic cells, Nos3 regulates the homeostasis of the BM stroma that
regulates the fate of both EPCs and HPCs.

Therefore, from these studies, it is clear that a population of still not well
defined EPCs is mobilized from the BM into the blood, and that this mobi-
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Fig. 3 Model of EPC mobilization. Ischemic tissues release TPO and soluble SCF (sSCF)
that induce CXCL12 release from blood platelets. CXCL12 directly induces mobilization
of HSPCs, and hemangiocytes that home to the ischemic tissue to release proangiogenic
factors. Ischemia and VEGF activate Nos3 expressed by endothelial cells and BM stromal
cells. NO is released, enhancing vascular permeability, blood flow, and MMP-9 release by
neutrophils and HSPCs, which leads to the cleavage of tmSCF, releasing EPCs, HSPCs, and
hemangiocytes into the circulation. By binding to VEGFR1 expressed on EPCs, HSPCs, and
hemangiocytes, VEGF induces their mobilization

lization accelerates and facilitates revascularization following limb or cardiac
ischemia. However, the accelerated revascularization involves many players,
particularly mobilized hemangiocytes, Tie2 expressing monocytes, and EPCs,
and the exact contribution of each of these players, particularly EPCs, remains
to be fully understood.

4
Mobilization of Bone Marrow Mesenchymal Stem Cells

4.1
What Are Mesenchymal Stem Cells?

Mesenchymal stem cells may be loosely defined as nonhematopoietic, plastic-
adherent precursor cells that can differentiate into specific connective tissues



24 J.-P. Lévesque et al.

including osteoblasts (Haynesworth et al. 1992b), chondrocytes (Johnstone
et al. 1998), and adipocytes (Pittenger et al. 1999). These cells are isolated
by an initial step of adherence to plastic, followed by a long period of cell
culture to eliminate hematopoietic cells that spontaneously adhere to plastic
such as granulocytes, monocytes, and macrophages. Due to controversy about
whether these cells fulfill the criteria for stem cell activity, they have been
variously termed marrow stromal cells (Pochampally et al. 2004; Horwitz et al.
2005), mesenchymal progenitor cells (Lazarus et al. 1997), and stromal cell
progenitors. Interestingly, a population of nonhematopoietic cells with similar
properties to plastic-adherent MSCs (particularly clonogenicity, high prolif-
erative potential, ability to differentiate into osteoblasts, chondrocytes and
adipocytes) expresses the STRO-1 antigen, and can be directly isolated from
human BM without the step of plastic adherence and cell culture (Simmons
and Torok-Storb 1991; Gronthos et al. 1994). The STRO-1 antigen is also ex-
pressed by cultured plastic-adherent MSCs (Chen et al. 2006), suggesting that
STRO-1 could be used to directly isolate MSCs from human tissues without
prior plastic-adhesion and ex vivo expansion.

Phenotypically, MSCs express a number of nonspecific markers, and it is
generally accepted that MSCs are devoid of hematopoietic and endothelial
markers, including, CD11b, CD31, and CD45. Plastic-adherent MSCs express
numerous surface adhesion molecules such as CD44, integrin α4/CD49d, and
integrin β1/CD29, and are typically positive for MHC I (Pittenger et al. 1999).
Although STRO-1 is a marker of MSCs in humans (Simmons and Torok-
Storb 1991; Gronthos et al. 1994; Bensidhoum et al. 2004; Chen et al. 2006),
MSC populations are heterogeneous between species and within cultures, with
variable expression of CD90/Thy-1, c-KIT/CD117, SH2 (CD105 or endoglin),
SH3, and SH4 (CD73) being observed (Haynesworth et al. 1992a). A population
of MSCs has also been shown to express CXCR4, hepatocyte growth factor
receptor c-met, and certain MMPs such as membrane type 1 (MT1)-MMP
(Wynn et al. 2004; Son et al. 2006). Additionally, these MSCs were strongly
attractedbyCXCL12andhepatocytegrowth factorgradients invitro, providing
evidence that such receptor–ligand interactions, along with MMPs, may be
involved in trafficking of MSCs.

4.2
Mesenchymal Stem Cells Are Present in Circulating Human Blood During Gestation

MSCs are present in circulating human blood during the first trimester (Cam-
pagnoli et al. 2001; Gotherstrom et al. 2004; Chan et al. 2005). These cells are
abundant from at least 7 weeks of gestation, and they persist until approxi-
mately 12 weeks gestation, at which time they decline and almost disappear
from the fetal circulation. The phenotype of MSCs in fetal blood is similar
to adult MSCs; however, they demonstrate greater multipotentiality in vitro,
contain a higher frequency of CFU-fibroblasts (CFU-F), and appear to have
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more rapid growth profiles with maintenance of multipotentiality through
a greater number of passages. This observation suggests that circulating mes-
enchymal cells present early in development may provide a mechanism by
which the stromal compartments of hematopoietic and other tissues are pop-
ulated. Although the presence of circulating MSCs decreases after 12 weeks
gestation, there is conflicting evidence that a very low-frequency population
of circulating multipotent cells may persist. Three groups have reported the
isolation from umbilical cord blood of adherent cells with the morphology,
immunophenotype, and in vitro differentiation characteristics of adult MSCs
(Erices et al. 2000; Bieback et al. 2004; Lee et al. 2004; Yu et al. 2004). Erices
et al. found that 25% of 31 umbilical cord blood harvests contained cells with
these characteristics and that there was a correlation with early gestational age
and their presence. Bieback et al. found MSC-like cells in 63% of 59 umbili-
cal cord blood units whereas Lee et al. isolated similar cells in all of 11 units
using negative immunoselection and limiting dilution. Three other groups
have reported difficulty in isolating MSCs from full-term cord blood samples
(Gutierrez-Rodriguez et al. 2000; Wexler et al. 2003; Yu et al. 2004).

4.3
Can MSCs Be Isolated from Adult Peripheral Blood and Can They Be Mobilized?

The issue of whether MSCs can be isolated from peripheral blood and indeed
whether they can be mobilized has been controversial. Little is known about
the physiological role of putative circulating MSCs in vivo. One possible role
could be as a cellular resource for tissue repair; hence, there is enthusiasm for
the use of these cells to treat conditions such as chronic heart failure and spinal
cord injuries (Berry et al. 2006; Deng et al. 2006). If MSCs do indeed play a role
in tissue repair then an open question remains whether these cells are recruited
locally from sites of injury or from other sites via the peripheral blood.

There are at least seven reports on the detection of MSCs in the periph-
eral blood, and they are summarized in Table 2. Firm conclusions cannot be
drawn as these studies are not comparable based on variations in the source of
cells obtained, methods of culture, and techniques to identify MSCs in vitro.
Fernandez et al. reported the detection of cells with a stromal cell phenotype
in the peripheral blood of breast cancer patients after G-CSF administration
(Fernandez et al. 1997); however, a follow-up report suggested that these cells
were most likely to be of the monocytic lineage (Purton et al. 1998). Kuznetsov
et al. sought to isolate MSCs from the peripheral blood of mice, rabbits, guinea
pigs, and humans (Kuznetsov et al. 2001). Cells with some of the characteristics
of MSCs were isolated from rodents; however, colonies were only rarely ob-
served from human peripheral blood and these did not express characteristic
MSC surface markers. Lazarus et al. did not detect MSCs from the peripheral
blood of 11 patients mobilized with chemotherapy and G-CSF for autologous
transplantation or from 3 healthy donors who received G-CSF alone to mo-
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Table 2 Published reports on mobilization of MSCs

Source Presence
in blood

Comment Reference

Breast cancer patients
PBMC chemotherapy +G -CSF

Yes Follow-up report suggests
they are monocytes

Fernandez
et al. 1997

Normal donors and cancer pa-
tients
PBMC chemotherapy +G -CSF

No 10 ml PBMC cultured Lazarus
et al. 1997

Normal donors
Blood buffy coats

Yes Zvaifler
et al. 2000

Normal donors, blood Yes Rare. Not typical MSC
phenotype

Kuznetsov
et al. 2001

Cord blood
Normal donors, PBMC G-CSF

No PBMC taken from bag
washings

Wexler
et al. 2003

Normal donors, PBMC G-CSF Yes Used fibrin microbeads Kassis
et al. 2006

Rats after chronic hypoxia,
blood

Yes Rochefort
et al. 2006

PBMC, peripheral blood mononuclear cells

bilize hematopoietic stem cells for allogeneic transplantation (Lazarus et al.
1997). One limitation of this study was the fact that cells from only 10 ml of
mobilized peripheral blood were cultured, a restriction consequent to ethi-
cal issues. A low level of circulating MSCs may have been missed due to this
limitation. Wexler et al. compared human bone marrow, mobilized peripheral
blood, and umbilical cord blood as sources of MSCs (Wexler et al. 2003). While
MSC were routinely cultured from bone marrow at a mean frequency of 1 in
3.4×104 nucleated cells, they could not be identified in either cord blood or
G-CSF-mobilized peripheral blood from normal donors. In these experiments,
G-CSF-mobilized peripheral blood was obtained from washings of the collec-
tion bags, and the number of cells cultured was not stated thereby raising the
possibility that a low frequency of MSCs may have been missed. Conversely,
Zvaifler et al. cultured plastic-adherent cells with stromal cell morphology de-
rived from 50 ml of buffy coat from more than 100 consecutive normal blood
donors (Zvaifler et al. 2000). These cells demonstrated both osteogenic and adi-
pogenic differentiation. Kassis et al. used a novel strategy to culture MSCs from
G-CSF-mobilized peripheral blood from normal donors (Kassis et al. 2006).
Fibrin microbeads provide a highly cross-linked, dense, stable, and partially
denatured three-dimensional fibrin matrix and have high cell-binding prop-
erties (Bensaid et al. 2003). Rochefort et al. compared the efficacy of isolating
MSCs from mobilized peripheral blood using conventional plastic-adherence
with their own method using fibrin microbeads. They collected MSCs using
fibrin microbeads in 8 out of 11 patients, but none of the MSCs was obtained
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using the conventional method. In rats, they reported on more than a 14-fold
increase inperipheral blood MSCs after exposure to chronic hypoxia consistent
with a role of MSCs in tissue repair (Rochefort et al. 2006).

To further investigate the potential for MSC mobilization, we (S.R.L. and
J.E.J.R.) have tested various cytokines and cytokine combinations in a nonhu-
man primate model (manuscript in preparation). CFU-Fs were not observed
in the peripheral blood of 8 baboons studied on two separate occasions in
steady-state. We did not see any evidence for the mobilization of MSCs af-
ter G-CSF, pegylated G-CSF (supplied by Amgen), or G-CSF plus pegylated
TPO/megakaryocyte growth and development factor (supplied by Kirin Brew-
ery). However, we did observe CFU-F in the peripheral blood of 3 out of
5 animals receiving G-CSF plus SCF (supplied by Amgen). We understand
that this observation may provide the first evidence of mobilization of MSCs
after cytokine administration in primates. These cells expressed the same im-
munophenotype as MSCs cultured from BM in the same animals, and also
demonstrated both adipogenic and osteogenic differentiation. It is possible
that the presence of CFU-F in the peripheral blood may correlate with the
degree of hematopoietic mobilization rather than the actual cytokine(s) ad-
ministered, as all three animals in which peripheral CFU-F were observed also
mobilized well for CD34+ cells, colony forming cells, and severe combined
immunodeficiency (SCID) repopulating cells.

In conclusion, despite conflicting evidence in the literature, it is likely that
MSCs are present in the peripheral circulation at a very low frequency. Given
appropriate stimuli it is likely that a small number of MSCs can be mobilized
from the BM. Mobilization of MSCs into the peripheral blood may provide
an alternative route for their harvest using leukapheresis to be applied in
a burgeoning number of potential therapeutic applications.

5
Conclusion

BM is a privileged tissue where stem and progenitor cells reside that can be used
for cellular therapy. Ten years of experimentation and clinical practice have
clearly indicated that while transplantable HSPCs with the capacity to reconsti-
tute the entire hematopoietic and immune systems are undoubtedly mobilized
in large numbers into the circulation, the mobilization of nonhematopoietic
stem and progenitor cells is more elusive. Although the revascularization of
damaged tissue can be enhanced in vivo following mobilization, it is still un-
clear if this is due to the mobilization of EPCs, proangiogenic hematopoietic
cells, or both types of cell. Finally, the mobilization of adult bone marrow
MSCs in sufficient numbers for practical, clinical application remains a chal-
lenge. The identification of mechanisms responsible for HSPC mobilization
has revealed some essential aspects of the biology of these cells and how criti-
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cal integrin-mediated adhesive interactions and CXCR4-mediated chemotactic
interactions are to maintain these cells in their specific niches within the BM.
Interestingly, most mobilizing agents used to date disrupt these interactions
either directly (anti-integrin monoclonal antibodies, CXCR4 antagonists) or
indirectly via, for instance, neutrophils and their proteases. Since all stem and
progenitor cells use a common repertoire of integrins and chemokine recep-
tors (particularly CXCR4) to remain within the BM, it is not surprising that
the mobilization of MSCs or EPCs is achieved when HSPCs are also mobilized.
The fact that HSPCs are mobilized in greater numbers and by a wider number
of agents than EPCs or MSCs may simply reflect the fact that HSPCs are small
cells, are very motile, and have relatively low adhesiveness compared to EPCs
or MSCs. These properties of HSPCs are likely to make their migration through
the BM endothelial barrier into the circulation easier. This may also mean that
because or their large size and high adhesiveness, the mobilization of MSCs
in large numbers will remain challenging, while solid tissues will remain the
main source of large numbers of transplantable MSCs.
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Abstract Mobilization and recruitment of bone marrow-derived progenitor cells (BMDPCs)
play an important role in postischemic tissue repair. Patients with coronary artery disease
(CAD) or peripheral vascular disease (PVD) exhibit endothelial dysfunction, and as a result
are likely to have a reduced number of progenitor cells mobilized in their peripheral circu-
lation following ischemic injury. Identification of eNOS independent pathways for BMDPC
mobilization may have important therapeutic value in this patient population. To identify
such mechanisms we investigated the effect of granulocyte-colony stimulating factor (G-
CSF) and stem cell factor (SCF) in eNOS-KO mice with and without surgical hind-limb
ischemia. Our results suggest that BMDPC mobilization can be achieved via activation of
NO-independent pathways.

Keywords Bone marrow-derived progenitor cells · VEGF · G-CSF · eNOS · CLI

1
Introduction

Mobilization and recruitment of bone marrow-derived progenitor cells (BMD-
PCs) play an important role in postischemic tissue repair. There is accumulat-
ing evidence supporting the feasibility of using adult, autologous BMDPCs to
induce therapeutic revascularization and tissue repair in patients with severe
peripheral arterial disease as well as acute myocardial infarction (Tateishi-
Yuyama et al. 2002; Barbash et al. 2003; Kawamoto et al. 2003; Losordo and
Dimmeler 2004; Lenk et al. 2005). However, it has also been demonstrated
that patients with coronary artery disease (CAD) exhibit reduced levels and
functional impairment of endothelial progenitor cells (EPCs), one of the most
frequently used autologous bone marrow-derived cell types for therapeutic an-
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giogenesis (Vasa et al. 2001; Heeschen et al. 2004; Hill et al. 2003; Werner and
Nickenig 2006). Most patients, likely to become candidates for biological revas-
cularization therapy (cell or gene delivery), exhibit severe endothelial dysfunc-
tion, and reduced bioavailability of endothelium-derived nitric oxide (EDNO),
due to the presence of cardiovascular risk factors, advanced age, or both (Vita
et al. 1990; Zeiher et al. 1993; Boger et al. 1997; Schachinger et al. 2000).

EDNO is produced by the endothelial isoform of nitric oxide synthase en-
zyme (eNOS), which is a cytochrome p450-like heme-containing enzyme. It
requires several cofactors [NADPH (the reduced form of nicotinamide adenine
dinucleotide phosphate), FAD (flavin adenine dinucleotide), calmodulin, and
tetrahydrobiopterin] for proper function. The endothelial cell-specific form
of nitric oxide synthases (eNOS) catalyzes the oxidation of l-arginine to l-
citrulline and NO. EDNO is an important, short-lived molecule that plays a key
role in the maintenance of endothelial/vascular integrity (for review see Kauser
and Rubanyi 2002). Besides contributing to endothelial cell survival, EDNO is
a key mediator of angiogenesis as a downstream effector of angiogenic growth
factors (Murohara et al. 1998; Dimmeler et al. 1999; Qian et al. 2001). Genetic
deficiency of endothelial nitric oxide synthase (eNOS-KO) results in develop-
mental limb defects (Gregg et al. 1998), and severe tissue necrosis in response
to ischemia (Murohara et al. 1998; Qian et al. 2001). The ischemic damage due
to surgical femoral artery ligation in eNOS-KO mice portrays a similar pheno-
type to that seen in patients with Fontaine stage III and IV peripheral arterial
disease (Murohara et al. 1998; Qian et al. 2001; Aicher et al. 2003). eNOS has
been shown to be essential for BMDPC mobilization in response to VEGF as
well as for BMDPC function at the site of the ischemic injury (Aicher et al. 2003,
2004). Cardiovascular risk factors have shown a strong inverse correlation with
EPC function (Vasa et al. 2001; Heeschen et al. 2004; Werner et al. 2005), but
data also support the possibility that increased levels of EPC in the peripheral
circulation is able to counterbalance endothelial dysfunction associated with
the increased risk factors (Hill et al. 2003).

2
EDNO Dependent Bone Marrow Cell Mobilization

Vascular endothelial growth factor (VEGF) and stromal cell-derived factor-1
(SDF-1) seem to play an important role in endogenous, postischemic mobiliza-
tion of BMDPCs. EDNO, in addition to its importance in mediating the local
angiogenic response following ischemic injury, has been shown to mediate
a systemic effect of VEGF on EPC mobilization and function (Murohara et al.
1998; Aicher et al. 2003). eNOS-KO mice develop severe necrosis following is-
chemic injury, and respond with attenuated mobilization of BMDPCs to VEGF
(Aicher et al. 2003). This implies that patients with CAD or peripheral vascular
disease (PVD) and endothelial dysfunction are likely to have a reduced number
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of progenitor cells mobilized in their peripheral circulation following ischemic
injury.

Most studies focus on EPCs as the key progenitor cell type to “drive” the
neovascularization process in the setting of ischemic damage (Losordo and
Dimmeler 2004; Takahashi et al. 1999). EDNO is an essential contributor to
EPC function (Aicher et al. 2003, 2004; Werner et al. 2005). EPCs isolated
from eNOS-KO mice are impaired in function, and their functional deficit
has been shown to contribute to the inadequate angiogenic response in the
eNOS-KO mouse hind-limb ischemia model that was investigated following
bone marrow transplantation of a selected CD45+ bone marrow population
into lethally irradiated mice (Aicher et al. 2003). There are reports, however,
that confirm the role of other progenitor cell types from the bone marrow
in the revascularization process (Kinnaird et al. 2004; Al-Khaldi et al. 2003).
These cells are not as likely to become structural elements of the developing
or remodeled vasculature, but play an essential role by providing a permissive
milieu for revascularization, servingasa sourceof cytokinesandgrowth factors
at an optimal site and time needed for the regenerative process (Kinnaird et al.
2004; Jo et al. 2003).

Impaired BMDPC mobilization has also been described in matrix metallo-
proteinase-9 knockout (MMP-9-KO) mice (Heissig et al. 2002). Both in eNOS-
KO and MMP-9-KO mice postischemic injury, VEGF-induced BMDPC mobi-
lization was impaired. eNOS-KO mice showed a decreased level of preMMP-9
in the bone marrow, suggesting an important role for MMP-9 as a downstream
effector of this pathway (Aicher et al. 2003).

eNOS likely plays a critical role in the bone marrow compartment. Bone
marrow osteoblastic cells as well as stromal cells express eNOS, which may
also contribute to the proper maturation and differentiation of different lineage
bone marrow cells (Ozuyaman et al. 2005).

In addition to ischemic cytokine mediators, pharmacological substances
such as 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoA) reductase
inhibitors, or statins, have been shown to induce mobilization of EPCs from
bone marrow and enhance left ventricular function following myocardial in-
farction (Llevadot et al. 2001; Dimmeler et al. 2001). A similar benefit of statins
has been shown in patients with stable coronary artery disease (Urbich and
Dimmeler 2005). The increase of circulating EPC numbers by statin has been
indicated to require eNOS function (Landmesser et al. 2004). Statins increase
eNOSexpressionbystabilizingmessengerRNA(mRNA)expression(Gonzalez-
Fernandez et al. 2001), which may be the mechanism that is responsible for the
benefit to EPC function.

Besides pharmacological stimulation, physical exercise also has been shown
to result in increased EPC levels (Laufs et al. 2004). Interestingly, similar physi-
ological stimulation of EPC mobilization could not be demonstrated in eNOS-
KO mice, suggesting the involvement of EDNO in this phenomenon as well
(Laufs et al. 2004).
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EDNO deficiency in the severe CAD patient population is likely to limit the
effectiveness of therapeutic revascularization approaches using autologous
BMDPCs either exogenously delivered or endogenously mobilized. Identifi-
cation of eNOS-independent pathways for BMDPC mobilization could have
important therapeutic value in this patient population.

3
EDNO-Independent Bone Marrow Cell Mobilization

Pharmacological agents that increase the level of circulating BMDPCs have
been demonstrated to enhance cardiac performance in different animal mod-
els of cardiovascular injury (Kinnaird et al. 2004; Orlic et al. 2001; Takahashi
et al. 1999). Systemic cytokine treatment with granulocyte-colony stimulating
factor (G-CSF) and stem cell factor (SCF) or granulocyte macrophage-colony
stimulating factor (GM-CSF) have been shown to promote cardiac repair and
enhance vascularization of severely ischemic tissues (Orlic et al. 2001; Taka-
hashi et al. 1999). We have shown that treatment with G-CSF and SCF can result
in increased BMDPC mobilization in the absence of eNOS (L.-Y. Hu et al., sub-
mitted). There was no difference between CFU-GM and EPC counts between
C57Bl/J6 and eNOS-KO mice in response to G-CSF and SCF, suggesting that
BMDPC mobilization, irrespective of the progenitor cell type, is independent
of eNOS expression and subsequent EDNO availability. SDF-1 and its receptor,
CXCR4, are critical for the retentionofprogenitor cellswithin thebonemarrow,
and represent the downstream pathway for G-CSF-induced BMDPC mobiliza-
tion (Rabbany et al. 2003; Semerad et al. 2005; Lévesque et al. 2004). We found
an equal quantity of CXCR4 receptors on bone marrow cells harvested from
C57Bl/J6 and eNOS-KO mice (L.-Y. Hu et al., submitted). The CXCR4 antago-
nist, AMD-3100, led to a similarly efficient mobilization of BMDPCs compared
to G-CSF in eNOS-KO mice (L.-Y. Hu et al., submitted), suggesting that this
pathway is independent of the presence of eNOS, unlike VEGF-induced EPC
mobilization (Aicher et al. 2003).

We could demonstrate efficient BMDPC mobilization by G-CSF and SCF in
eNOS-KO mice concurrent with a significant therapeutic benefit by this treat-
ment following surgical femoral artery ligation (L.-Y. Hu et al., submitted).
The ischemic tissue damage in this strain of mice is refractory to growth factor
treatment (Murohara et al. 1998). In fact this model has not yet shown response
to any treatment besides substitution of eNOS by gene delivery, indicating the
essential role of EDNO in mediating revascularization and tissue repair pro-
cess by many different factors (Yu et al. 2005; Qian et al. 2006). In addition,
exogenously delivered autologous bone marrow cells were able to mimic the
effect on blood flow recovery, indicating that availability of an increased num-
ber of autologous BMDPCs in the peripheral circulation was able to contribute
to postischemic revascularization irrespective of genetic deficiency in eNOS.
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4
Summary

Severe peripheral arterial diseases and heart failure represent the increasing
medical need for efficient novel regenerative therapies. Biological revascular-
ization strategies (i.e., cell and gene therapy) aim to achieve restoration of func-
tion by triggering natural repair processes using growth factors and adult bone
BMDPCs. The restorative value of autologous cells is dependent on the overall
health of the patient, the presence of risk factors, and the availability of EDNO
(Vasa et al. 2001; Heeschen et al. 2004; Hill et al. 2003; Werner and Nickenig
2006; Vita et al. 1990; Zeiher et al. 1993; Boger et al. 1997). It is therefore impor-
tant to identify molecular pathways that are able to bypass the need for EDNO
to improve the therapeutic outcome of these treatment approaches. Investi-
gation of eNOS-independent pathways for BMDPC mobilization could have
important therapeutic value in patients with severe endothelial dysfunction.

BMDPC mobilization by G-CSF and SCF may represent an eNOS-indepen-
dent mechanism. Combined G-CSF and SCF treatment in eNOS-KO mice,
subjected to surgical ischemia, resulted in limb salvage and significant blood
flow recovery. This response was similar to the benefit achieved by intravenous
transferof autologousBMDPCs.CXCR4antagonists,whichmimicdownstream
G-SCF signaling, induced a similar degree of BMDPC release compared to G-
CSF to the peripheral blood in eNOS-KO mice, offering a potential molecular
target for BMDPC mobilization inCADor PVDpatients with severe endothelial
dysfunction.
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Abstract Isolated from simple bone marrow aspirates, mesenchymal stromal cells (MSCs)
can be easily expanded ex vivo and differentiated into various cell lineages. Because they are
present in humans of all ages, are harvested in the absence of prior mobilization and preserve
their plasticity following gene modification, MSCs are particularly attractive for cell-based
medicine. One of the most fascinating properties of ex vivo expanded MSCs is their ability
to suppress ongoing immune responses, both in vitro and in vivo. Although not fully under-
stood, the immunosuppressive properties of MSCs have been reported to affect the function
of a broad range of immune cells, including T cells, antigen-presenting cells, natural killer
cells and B cells. Whereas successful harnessing of these immunosuppressive properties
mightonedayopen thedoor to thedevelopmentofnewcell-basedstrategies for thecontrolof
graft-versus-host and other autoimmune diseases, recent studies suggest that the immune-
modulating properties of MSCs are far more complex than first thought. Reminiscent of the
dichotomy of function of dendritic cells (DCs), which can act as potent activators or potent
suppressorsof immune responses, newstudies includingourownworkhas shown thatMSCs
in fact possess the dual ability to suppress or activate immune responses. In this review, we
summarize the different biological properties of MSCs and discuss the current literature on
the complex mechanism of immune modulation mediated by ex vivo expanded MSCs.
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1
Mesenchymal Stromal Cells: An Overview

1.1
Definition

Bone marrow stroma consists of a heterogeneous population of cells that
include adipocytes, reticular cells, macrophages, vascular endothelial cells,
smooth muscle cells, and mesenchymal stromal cells (MSCs) (Clark and Keat-
ing 1995). The first report of a population of stem cells in the bone marrow
stroma is attributed to Friedenstein et al. (1976). He observed that a small frac-
tion of adherent cells, which he called colony forming unit fibroblasts (CFU-F),
multiplied rapidly after 2–4 days of in vitro culture and had the ability to dif-
ferentiate into bone- and cartilage-like colonies. These initial observations
have been confirmed by several studies that demonstrated that cells isolated
following Friedenstein’s technique were able to differentiate into various cell
types, including osteoblasts, chondroblasts, adipocytes, myocytes, astrocytes,
neurons, endothelial cells, and lung epithelial cells (Pittenger et al. 1999; Reyes
et al. 2001; Al-Khaldi et al. 2003). Because of their mesenchymal plasticity,
adherent cells from MSC cultures are often referred to as mesenchymal stem
cells. However, since most unfractionated adherent cells from bone marrow
aspirates do not meet the criteria of self-renewal and clonal plasticity of a stem
cell, we refer to these colony-forming adherent cells as mesenchymal stromal
cells in accordance with the consensus recommendation of the International
Society for Cellular Therapy (Horwitz et al. 2005).

When plated at low cell density (1–10 cells/cm2), adherent MSCs can be
cloned as single-cell-derived colonies, each individual colony displaying a vari-
able degree of plasticity (Reyes et al. 2001; Colter et al. 2001; Pittenger et al.
1999). MSC cultures are thus heterogeneous, containing subpopulations of
early and more committed progenitors. Darwin Prockop and colleagues have
reported that two morphologically distinctive cell types can be found within
MSC cultures: small rapidly self-renewing multipotent cells (RS-MSCs) and
more mature slowly replicating larger cells (SR-MSCs) (Colter et al. 2000, 2001;
Digirolamo et al. 1999). When maintained at low cell-density, MSC cultures re-
main rich in multipotent RS-MSCs, most likely as a result of the Wnt signaling
inhibitor Dickkopf-1 (Dkk-1) and its receptor LRP6, the expression of which
has been shown to inversely correlate with cell-density of MSC cultures (Sekiya
et al. 2002). Added as an exogenous factor, recombinant Dkk-1-derived pep-
tides can stimulate the proliferation of undifferentiated MSCs (Gregory et al.
2005). The effect of Dkk-1 on the intrinsic properties of MSCs, however, re-
mains to be determined.
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1.2
Identification

No single marker has yet been described that identifies and localizes MSCs in
vivo. MSCs are therefore identified in vitro based on their ability to differenti-
ate into mesenchymal lineage cells (adipocytic, osteogenic, and chondrogenic)
and to express specific membrane-bound surface antigens (Deans and Mose-
ley 2000). Both human and mouse MSCs express CD105 (endoglin), CD73
(membrane-bound ecto-5′-nucleotidase), and CD44 (hyaluronate receptor).
In order to rule out any contamination of MSC preparations by hematopoi-
etic or endothelial cells, MSCs are routinely tested for the absence of expres-
sion of CD45 (common leukocyte antigen) and CD31 [platelet/endothelial
cell adhesion molecule (PECAM)-1; highly expressed on endothelial cells].
The expression of the hematopoietic stem cell (HSC) marker CD34 is also
commonly used to assess the presence of contaminating HSC in MSC prepa-
rations. While human and BALB/c MSCs are consistently negative for CD34,
we (and others) have observed that C57BL/6 mouse MSCs express CD34 in
a heterologous fashion (10%–20% positive)(Peister et al. 2004). Hence, MSCs
can be defined as being positive for the expression of CD105, CD73, and CD44,
negative for the expression of CD45 and CD31, and negative for the expres-
sion CD34 with the exception of C57BL/6 mice. MSCs further express low
levels of major histocompatibility complex (MHC) class I molecules while,
as a general rule, they do not constitutively express MHC class II molecules
(Tse et al. 2003; Di Nicola et al. 2002). However, constitutive MHC class II
expression on some MSC populations has been observed (Potian et al. 2003;
Stagg et al. 2006). Both MHC class I and class II molecules generally get up-
regulated following interferon (IFN)-γ treatment, with a more heterogeneous
expression between individual cells for MHC class II molecules (Gotherstrom
et al. 2004; Krampera et al. 2003; Meisel et al. 2004). Costimulatory molecules
such as CD80, CD86, CD40, and CD40L are not known to be expressed or
induced on human MSCs, while our own group and others have observed
that mouse MSCs can constitutively express CD80 (Krampera et al. 2003;
Stagg et al. 2006).

1.3
Maintenance and Differentiation of MSCs

Among the different factors governing the development and differentiation
of stem cells, transforming growth factor (TGF)-β-family proteins have been
revealed to be crucial players (Ruscetti et al. 2005). The TGF-β family com-
prises at least 30 related growth factors and differentiation factors, including
TGF-βs, activins, and bone morphogenic proteins (BMPs) (Massague et al.
2000; Mishra et al. 2005). While TGF-β itself promotes the expansion of un-
differentiated MSCs, other TGF-β-family members promote the differentia-
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tion of MSCs. Transcriptional modulators cooperate with TGF-β-family pro-
teins in governing cell type-specific differentiation of MSCs. Osteoblasts and
adipocytes, for instance, originate through alternative activation of transcrip-
tion factors (Nakashima and de Crombrugghe 2003; Rosen et al. 2000). Indeed,
while the transcription factor Runx2 drives MSCs to differentiate into os-
teoblasts, the differentiation of MSCs into adipocytes relies on expression of
the transcription factor peroxisome proliferator-activated receptor (PPAR)γ.
Importantly, this transcriptionally controlled differentiation is mutually ex-
clusive. Recently, Hong et al. (2005) identified the transcriptional coactivator
with PDZ-binding motif (TAZ) as a key “molecular rheostat” that modulates
this mutually exclusive differentiation of MSCs. In primary MSC cultures, it
was demonstrated that TAZ coactivates Runx2-dependent transcription while
repressing PPARγ-dependent transcription. The study described an absolute
requirement for TAZ in osteoblastic differentiation. It is our contention that
the identification and thorough analysis of other “stemness” and differenti-
ation signaling pathways will be of great value for developing new methods
to maintain and propagate MSCs in vitro—and perhaps in vivo—as well as
methods to guide or regulate their differentiation for cell-based therapy.

1.4
MSCs and Hematopoiesis

It is widely accepted that one of the main biological functions of marrow MSCs
is to provide the microenvironment necessary for hematopoiesis, including
cell-to-cell interactions and the secretion of cytokines and growth factors such
as macrophage-CSF (M-CSF), Flt-3L, stem-cell factor (SCF), interleukin (IL)-6,
IL-7, IL-8, IL-11, IL-12, IL-14, and IL-15. Upon IL-1α stimulation, MSCs can
further produce IL-1α, leukemia inhibitory factor (LIF), G-CSF, and GM-CSF
(Deans and Moseley 2000). MSCs are also implicated in lymphopoiesis (Tor-
lakovic et al. 2005). Maturation of B cells, for instance, occurs in the bone
marrow and involves interactions with MSCs, which provides them with SCF
and IL-7 (Milne et al. 2004). Through T cell–MSC interactions, MSCs might also
be involved in extrathymic T cell lymphopoiesis (Barda-Saad et al. 1996). Re-
cent studies have demonstrated that in addition to supporting hematopoiesis,
bone marrow plays an important role in the induction of endogenous im-
mune responses. Indeed, bone marrow has been shown to be the preferred
site of induction of adaptive immunity in response to blood-born antigens
(Mazo et al. 2005). It was also demonstrated that central memory CD8+ T cells
are preferentially recruited to the bone marrow. Notably, homing of memory
CD8+ T cell was mediated by CXCL12 (a.k.a. SDF-1), a chemokine abundantly
produced by MSCs (Mazo et al. 2005). Bone marrow is thus being revealed as
a unique lymphoid organ able to activate naïve T cells and to recruit memory
T cells. In this regard, MSCs may constitute a previously unrecognized player
of endogenous immune responses.
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1.5
MSCs in Tissue Repair and Cancer

Another important property of MSCs is their ability to home to injured tissues
and actively participate in tissue repair. It is believed that MSCs can replace
dyingcells of a givenorgan inorder tomaintainhomeostasis. Because signaling
through the TGF-β pathway is activated in response to tissue injury, and since
TGF-β is known to promote the expansion of undifferentiated MSCs, TGF-β
may play an important role in the ability of MSCs to perform wound repair.
MSCs can repair tissues by three mechanisms: (1) by differentiating into the
phenotype of the damaged cells; (2) by secreting growth factors and cytokines
that enhances repair of endogenous cells; and (3) by undergoing cell fusion
(Prockop et al. 2003; Terada et al. 2002; Spees et al. 2003).

Because the microenvironment of a solid tumor is similar to the envi-
ronment of injured/stressed tissue, it has been proposed that the intrinsic
wound-healing properties of MSCs would trigger them to migrate to sites of
solid tumors. Michael Andreff ’s group has shown that intravenously delivered
human MSCs are capable of integrating into xenografted human tumors in
immunocompromised mice (Studeny et al. 2002). Recently, Nakamizo et al.
(2005) demonstrated that human MSCs, following intraarterial or intracranial
delivery, can localize to human gliomas. In both studies, immunocompro-
mised mice were used as hosts. Whether naïve MSCs can migrate to the site
of a solid tumor in immunocompetent hosts and whether they can modulate
tumor growth by themselves is still undefined.

Some observations suggest that MSCs can promote tumor growth through
the release of tumor and vascular growth factors and by releasing immunosup-
pressive factors (Djouad et al. 2003). However, at least one study has demon-
strated that intravenously injected MSCs can induce potent antitumor effects
by a contact-dependent inhibition of Akt activity in tumor cells (Khakoo et al.
2006). In that study, intravenously injected human MSCs were shown to home
to human Kaposi’s sarcoma tumors implanted subcutaneously in immunod-
eficient mice and to significantly delay tumor growth. Notably, the inhibitory
effect of MSCs on tumor cell growth was dependent on E-cadherin, as a neutral-
izing antibody against E-cadherin abrogated the inhibition of Akt activation
by MSCs in vitro. MSCs, however, were unable to inhibit Akt activation in two
other tumor cell lines (i.e., PC-3 prostate cancer cells and MCF-7 breast can-
cer cells). Interestingly, cell–cell interactions through E-cadherin have been
reported to activate Akt in a mechanism dependent upon phosphatidylinositol
3 kinase and epidermal growth factor receptor (Reddy et al. 2005). One of the
effects of MSCs might thus be to sequester E-cadherin away from cell–cell in-
teractions, thereby preventing proper survival signaling in specific cancer cells.

The molecules and receptors governing MSC migration—in response to
injury or tumors—are still not fully characterized. One of the difficulties in
studying the migratory properties of MSCs comes from the fact that ex vivo
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cultured MSCs often loose expression of chemokine receptors and responsive-
ness to chemokines. Indeed, early passage MSCs, but not long-term cultured
MSCs, have been described to express a broad range of chemokine receptors,
including CCR1, CCR7, CCR9, CX3CL1, CXCR4, CXCR5, and CXCR6, and to
migrate in response to CXCL12, CXCL13, CXCL16, CCL19, CCL5, and CCL25
(Honczarenko et al. 2006).

2
Immune-Modulating Properties of MSCs

The first studies of MSC-mediated immunosuppression reported that ex vivo
expanded third-party human MSCs could potently inhibit the in vitro prolifer-
ation of allogeneic lymphocytes when incorporated into mixed lymphocytes
cultures. Several independent groups have since demonstrated that ex vivo-
expanded MSCs can suppress T cell proliferation induced by allogeneic pe-
ripheral blood mononuclear cells (PBMCs), allogeneic splenocytes, mitogens,
concanavalin A, and anti-CD3/anti-CD28 antibodies (Le Blanc et al. 2003; Tse
et al. 2003; Di Nicola et al. 2002; Krampera et al. 2003; Djouad et al. 2003).
In addition to their suppressive effect of T cells, MSCs have been shown to
negatively modulate the function of B cells (Corcione et al. 2006), natural
killer (NK) cells (Spaggiari et al. 2006), and dendritic cells (Jiang et al. 2005)
(Fig. 1). In a landmark case study, Le Blanc and colleagues (2004b) exploited
the immunosuppressive properties of MSCs in an attempt to treat a young
patient from severe grade IV acute graft-vs-host disease (GVHD). Remark-
ably, repeated administration of purified haploidentical human MSCs (from
the patient’s mother) following allogeneic stem cell transplantation completely
reversed the GVHD. The patient was still free of GVHD 1 year following treat-
ment, and had no minimal residual disease of his leukemia in blood and bone
marrow. Of interest, the patient failed to develop immune responses against
the injected allogeneic MSCs, suggesting that MSCs may be immunoprivileged
in addition to being immunosuppressive. Notwithstanding this observation,
our group and others have shown that mouse MSCs are potently rejected when
transplanted into allogeneic hosts (Eliopoulos et al. 2005; Nauta et al. 2006).

2.1
Immunosuppression by Soluble Factors

The exact mechanism responsible for MSC-mediated immunosuppression re-
mains, at best, imprecise. Nonetheless, it is generally accepted that: (1) soluble
factors secreted by MSCs play a major role in their immunosuppressive ef-
fect, and (2) MSCs need to be “activated” (or stimulated) in order to become
immunosuppressive. For instance, when incorporated into mixed lymphocyte
cultures,MSCsneed tobe incontactwith theallogeneic cells inorder toproduce
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Fig.1 Immunosuppression mediated by ex vivo-expanded MSCs. Primary mouse and human
MSCs have been shown in vitro to inhibit the proliferation and function of several immune
effector cells, including T cells, B cells, NK cells, and dendritic cells (DCs). MSC-induced im-
munosuppression depends on a broad range of factors, including prostaglandin E2 (PGE2),
B7-H1, hepatocyte growth factor (HGF), TGF-β1, IDO, IL-10, and other unidentified factors.
In addition, several exogenous stimuli, such as tumor necrosis factor (TNF)-α, IFN-γ, and
mitogenic and allogeneic determinants, modulate the nature of the immunosuppression in-
duced by MSCs. In vivo, transplanted MSCs have been shown to reverse graft-vs-host disease
(GVHD), prevent allograft rejection, and reduce the severity of experimental autoimmune
encephalomyelitis, a model of multiple sclerosis

immunosuppressive factors that inhibit lymphocyte proliferation (Le Blanc
et al. 2003; Di Nicola et al. 2002). While key soluble factors have been identi-
fied, others remain anonymous (Tse et al. 2003; Djouad et al. 2003; Le Blanc et al.
2004a). Using neutralizing monoclonal antibodies, independent studies have
demonstrated that hepatocyte growth factor (HGF), prostaglandin E2 (PGE2),
TGF-β1, indoleamine 2,3-dioxygenase (IDO), and IL-10 are all key players in
MSC-mediated immunosuppression in vitro (Aggarwal and Pittenger 2005;
Beyth et al. 2005). Few studies have suggested that contact-dependent mech-
anisms are implicated, including the B7-H1/PD-1 pathway (Krampera et al.
2003; Augello et al. 2005). It is our hypothesis that multiple immunosuppres-
sive factors can be released or expressed by ex vivo expanded MSCs and that
the nature of these factors is dependent on the type of stimuli received by
MSCs (e.g., allogeneic determinants, membrane-bound proteins, mitogens,
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cytokines, etc.). In support of this hypothesis, Rasmusson et al. (2005) recently
reported that MSCs use different mechanisms to inhibit lymphocyte prolifer-
ation induced by mitogens or alloantigens, with the former, but not the latter,
relying on the release of prostaglandins.

2.2
MSCs Induce T Cell Anergy

In addition to their ability to inhibit lymphocyte proliferation, ex vivo ex-
panded MSCs have been shown to induce split T cell anergy. Anergic T cells
are characterized by an absence of proliferation and cytokine production in
response to antigenic stimulation, generally as a result of insufficient costimu-
lation. In contrast to a classical form of anergy, which can be overcome by the
addition of exogenous IL-2, Glennie et al. (2005) demonstrated that allogeneic
MSCs can induce T cells to enter an anergic state only partly reversed by ex-
ogenous IL-2. They showed that removal of allogeneic MSCs combined to the
addition of exogenous IL-2 restored IFN-γ production but not proliferation of
the lymphocytes in mixed lymphocytes cultures.

2.3
MSCs Inhibit B Cells

Recently, Corcione et al. (2006) investigated the ability of ex vivo expanded
human MSCs to modulate the proliferation and function of human B cells. In
their first set of experiments, in vitro expanded human MSCs were cocultured
with purified CD19+ human B cells in the presence of a cocktail of stimuli (i.e.,
CpG oligonucleotides, recombinant CD40L, anti-human Ig goat antibodies,
IL-2, IL-4, and IL-10). After 3 days of coculture, the proliferation of B cells was
significantly inhibited by the addition of allogeneic human MSCs. Intriguingly,
maximum inhibition was observed at the B cell/MSC ratio of 1:1 and disap-
peared at ratios of 1:5 and 1:10. This is in marked contrast with the inhibition
of T cell proliferation by MSCs, which has been shown in different studies to
be directly dose-dependent (i.e., the more MSCs added to mixed lymphocytes
cultures, the stronger the suppression on T cell proliferation; Djouad et al.
2003). Corcione et al. (2006) showed that MSCs inhibit B cell proliferation
through a mechanism that blocked the cells in the G0/G1 phase of the cell cy-
cle independent of apoptosis. Akin to the effect on T cells, MSCs cocultured
with B cells in transwell plates (thus physically separated) also inhibited B cell
proliferation. The authors reported that allogeneic human MSCs further inhib-
ited the production of immunoglobulins by B cells, although this could be the
result of decreased B cell proliferation. Finally, the study showed that B cells
cocultured with MSCs had a decreased expression of CXCR4, CXCR5, and
CXCR7 chemokine receptors and exhibited a significant inhibition to migrate
in response to the given chemokines.



Immune Plasticity of Bone Marrow-Derived Mesenchymal Stromal Cells 53

2.4
MSCs Inhibit Resting NK Cells but Are Killed by Activated NK Cells

Spaggiari et al. (2006) investigated the modulatory effect of ex vivo-expanded
human MSCs on human NK cells. NK cells represent one of our first lines
of immunological defense against pathogens and tumors and are emerging
as crucial players in regulating adaptive immune responses via their inter-
action with dendritic cells (DCs). NK cells mediate their protective effect by
recognizing and lysing target cells that express stress-induced ligands or down-
regulate MHC class I molecules, and through the provision of cytokines such
as IFN-γ. NK cells are the major source of IFN-γ during an immune response.
Coculture experiments demonstrated that allogeneic MSCs completely inhib-
ited cytokine-induced proliferation of resting NK cells in response to IL-2
(100 U/ml) or IL-15 (100 ng/ml). In contrast, proliferation of preactivated NK
cells with IL-2 was only partly inhibited by MSCs. Since the expression levels
of IL-2 and IL-15 receptors on MSCs have never been determined, we cannot
rule out the possibility that recombinant IL-2 and IL-15 can be sequestered
by MSCs, thus indirectly inhibiting proliferation of resting NK cells known to
require high levels of cytokine in order to proliferate.

Interestingly, the study demonstrated that human MSCs are highly suscep-
tible to NK cell-mediated lysis due to the expression of a broad range of surface
ligands involved in NK cell activation. In particular, human MSCs express mul-
tiple NKG2D ligands as well as DNAX accessory molecule (DNAM)-1 ligands.
However, the nature of the ligands expressed by MSCs varied considerably
between individual preparations. One exception to this was the NKG2D lig-
and ULBP3 that was always found to be expressed on MSCs preparations. The
study demonstrated that IL-2 activated NK cells, but not resting NK cells, could
efficiently kill autologous and allogeneic MSCs and produce IFN-γ when cocul-
tured together. As the authors reported, “this finding is reminiscent of previous
data regarding the susceptibility of immature DC to lysis by autologous NK
cells.” NK cell-mediated lysis of MSCs was dependent upon the engagement of
a combination of NK cell receptors, given that only a cocktail of neutralizing
antibodies (and not single antibodies) to NKG2D, NKp30, and DNAM could
completely inhibit MSCs lysis. Remarkably, MSCs preexposed to IFN-γ, which
had upregulated MHC class I expression, were significantly less susceptible to
NK cell-mediated lysis and failed to induce IFN-γ release by NK cells. These
observations suggest that IFN-γ is apotentmodulatorofMSC/NKcell crosstalk.

2.5
MSCs Inhibit Professional Antigen-Presenting Cells

DCs are considered the most potent antigen-presenting cells (APCs), as they
are able to uptake, process, and present antigens and to potently activate naïve
T cells. Jiang et al. (2005) investigated the effect of allogeneic human MSCs on



54 J. Stagg · J. Galipeau

the generation and function of monocyte-derived DCs. DCs can be generated
from blood monocytes cultured in the presence of granulocyte-macrophage
colony-stimulating factor (GM-CSF) and IL-4. In a first set of experiments, they
demonstrated thatMSCscoculturedwithbloodmonocytes inhibited thegener-
ation of differentiated DCs in a contact-independent manner. This suppressive
effect was maintained even when “strengthen maturation stimuli” were used,
i.e., doubled concentration of GM-CSF, IL-4, and lipopolysaccharide (LPS).
Interestingly, fibroblasts have also been shown to skew the differentiation of
monocytes to macrophages in a process that could be reversed by adding tumor
necrosis factor (TNF)-α. However, adding TNF-α to MSC/monocyte cocultures
did not induce the generation of DCs. In another set of experiments, the au-
thors investigated whether allogeneic human MSCs could inhibit the function
of LPS-matured DCs. Coculture of MSCs with mature DCs caused a signifi-
cant decreased expression of MHC class II and costimulatory molecules CD80
and CD86, implying that MSCs could reverse mature DCs into an immature
phenotype. Importantly, these observations are in agreement with another
study (Zhang et al. 2004). Also in agreement with these studies, Aggarwal and
Pittenger (2005) demonstrated that allogeneic human MSCs/DC cocultures
produced significantly less TNF-α in response to LPS than cultures with DCs
alone (50% inhibition). Using type 2 plasmacytoid DCs, Aggarwal et al. (2005)
also demonstrated that MSCs/type 2 DC cocultures produced significantly
greater levels of IL-10 than cultures with DCs alone (140% increase). Taken to-
gether, these studies suggest that allogeneic MSCs can induce an immunologic
tolerance state by inhibiting the generation and function of DCs.

2.6
MSCs Suppress Immune Responses In Vivo

Despite extensive descriptions of the in vitro immunosuppressive effects of
MSCs, only a few studies have demonstrated MSCs’ ability to suppress clin-
ically relevant immune responses following in vivo transplantation. As ex-
emplified by the case study reported by Le Blanc et al. (2004b), MSCs may
possess the intrinsic ability to reverse self-destructing immune responses such
as GVHD. In order to investigate the in vivo effects of MSCs, Nauta et al.
(2006) recently assessed whether ex vivo MSCs could enhance the engraft-
ment of allogeneic bone marrow transplantation in sublethally irradiated mice.
They observed that coadministration of syngeneic MSCs—with respect to the
recipient—significantly enhanced long-term engraftment of allogeneic bone
marrow cells. The effect of syngeneic MSCs was significantly more pronounced
in preventing rejection through minor histocompatibility antigens compared
to rejection through major MHC antigens. Syngeneic MSCs appeared to have
induced tolerance against host and donor antigens, as shown by the absence
of proliferation of recipient splenocytes during mixed lymphocytes cultures.
Surprisingly, however, the study demonstrated that MSCs need to be syngeneic
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to the host, i.e., MHC-matched to the recipient, in order to exert their graft-
facilitating effect. Indeed, cotransplantationof allogeneicMSCswithallogeneic
bone marrow cells not only failed to prevent graft rejection, but increased it. In
support of our previous findings (Eliopoulos et al. 2005), they demonstrated
that a single injection of allogeneic MSCs is sufficient to induce a memory
T cell response able to eliminate subsequently injected allogeneic MSCs. Taken
together, these observations strongly suggest that, at least in the mouse system,
cotransplantation of recipient MSCs can prevent allogeneic graft rejection and
that MSCs are not intrinsically immunoprivileged.

In another study, Zappia et al. (2005) evaluated the capacity of MSCs to pre-
vent another severe autoimmune disease, namely experimental autoimmune
encephalomyelitis (EAE). EAE is an autoimmune disease of the central ner-
vous system mediated by T cells and macrophages that constitutes a model
for multiple sclerosis. EAE is induced in mice by the administration of myelin
oligodendrocyte glycoprotein (MOG) 35–55. In that study, ex vivo expanded
MSCs (106 cells) were injected intravenously into syngeneic immunocompe-
tent mice at day 3 and 8 after immunization with MOG 35–55. Remarkably,
administration of syngeneic MSCs significantly reduced disease severity with-
out affecting disease onset. Furthermore, the injection of MSCs was associated
with a reduction of demyelination in the brain and in the spinal cord, and was
associated with a decrease in T cell and macrophage infiltration. When spleno-
cytes were analyzed for proliferative response, T cells from mice injected with
the syngeneic MSCs were significantly unresponsive to anti-CD3/anti-CD28
antibodies or concanavalin A, suggesting induction of T cell anergy in agree-
ment with previous in vitro findings.

2.7
Regulating MSC-Mediated Immunomodulation

Ex vivo expanded MSCs, in response to environmental cues, can thus inhibit
multiple aspects of an immune response and make use of different pathways
in order to achieve this. Recent studies suggest that the nature of the stimulus
that activates MSC-mediated immune suppression influences the type of sup-
pressive pathway that is used by MSCs. It was shown that MSCs rely mainly on
the release of prostaglandins to inhibit lymphocyte proliferation induced by
mitogens but not to inhibit lymphocyte proliferation induced by alloantigens
(Rasmusson et al. 2005). The nature of the stimulus that induces MSC-mediated
immune suppression thus influences the type of suppressive pathway that is
activated by MSCs. As previously mentioned, an important biological property
of MSCs is their ability to secrete a broad range of growth factors and cytokines
as a consequence of their supportive role during hematopoiesis. Most impor-
tantly, MSCs can respond to their microenvironment by altering the nature of
the growth factors they release. It is therefore not surprising that cytokines
play a crucial role in regulating MSC-mediated immunosuppression. Aggarwal
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and Pittenger (2005) recently showed that TNF-α and IFN-γ can enhance by
as much as 100-fold the production of immunosuppressive prostaglandins by
MSCs. In apparent contradiction, Djouad et al. (2005) reported that addition
of TNF-α is sufficient to reverse the immunosuppressive effect of MSCs on
T cell proliferation. This apparent paradox perhaps reflects the sensitivity of
MSCs for varying doses of TNF-α and/or the divergent effects of TNF-α on
MSC-mediated immunosuppression induced by different stimuli.

An important cytokine that regulates MSC-mediated immunomodulation
is IFN-γ. Compelling studies have now shown that IFN-γ plays an active role
in the immunosuppression mediated by MSCs. As reported by Aggarwal and
Pittenger (2005), IFN-γ directly induces MSCs to release prostaglandins. In
agreement with this, Krampera et al. (2006) demonstrated that IFN-γ, secreted
by NK cells and T cells when in the presence of MSCs, is required for the
antiproliferative effect of MSCs. Although counterintuitive due the immune-
activating nature of IFN-γ, these observations are supported by independent
studies demonstrating that treatment with high doses of IFN-γ renders human
MSCs more immunosuppressive against allogeneic PBMCs (Chan et al. 2006).
The suppressive effect of IFN-γ is partly dependent on its ability to stimulate
IDO production from MSCs. IDO causes depletion of tryptophan, an essential
factor for lymphocyteproliferation. Inaddition,high levels of IFN-γ (100U/ml)
was shown to significantly decrease the expression of MHC class II molecules
on the surface of human MSCs (Chan et al. 2006). At low doses (10 U/ml),
however, IFN-γ upregulates MHC class I and II expression on both mouse and
human MSCs (Chan et al. 2006; Stagg et al. 2006).

2.8
MSCs Act as APCs

Several studies have shown that irradiated human MSCs are unable to induce
proliferation of allogeneic PBMCs in mixed lymphocytes cultures, suggesting
that allogeneic MSCs are poor APCs. One study, however, suggested that MSCs
may behave differently in autologous conditions. Beyth et al. (2005) reported
that human MSCs cocultured with autologous purified CD4+ T cells in the
presence of a superantigen could induce the proliferation of the CD4+ T cells.
Despite the fact that antigen processing and presentation was not required
in these experiments in order to induce T cell proliferation, it suggested that
human MSCs are able to provide sufficient T cell activation signals.

Inorder toassess thepossibility that exvivoexpandedMSCsmightbehaveas
APCs in autologous conditions, we recently investigated the effect of purified
MSCs on the syngeneic activation, in vitro and in vivo, of antigen-specific
immune responses (Stagg et al. 2006). In a first set of experiments, we tested
whether IFN-γ could modulate the syngeneic immune properties of MSCs.
We demonstrated that IFN-γ induced mouse MSCs to: (1) process a soluble
exogenous protein, (2) present antigenic peptides on MHC class II molecules,
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Fig. 2 MSCs act as antigen-presenting cells in vitro. Primary mouse and human MSCs, when
stimulated in vitro with IFN-γ, can process soluble proteins, present antigenic peptides on
MHC class II molecules and activate antigen-specific T cells. (Stagg et al. 2006)

and (3) activate in vitro antigen-specific primary naïve T cells (Fig. 2). Notably,
MSCs that were not treated with IFN-γ failed to induce T cell activation. MSCs
isolated from different preparations, as well as distinct clonal MSCs, were
equally effective at behaving as APCs when exposed to IFN-γ. Our data showed
that the antigen-presenting property of MSCs was endocytosis-dependent.
However, MSCs may also use the phagocytic pathway to present exogenous
antigens, as studies revealed that MSCs can phagocytose large particles (Chan
et al. 2006; Hill et al. 2003).

2.9
MSCs Induce Protective Immunity In Vivo

In our study (Stagg et al. 2006), we also investigated whether antigen-pulsed
IFN-γ-treated MSCs could induce antigen-specific immune responses in vivo.
MSCs or control fibroblasts derived from C57BL/6 mice were stimulated with
recombinant IFN-γ in thepresenceof solubleovalbuminand injected intraperi-
toneally into syngeneic mice. Two weeks later, mice were injected a second time
with the corresponding cells, and one week after that the mice were challenged
with an injection of tumor cells that expressed ovalbumin (i.e., EG.7 cells).
Remarkably, in vivo injection of MSCs induced a complete protection against
ovalbumin-expressing tumors. Using restimulated splenocytes, we demon-
strated that antigen-pulsed IFN-γ-treated MSCs efficiently induced the gener-
ation of antigen-specific CD8+ cytotoxic T cells (CTL) in vivo. The fact that
MSCs can induce a strong CD8+ CTL response despite being unable to perform
antigen cross-presentation efficiently in vitro suggests a role for host APCs in
the generation of CTL. Indeed, host APCs are known to internalize and present
exogenous antigens acquired from other cell types (a phenomenon known
as cross-priming). Effective cross-priming of CTL and subsequent secondary
expansionofCTLuponantigen reencounter aredependentuponproper activa-
tion of CD4 helper T cells. We thus believe that CD4+ T cell activation by MSCs
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can enhance host-derived CTL cross-priming, resulting in the generation of
a strong antigen-specific protective immunity.

We finally assessed whether human MSCs also acquire antigen-presenting
functions following IFN-γ stimulation. Human MSCs were isolated from
a healthy HLA class II DR1+ donor and used in antigen presentation as-
says. When DR1+ IFN-γ-treated human MSCs were cocultured for 24 h with
antigen-specific DR1-restricted T cells in the presence of the antigen, signif-
icant levels of activation was detected. Our results thus indicated that IFN-γ-
treated human MSCs can efficiently process exogenous antigens and present
antigen-derived peptides to MHC class II-restricted T cells. Taken together, our
results strongly suggest that in syngeneic conditions, ex vivo-expanded MSCs
behave as conditional antigen-presenting cells able to activate antigen-specific
immune responses. Our data that MSCs can behave as APCs have recently
been supported by Chan et al. (2006) who demonstrated that human MSCs
pulsed with two different recall antigens, i.e., Candida Albicans and Tetanus
toxoid, efficiently induced secondary proliferation of purified antigen-specific
autologous CD4+ T cells.

2.10
Nonhematopoietic APCs

It is our contention that MSCs constitute a novel subset of nonhematological
APCs. Few other cell types have been described to possess similar functions
in the presence of pro-inflammatory stimuli. The best described are vascular
endothelial cells, which have been shown to activate in vivo CD8+ T cells in
a CD80-dependent fashion upon IFN-γ stimulation (Kreisel et al. 2002; Pober
et al. 2001). Interestingly, IFN-γ-treated endothelial cells can inhibit T cell
activation through B7-H1 expression (Rodig et al. 2003). Similarly, we have ob-
served significant upregulation of B7-H1 expression on the surface of mouse
and human MSCs upon IFN-γ stimulation. B7-H1 (PD-L1) belongs to the B7
family members and is a ligand for programmed cell death-1 (PD-1) receptor
expressed on activated T, B, and myeloid cells. B7-H1−/− mice suggest an es-
sential role for B7-H1 in negatively regulating T cell activation (Latchman et al.
2004). Augello et al. (2005) reported that blocking the PD-1/B7-H1 pathway
could restore 50% of T cell proliferation in response to phytohaemagglutinin
(PHA) when cocultured with irradiated MSCs. These observations suggest
a negatively regulating role for B7-H1 expression on MSCs.

Our studies have shown that costimulatory molecules distinct of CD86
and CD80 might play a role in MSC-mediated antigen presentation (Stagg
et al. 2006). Laouar et al. (2005) identified a unique population of APCs of
nonhematopoietic origin that are found in the lamina propria of the gut
and depend upon CD70 for antigen presentation. CD70 was thus identified
as a new costimulatory molecule essential for antigen-presentation for these
APCs. Whether CD70 represents an alternative costimulatory molecule on
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MSCs is currently unknown. Of particular interest is the fact that the lamina
propria nonhematopoietic APCs described by Laouar et al. (2005) share many
common surface antigens with MSCs. An important aspect of the biology of
MSCs that will need further investigation is whether MSC-mediated antigen
presentation actually occurs in bone marrow and, if so, whether it plays a sig-
nificant role during endogenous immune responses. As bone marrow is being
revealed as a unique lymphoid organ able to activate naïve T cells and to in-
duce systemic immunity (Mazo et al. 2005), MSCs may represent a previously
unrecognized player of physiological immune responses.

3
Clinical Perspective: MSC-Based Cell Therapy

The plasticity, immunomodulatory properties, and migratory properties of
MSCs make them ideal candidates for regenerative medicine and tissue engi-
neering. Clinical studies based on the transplantation of MSCs have already
generated promising results for the treatment of several illnesses, including
bone, cardiovascular, and brain diseases.

One of the first diseases for which transplantation of MSCs has shown
therapeutic benefits is osteogenesis imperfecta (OI). OI is a genetic disor-
der in which osteoblasts produce defective type I collagen, thereby inducing
numerous fractures. Horwitz et al. (1999) were the first to demonstrate that
allogeneic bone marrow transplantation can significantly improve the condi-
tion of OI patients via engraftment of mesenchymal progenitor cells. Horwitz
et al. (2002) further demonstrated that infusion of purified allogeneic MSCs
enhanced the clinical benefits of allogeneic marrow transplantation for the
treatment of OI. Remarkably, the study provided evidence that transplanted
allogeneic MSCs could engraft in the bone and differentiate into osteoblasts
without the requirement for preparative chemotherapy.

The plasticity of MSCs has also been exploited in the context of tendon
regeneration. Currently, therapeutic options to repair torn ligaments consist
of autografts, allografts, and synthetic prostheses, none of which provide long-
term therapeutic benefits. A recent study revealed the important role for Smad8
in the differentiation of MSCs into tendon (Hoffmann et al. 2006) and demon-
strated that gene-modifying MSCs coexpressing active Smad8 and BMP2 can
be exploited in order to promote tendon repair.

Another field of interest in regenerative medicine is the development of
MSC-based therapy for the treatment of cardiovascular diseases. Since adult
cardiomyocytes have limited regenerative capacity, implantation of progenitor
cells with cardiac plasticity has been suggested for the regeneration of damaged
cardiac cells after myocardial infarction (Anversa and Nadal-Ginard 2002).
Studies have suggested that MSCs have the ability to home to the infarcted my-
ocardium (Saito et al. 2002; Forrester et al. 2003). The factors responsible for in-
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ducing MSC migration, however, have yet to be identified. It has been proposed
that trophic factors secreted by MSCs are mainly responsible for the therapeu-
tic effects of MSCs after cardiac infarction. In a recent issue of Nature Medicine,
Victor Dzau’s group provided evidence in support of this hypothesis (Gnecchi
et al. 2005). They demonstrated that supernatant from hypoxia-exposed MSCs
(and to a greater extent Akt gene-modified MSCs) can significantly prevent
apoptosis of cardiomyocytes after myocardial infarction in rats.

Since ex vivo expanded MSCs have been reported to cross the blood–brain
barrier and to migrate preferentially to an ischemic cortex, their therapeutic
potential in the treatment of stroke has also been investigated. Once in the
ischemic cortex, MSCs have been shown to differentiate into microglia and
astroglia (Eglitis et al. 1999). Li et al. (2002) reported that intravenous in-
jection of human MSCs 1 day after stroke can improve functional outcome
in rats. They observed, however, that less than 2% of injected MSCs express
neuronal differentiation markers, leading them to hypothesize that trophic
factors secreted by MSCs, and not differentiation of MSCs, may be responsible
for the observed therapeutic benefits. Another explanation is that the inter-
action of MSCs with the host brain may lead MSCs or parenchymal cells to
produce abundant growth factors such as brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF), both of which have been detected in
MSC-injected regions.

4
Spontaneous Transformation of Human MSCs

It is important to point out that a study published by Rubio et al. (2005) re-
ported that human adult MSCs derived from adipose tissue can spontaneously
transform after long-term in vitro culture. This study was the first report of
spontaneous transformation of adult human stem cells. The authors demon-
strated that virtually all ex vivo expanded human MSCs have the ability to
bypass cellular senescence. Surprisingly, 30% of human MSCs preparations
that bypass senescence display trisomy of chromosome 8. Normally, when
cells bypass senescence, they continue to grow until telomeres become too
short and then enter a crisis phase, characterized by chromosome instability
followed by cell death. Remarkably, it was observed that 50% of human MSC
preparations can bypass this crisis phase if maintained 4–5 months in culture.
When these long-term expanded MSCs were injected into immunodeficient
mice, all mice developed tumors, suggesting that the MSCs had spontaneously
transformed. Karyotype analysis of the transformed MSCs revealed nonran-
dom chromosome rearrangements. Notably, telomerase activity was detected
in all transformed MSCs samples. This study highlights the importance of bet-
ter defining the biology of MSCs in order to establish safe criteria for their use
in clinical settings.
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5
Conclusion

As we have discussed, ex vivo-expanded MSCs isolated from the bone marrow
constitute an important source of adult stem cells that display multifaceted
immunomodulatory properties. On one hand, MSCs inhibit the prolifera-
tion of T cells, induce T cell anergy, inhibit the proliferation and migration
of B cells, inhibit the proliferation of naïve NK cells, and negatively modu-
late the differentiation and function of antigen-presenting DCs. On the other
hand, MSCs can acquire antigen-presenting functions when exposed to IFN-γ
and thereby induce antigen-specific protective immunity when transplanted
into syngeneic hosts. Whereas antigen-presenting functions of MSCs crucially
depends on IFN-γ stimulation, their immunosuppressive properties rely on
a broad range of mediators, including secreted soluble factors such as PGE2,
HGF, TGF-β1, IDO, and IL-10, as well as contact-dependent mechanisms such
as B7-H1/PD-1 signaling. In response to specific stimulation, MSCs can thus
inhibit or induce immune responses and make use of different pathways in
order to achieve this. In this regard, cytokines such as TNFα and IFN-γ have
been described to significantly influence the nature of the immunomodulation
induced by MSCs. The duality of action of MSCs is reminiscent of the duality
of professional APCs, which may selectively adopt a tolerogenic or stimulatory
phenotype, depending upon microenvironmental context (Geijtenbeek et al.
2004). It will be of great interest to further investigate the potential role of
other membrane-bound and secreted proteins such as Toll-like receptors, cos-
timulatory molecules, cytokines, and chemokines in the immunomodulation
mediated by MSCs. While there has been extensive description of the in vitro
immunosuppressive effects of MSCs, only a few studies have investigated the
ability of MSCs to suppress immune responses in vivo. One study demonstrated
that syngeneic MSCs (to the host) enhanced the engraftment of allogeneic bone
marrow, while another study demonstrated that syngeneic MSCs significantly
reduced the severity of EAE. More in-depth preclinical investigation of the in
vivo effect of transplanted MSCs is thus required. While doing so, we must keep
in mind that numerous disparities exist between mouse and human MSCs. For
instance, mouse and human MSCs possess phenotypically distinct features.
As an example, CD80 can be found constitutively expressed on mouse MSCs
whereas it is never expressed on human MSCs. Following in vivo transplanta-
tion, mouse and human MSCs also appear to induce distinctive effects: whereas
transplanted human MSCs have been reported to suppress allogeneic immune
responses (Le Blanc et al. 2004a), mouse MSCs have been reported not only to
fail to suppress allogeneic immune responses, but to trigger them (Eliopoulos
et al. 2005; Nauta et al. 2006). In conclusion, the immunomodulating proper-
ties of ex vivo-expanded MSCs are far more complex than first thought and
merit greater investigation into their role in physiological immune responses
in health and disease.
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Abstract During the course of an entire lifespan, tissue repair and regeneration is made
possible by the presence of adult stem cells. Stem cell expansion, maintenance, and differ-
entiation must be tightly controlled to assure longevity. Hematopoietic stem cells (HSC) are
greatly solicited given the daily high blood cell turnover. Moreover, several bone marrow-
derived cells including HSC, mesenchymal stromal cells (MSC), and endothelial progenitor
cells (EPC) also significantly contribute to peripheral tissue repair and regeneration, includ-
ing tumor formation. Therefore, factors influencing bone marrow-derived cell proliferation
and functions are likely to have a broad impact. Aging has been identified as one of these
factors. One hypothesis is that aging directly affects stem cells as a consequence of exhaus-
tive proliferation. Alternatively, it is also possible that aging indirectly affects stem cells
by acting on their microenvironment. Cellular senescence is believed to have evolved as
a tumor suppressor mechanism capable of arresting growth to reduce risk of malignancy.
In opposition to apoptosis, senescent cells accumulate in tissues. Recent evidence suggests
their accumulation contributes to the phenotype of aging. Senescence can be activated by
both telomere-dependent and telomere-independent pathways. Genetic alteration, genome-
wide DNA damage, and oxidative stress are inducers of senescence and have recently been
identified as occurring in bone marrow-derived cells. Below is a review of the link between
cellular senescence, aging, and bone marrow-derived cells, and the possible consequences
aging may have on bone marrow transplantation procedures and emerging marrow-derived
cell-based therapies.
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1
Introduction to Cellular Senescence, Aging and Bone Marrow-Derived Cells

Stem cells can proliferate into specific lineages of differentiated cells while pre-
serving self-renewing property. In opposition to embryonic pluripotent stem
cells, the adult bone marrow represents an attractive and more ethical source
for the purification of multipotent potential stem cells. Along with the marrow,
the peripheral and cord blood contains a high number of stem and progenitor
cells that can be obtained easily. In the bone marrow, there are hematopoietic
stem cells (HSC) that can form all blood cell lineages and nonhematopoietic
mesenchymal stromal cells (MSC) capable of differentiating in various con-
nective tissues such as fat, bone, and cartilage (Pittenger et al. 1999). Both
HSC and MSC comprise a very small fraction of marrow-nucleated cells, with
an estimated frequency in mice of only one in 1–3×104 cells. Therefore, de-
velopment of ex vivo expansion protocols is likely to be required to foster
therapeutic usage of bone marrow-derived cells. Consequently, understanding
the key molecular events that control bone marrow cell proliferation and dif-
ferentiation is essential. Of all the factors thus far identified to have a role in
stem cell proliferation, cellular aging is certainly an important one.

Cellular aging, also referred as cellular senescence, is arguably best defined
as a cell’s diminished replicative capacity and altered functionality. Tissue
regeneration and repair involve intense cellular proliferation with a conse-
quence of possibly developing hyperproliferative diseases such as cancer. Over
time, organisms with renewable tissues evolved, and cancer became a threat
to their gain in longevity. This danger was counteracted by the evolution of
tumor-suppressor mechanisms (Campisi 2003, 2005). These mechanisms ei-
ther eliminate potential cancer cells by apoptosis or cause them to withdraw
from the cell cycle (cellular senescence). Cellular senescence was first prop-
erly described in 1961 by Hayflick as the process that limits the replicative
lifespan of normal human cells in culture (Hayflick 1965). Senescent cells typ-
ically assume an enlarged (and flattened) morphology and stain positive for
the senescence-associated β-galactosidase (SA-β-gal) (Dimri et al. 1995). Cur-
rently we know senescence can be induced by various stimuli and involves
essentially the permanent arrest of cell proliferation into a phenotype that
cannot be reversed by physiological mitogens (Beausejour et al. 2003). Early
studies on cellular senescence suggested this process might contribute to or-
ganismal aging (Campisi 1997; Hayflick 1965; Smith and Pereira-Smith 1996).
Hence, senescent growth arrest would, over time, limit the ability of renewable
tissues to replace damaged or dysfunctional cells and reduce their capacity for
repair (Smith and Pereira-Smith 1996; Stanulis-Praeger 1987).
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Studies reporting the presence of bone marrow-derived cells at the site
of regenerated tissues (Aghi and Chiocca 2005; Peters et al. 2005) generated
great enthusiasm, although the exact phenotype of the involved bone marrow-
derived cells remains largely debated and is likely to differ from one experi-
mental setting to another. In fact, contrary to what was initially thought, bone
marrow-derived cells are unlikely to differentiate into various epithelial cell
types but rather play a role in the formation of the tissue vasculature and
stromal support. Of great interest is the correlation between delayed tissue
repair and accumulation of senescent cells with age. In opposition to apop-
tosis, where cells are rapidly eliminated, recent evidence suggests metaboli-
cally active senescent cells accumulate over time (Herbig et al. 2006). Thus,
not only does cellular senescence directly limit tissue renewal, but accumula-
tion of senescent cells could contribute to the process of aging through their
senescent secretory phenotype (J.P. Coppé, C. Patil, F. Rodier, and J. Campisi,
manuscript in preparation—Fig. 1). Indeed, senescent cells secrete biologi-
cally active molecules that can disrupt normal tissue microenvironments and
affect the behavior of neighboring cells (Krtolica et al. 2001). This secretion
phenotype, together with the accumulation of senescent cells in vivo, suggests
that senescence may influence tissue homeostasis. Thus, cellular senescence
could limit the replication of HSC and, through its secretion profile, affect the
recruitment of bone marrow-derived cells involved in physiological processes.
Overall, the following chapter will review our current understanding of the
causes and consequences that the senescent and aging phenotype may have on
bone marrow cells’ expansion and contribution to tissue regeneration.

2
The Role of Telomeres and Telomerase in Cell Proliferation

With each cell division, telomeres (i.e., stretches of DNA that cap the end of
chromosomes) get shorter due to incomplete DNA replication. After several
divisions, replicative senescence occurs when cells acquire one or a few short
dysfunctional telomeres (Karlseder et al. 2002; Martens et al. 2000; Wright
and Shay 2001). Cells can elongate their telomeres by expressing an enzyme
called telomerase. Telomerase is undetectable or not expressed in most human
adult somatic tissues, its expression being restricted to germ cells and tissue
stem cells (Broccoli et al. 1995; Wright et al. 1996). Usually, this particularity
forces tumor cells to overcome the telomere replication limit by expressing
telomerase. Mouse cells are more promiscuous than human cells in expressing
telomerase (Prowse and Greider 1995; Weng and Hodes 2000). Telomeres of
inbred mice can exceed a length of 60 kb in comparison to 5–15 kb in humans
(Sharpless and DePinho 2004). Nonetheless, mouse and telomerase-expressing
human cells can undergo senescence using telomere-dependent and telomere-
independent mechanisms (Pearson et al. 2000; Wei and Sedivy 1999).
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Fig. 1a, b Schematic representation of HSC and their microenvironment with age. a Im-
paired hematopoiesis following senescence induction of stromal and osteoblast cells in the
hematopoietic stem cell niche. Hypothetically, senescent cells through their altered secre-
tory phenotype may indirectly affect HSC proliferation and adhesion to the niche. b HSC
senescence and impaired hematopoiesis following direct exposure to senescent stimuli

Telomerase is upregulated in response to cytokine-induced proliferation
and cell cycle activation in human CD34+ cells cultured in vitro. In these cells,
an average telomere loss of 1 to 2 kb is observed after 4 weeks of culture
(Engelhardt et al. 1997). Also, CD34+ cells isolated from young tissues such
as cord blood have significantly longer telomeres compared to peripheral or
marrow CD34+ cells isolated from older individuals. Hence, telomerase activity
at best partially abrogates telomeres’ shortening upon robust proliferation or
normal aging.

While mouse cells express telomerase, human MSC seem to be devoid
of its expression (Zimmermann et al. 2003). Consequently, human MSC can
divide for up to 50 population doublings, but often much less, whereas murine
MSC seem to be able to proliferate indefinitely (Meirelles Lda and Nardi 2003;
Stenderupetal. 2003). In fact, humanMSCloose theequivalentofhalf their total
replicative lifespan after only a short in vitro expansion period, an event offset
by theectopicexpressionof telomerase (Baxteret al. 2004).HumanHSCexpress
telomerase (Morrison et al. 1996), and yet their telomere length was shown to
decrease during serial transplantation (Notaro et al. 1997). Interestingly, the
telomere length of peripheral blood granulocytes derived from engrafted bone
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marrow was significantly reduced and inversely correlated with the number
of nucleated cells infused. This suggests telomerase activity is insufficient
to maintain telomere length of human HSC and MSC subjected to intense
proliferation.

Not surprisingly,HSC fromtelomerase-deficientmice showedreduced long-
term repopulating capacity, concomitant with an increase in genetic instabil-
ity in serial and competitive transplantation assays (Samper et al. 2002). In
fact, telomerase-deficient HSC can be serially transplanted for two rounds,
whereas wild-type HSC can support at least four rounds of serial transplanta-
tion (Allsopp et al. 2003a). As previously demonstrated, telomere shortening
in wild-type HSC also occurs following serial transplantation despite robust
telomerase expression in these cells (Allsopp et al. 2001). The use of trans-
genic mice overexpressing telomerase best clarifies the role of telomere length
in hematopoiesis (Allsopp et al. 2003b). In these mice, telomere length from
HSC remains stable during serial transplantation. However, maintenance of
telomere length did not improve transplantation potential of transgenic cells.
Thus, telomere-independent factors must have caused premature senescence
of HSC. Taken together, these results suggest that both mouse and human bone
marrow-derived cells have sufficient intrinsic renewable capacities to sustain
a normal lifespan, but these can be rapidly saturated under forced proliferation.

3
Genetic and the Hematopoietic System

Compelling evidence suggests that HSC have a measurable and progressive
replicative impairment with age. The effects of aging on HSC functions have
been studied using a variety of assays, often resulting in contradictory conclu-
sions. This controversy was alleviated by the observation that hematopoietic
deficiencies are in part due to genetic differences. Indeed, BALB/c and DBA/2
mouse strains have an age-associated reduction in both repopulating ability
and self-renewal of HSC, a phenotype not observed in C57BL/6 mice (Chen
et al. 2000). Furthermore, HSC exhaustion is more severe for BALB/c than for
C57BL/6 mice during development (Yuan et al. 2005).

Using a genetic approach, Geiger and colleagues identified a genetic locus
on chromosome 2 with significant linkage to the difference in the HSC of inbred
mice strains (Geiger et al. 2001). They recently confirmed the role of this locus
and argued that stem cell aging is caused by the loss of DNA integrity or the
accumulation of DNA damage (Geiger et al. 2005). C57BL/6 mice congenic
for the distal part of chromosome 2 from DBA/2 mice (C57BL/6.D2) were
much more sensitive to low-dose irradiation (1–2 Gy) compared to control
C57BL/6 mice. The authors reasoned that stem cell aging could result from
the loss of DNA integrity and accumulation of DNA damage. This hypothesis
is of interest as it links impaired HSC function to what is possibly the best
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phenotypicmarkerof cellular senescence:permanentDNAdamage foci (Narita
et al. 2003). A more detailed analysis of the DNA repair capacity of cells
derived from congenic C57BL/6.D2 needs to be completed to validate this
hypothesis. Nonetheless, these findings are very interesting and help explain
the observed discrepancy between the telomere/telomerase theory and mouse
tissue renewable capabilities.

Supporting the idea that DNA damage directly affects HSC function, it
was shown that marrow cells isolated from sublethally irradiated donor mice
performed poorly compared to cells obtained from nonirradiated mice in
a competitive repopulating assay. This observation was somewhat surpris-
ing given that the total stem cell number—in sublethally irradiated donor
mice—recovered prior to the marrow purification (Harrison and Astle 1982).
Thus, these results support the hypothesis that permanent DNA damage, pos-
sibly through activation of cyclin-dependent kinase inhibitors (CDKI—see
Sect. 5.3), impairs stem cell-repopulating abilities by inducing senescence.
Finally, some DNA-damaging chemotherapeutic drugs, such as cyclophos-
phamide, bis-chloronitrosourea, and vincristine, also cause long-term prolif-
erative defects in HSC (Gardner et al. 1993; Ross et al. 1982).

In the early 1990s, Van Zant and colleagues generated chimeric mice from
C57BL/6 and DBA/2 embryos and observed that within the course of a lifetime,
DBA/2 HSC function declined to the point where all blood formation was
C57BL/6 derived (Van Zant et al. 1990, 1992). Interestingly, bone marrow
collected from old chimeras, in which no DBA/2 blood cells had been detected
for months, could still form DBA/2-derived blood lineage cells after being
transplanted into an irradiated host. Thus, in this model, the mechanism
by which aging affects HSC is by the induction of quiescence rather than
senescence. In contrast, the extent of bone marrow stromal chimerism was
maintained continuously, suggesting the decline in DBA/2 blood cells was not
dependent on similar changes in the stroma. It is possible DBA/2 cells have
intrinsic differences making them more reactive than C57BL/6 cells to the
aging stroma, independently of its chimerism.

There is currently not enough information to determine whether human
HSC will act like HSC derived from inbred mouse strains upon aging. Given the
genetic diversity of the human population, one could argue that aging is likely
to generate a high degree of variation in the phenotype of human HSC. Still,
when human HSC from fetal liver, umbilical cord blood, and adult marrow
were compared in vitro, their differentiation capacity was inversely correlated
with age (Lansdorp et al. 1993). Of interest, dietary restriction was found to
somewhat alleviate the aging phenotype of BALB/c mice (Chen et al. 2003).
In this particular experiment, 2 years of dietary restriction (up to 25% of the
calorie intake) improved BALB/c-derived HSC functional abilities and total cell
number to a level comparable to what is found in young mice. Reduced calorie
intake is the only known effective method that regularly extends lifespan and
counteracts the effects of aging (Bordone and Guarente 2005). Given that the



Bone Marrow-Derived Cells: The Influence of Aging and Cellular Senescence 73

dietary restrictionmust takeplace for almost the entire lifespanof theorganism
before a significant effect is observed, it is doubtful that a similar approach
will ever be tested or useful in humans.

Finally, increased incidence of myeloid leukemia and the overall tendency of
progenitor cells to differentiate along the myeloid lineage are significant con-
sequences of aging on the hematopoietic system. Recently, microarray studies
identified genetic cell-intrinsic alterations which potentially explain such age-
dependent effects. Gene expression profiling of long-term HSC between young
and old mice revealed a downregulation of genes mediating lymphoid dif-
ferentiation (Rossi et al. 2005). Conversely, upregulation of genes mediating
myeloid differentiation and leukemic transformation was also identified. It was
also confirmed that age-associated myeloid differentiation of HSC is influenced
by the aged microenvironment (Liang et al. 2005).

4
Influence of Aging on Bone Marrow Homeostasis

4.1
The Effects of Aging on Hematopoietic Repopulation Capacity

Marrow stem cells can be serially transplanted up to five times before their
proliferative capacity is severely reduced (Siminovitch et al. 1964). This ob-
servation is surprising knowing that mice have long telomeres (albeit a few
strains) and express telomerase (Sharpless and DePinho 2004). Furthermore,
mice deficient in telomerase activity can be crossed up to five generations be-
fore a significant phenotype appears, suggesting that the replicative potential,
at least in mice, should not be an issue during the course of a normal lifespan
(Blasco et al. 1997). Nonetheless, hematopoietic proliferative capacity is sub-
stantially impaired after a single marrow transplant (Harrison et al. 1978). In
fact, using a competitive repopulating assay, HSC isolated from transplanted
mice were only 10%–20% as effective compared to HSC purified from non-
transplanted animals (Harrison and Astle 1982). It is unclear why marrow stem
cells, after a single transplant, lose their ability to compete with untransplanted
competitors regardless of the age of the original donor (Harrison and Astle
1982). Parabiotic studies ruled out the possibility that artificial handling pro-
cedures impair stem cell function. Thus, the most probable explanations for
these findings are: (1) an excessive differentiation of stem cells shortly after
transplantation causes stem cell exhaustion; (2) lethal irradiation of the recip-
ient causes permanent bone marrow microenvironment damage preventing
complete stem cell regeneration and/or function. Indeed, the first hypothesis
has been confirmed by the observation that previously transplanted mar-
row cells lead to hematopoietic reconstitution with reduced stem cell number
and repopulating abilities (Harrison et al. 1990). The stem cell microenvi-
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ronment integrity hypothesis is technically more difficult to evaluate. Still, it
was shown that stem cells from old mice were slightly defective in producing
phytohemagglutinin (PHA)-responsive cells in vitro, a defect attributed to the
aged microenvironment (Harrison et al. 1978). Indeed, the deficiency in PHA
response was not intrinsic to the old stem cells since these cells were fully
capable of producing PHA when transplanted and then isolated from a young
recipient (Harrison et al. 1978). Similar observations were made using mouse
spermatogonial and muscular stem cells in which a decline in self-renewal was
associated with age and reversed when stem cells were maintained in a young
microenvironment (Conboy et al. 2005; Reyes et al. 2001). Finally, the seeding
efficiency of young HSC in the bone marrow of old mice is only 33%–50% of
that measured in young mice (Liang et al. 2005). This observation is the only
quantitative demonstration of the influence of an old microenvironment on
hematopoiesis.

4.2
The Effects of Aging on Bone Marrow Stem and Progenitor Cells Numbers

The effects of aging on HSC functions vary greatly depending on the mouse
strain (see Chap. 3). Furthermore, many conflicting data also exist when look-
ing at the effect of aging within the same strain. The repopulating activity
of C57BL/6-derived bone marrow cells from aged mice is superior to that of
cells from young mice (Harrison 1983; Harrison et al. 1989; Sudo et al. 2000).
Conversely, HSC from old C57BL/6 mice were not as efficient in engrafting the
bone marrow of irradiated mice (Morrison et al. 1996; Yilmaz et al. 2006). One
reason that could explain these apparent contradictory capacities of young and
old bone marrow cells may derive from the marrow cellular fraction used to
perform the limiting dilution reconstitution assay. In fact, when using highly
purified Lin− Sca-1+ c-kit+ (hereafter refer as LSK) Thy-1lo cells from C57BL/6
mice, fourfold less LSK cells collected from young compared to old donors
were necessary to show comparable engraftment and marrow repopulation
levels (Morrison et al. 1996; Xing et al. 2006). Alternatively, the same assay
performed using nonpurified whole bone marrow cells gave a higher level of
marrow reconstitution using cells collected from an old donor (Morrison et al.
1996). One logical explanation for such discrepancies came from the observa-
tion that the number of CD34− LSK cells within the bone marrow is increased
17-fold after 18 months of life (Sudo et al. 2000). Thus, if one performs a repop-
ulation assay using a defined number of nonpurified bone marrow cells, cells
collected from an old donor are likely to perform better given the high number
of LSK cells within the cell population. Conversely, when the same assay was
performed using a defined number of LSK cells, young donor cells perform
better, suggesting an age-associated impairment. In other words, the increased
LSK cell fraction with age counteracts the age-associated decline observed at
the single cell level.
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Interestingly, the 17-fold increase in LSK cells with age does not match the
increased repopulating potential (at most twofold higher) of bone marrow
cells collected from old animals. This observation leads Sudo and colleagues
to argue that this difference in the number of multilineage repopulating cells
reflects the accumulation of myeloid lineage-committed precursor cells within
the LSK cell fraction. Secondary transplant experiments confirmed that these
putative myeloid-committed progenitor cells maintained their self-renewal po-
tential while reducing their lymphoid lineage potential. These results correlate
nicely with the previously observed overall tendency of progenitor cells to
differentiate along the myeloid lineage over time (Morrison et al. 1996).

4.3
Mobilization and Aging

The propensity of young and old hematopoietic stem/progenitor cells to mo-
bilize following granulocyte colony stimulating factor (G-CSF) injection was
analyzed. Using mice hematopoietically reconstituted with an equal number of
young and old bone marrow cells, Xing and colleagues found that progenitor
cells that were derived from old donors mobilized fivefold better than cells from
young donors (Xing et al. 2006). This experiment strongly suggests against an
important role for themicroenvironment in themobilizationprocess.However,
we cannot rule out the possibility that the increased mobilization of old cells
is the consequence of their previous interaction with an aged microenviron-
ment. The authors also provided in vitro data suggesting a correlation between
mobilization of aged HSC and their reduced adhesion (two-fold) to stromal
cells. HSC from old mice are only one-quarter as efficient as HSC from young
mice at homing and engrafting the bone marrow of irradiated recipients, again
supporting the adhesion defect theory (Morrison et al. 1996). Collectively, the
observations that old HSC have reduced adhesion and increased mobilization
agree well with the original observations that HSC are at least five times as
frequent in old mice (Harrison 1983; Harrison et al. 1989; Morrison et al. 1996).

Finally, a new family of receptors (signaling lymphocyte activation molecule
or SLAM) able to distinguish hematopoietic stem and progenitor cells was
recently identified (Kiel et al. 2005). The CD48 and CD150 SLAM receptors
were differentially expressed between stem and progenitor cells. Selection for
LSK CD48− CD150+ significantly increased the purity of HSC as demonstrated
by repopulation studies. Notably, the increased purity procured by the SLAM
receptor selection was also observed using bone marrow-derived cells from
old or reconstituted mice (Yilmaz et al. 2006). The total number of LSK cells
increases with age while their repopulating abilities decrease. This suggests
that pure HSC within this subpopulation get diluted in old mice. An estimated
modest threefold increase in HSC frequency was also observed in the SLAM-
purifiedcell subpopulationofagedmice, suggestingacommensurate reduction
in their engraftment ability.
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5
Bone Marrow Cells and Oxidative Stress

5.1
Stress Imposed by Culture Conditions

Cellular-based therapy is likely to require that cells be cultured ex vivo for
a short period of time, either to expand their total number or to allow their
genetic modification. In its present form, genetic engineering of bone marrow
progenitor or stem cells is best done using replication-incompetent viruses
requiring a minimum of 1 or 2 days of ex vivo culture (Piacibello et al. 2002).
Serum-free culture conditions have been optimized through the use of purified
recombinant proteins. Cells cultured in these conditions have so far been car-
ried inhumidified incubators andexposed toambientoxygenconcentrationsof
nearly 20%. On average, cells are confronted with a much lower oxygen tension,
likely to be 3%–6% depending on their microenvironment (Atkuri et al. 2005).

HSC reside in the most hypoxic areas of the bone, possibly keeping them in
thequiescent state (Cipolleschi et al. 1993).Given the relationshipbetweenhigh
oxygen level and oxidative stress, researchers have explored the consequences
of culturing hematopoietic progenitor cells at a low or even hypoxic oxygen
concentration. Murine HSC better preserved their ability to repopulate the
bone marrow of lethally irradiated mice when cultured at low oxygen (1.5%)
compared to normoxic conditions (20%) (Cipolleschi et al. 1993). The effect
of low oxygen tension on human hematopoietic cells was also analyzed and
reported to increase the clonogenic potential of progenitor cells (Cipolleschi
et al. 1997; Ivanovic et al. 2000). It is only recently that the benefit of low oxygen
culture on human hematopoietic cells was confirmed at the true stem cell level,
using the severe combined immunodeficiency (SCID) repopulating cells (SRC)
assay (Danet et al. 2003). It was found that the proportion of SRC from human
CD34+CD38− cells cultured for 4 days in serum-free conditions under a 1.5%
oxygen level increased more than fivefold compared to cells cultured at 20%
oxygen (Danet et al. 2003). Interestingly, the number of SRC following hypoxic
culture was still fourfold higher compared to freshly isolated CD34+CD38−

cells. Because SRC numbers are determined based on limiting dilutions and
statistical analysis,wecannot ruleout that thebenefit fromculturingcells at low
oxygen actually favors stem cell homing rather than stem cell expansion. Both
SDF-1 and CXCR4, the best-defined cytokine/receptor combination known to
influence homing of hematopoietic cells, have been shown to be upregulated
in hypoxia (Ceradini et al. 2004; Staller et al. 2003). Still, one should remember
that low oxygen exposure is no magic bullet and that following 4 days of ex
vivo culture, no SRCs could be maintained independently of the oxygen level
used (Danet et al. 2003).

Another potential benefit from hypoxic exposure was demonstrated using
MSC. These cells are normally isolated from the bone marrow, although they
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also have been shown to be accessible from peripheral or umbilical cord blood
(Bieback et al. 2004; Erices et al. 2000). Using a rat model, the circulating MSC
pool size was consistently and markedly increased (by almost 15-fold) when
animals were exposed to chronic hypoxia (Rochefort et al. 2006). Importantly,
the immunophenotype and the differentiation potential of circulating mobi-
lized MSC were similar to those of bone marrow-derived MSC. Notably, total
circulating hematopoietic progenitor cells were not significantly increased,
thus suggesting that hypoxia-induced mobilization is specific to MSC. Overall,
the increased colony-forming unit and repopulating ability of hematopoietic
cells under low to hypoxic conditions suggest that oxidative stress, through
possibly reactive oxygen species (ROS), strongly impairs these cells during ex
vivo manipulation.

5.2
Effects of Antioxidants on Bone Marrow Cell Proliferation

In the context of ROS being damageable to cells, the addition of antioxidants to
culture media, or the overexpression of ROS scavenger enzymes by hematopoi-
etic cells, should help reduce oxidative damage imposed by in vitro procedures.
Hydrogen peroxide formed from the combination of superoxide radicals and
water isneutralizedbyenzymes suchasglutathioneperoxidases (GPxs), thiore-
doxin reductases (TrxRs), and catalase. Most of the GPx and TrxR enzymes
have the particularity to be selenium-dependent (Ebert et al. 2006). Hence,
it was recently shown that selenium supplementation of human MSC culture
media could reduce intracellular ROS production and the stress-associated
phenotype (Ebert et al. 2006). No data were provided as to whether selenite
supplementation could also further prolong the stem cell lifespan. Still, cell
culture protocols could easily be modified for the addition of selenite, which
should help ex vivo manipulation of stem cells.

Concomitantly, the addition of recombinant purified catalase to mouse bone
marrow cells resulted in a greater than 200-fold LSK cell number increase com-
pared to controls (Gupta et al. 2006). Interestingly, the authors also showed that
a prolonged catalase treatment (4–5 weeks) results in intense hematopoiesis
early on followed by entry into a reversible quiescent state. They hypothesized
that catalase may promote progenitor and stem cell survival by inhibiting both
differentiation and apoptosis. Notably, the benefit of catalase addition was ob-
served in the presence of a supportive stromal layer, which may have indirectly
affected catalase treatment as it was not reproduced in a stromal layer-free
culture system. The addition of superoxide dismutase, an enzyme known to
produce hydrogen peroxide from the conversion of superoxide anion and wa-
ter, did not have any effect on cell proliferation. This suggests that hydrogen
peroxide rather than superoxide anions elimination is the limiting step in pro-
tecting cells from ROS. If this is the case, it becomes very important to measure
the protective effect of catalase in stromal-free cultures, as excess hydrogen
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peroxide may originate from the irradiated stromal layer. In summary, these
results make a solid argument for the presence of a tight peroxide-sensitive
regulatory mechanism playing an important role in controlling hematopoiesis
in vitro.

5.3
Cyclin-Dependent Kinase Inhibitors and Senescence Induction

Oxidative stress is a known senescence inducer of both mouse and human
primary cell lines (Chen et al. 1995; Parrinello et al. 2003). One pathway by
which excessive oxidative stress limits hematopoietic growth could be through
telomere-independent premature induction of cellular senescence (Campisi
2005). Recently, Zhang and colleagues demonstrated that in vitro transient
exposure to hypoxia (4 h) followed by reoxygenation (48 h) was sufficient to
induce premature senescence in hematopoietic cells (Zhang et al. 2005b). Bone
marrow failure is a frequent symptom of Fanconi anemia patients. Stirred by
this observation, LSK cells derived from Fancc−/− mice were prone, much more
than controlled wild-type cells, to premature senescence following reoxygena-
tion. The senescence phenotype was revealed by the expression of SA-β-gal and
the accumulation of DNA damage in Fancc−/− bone marrow cells. However,
a classical DNA damage marker such as phosphorylated H2AX histone was
not verified (Peterson and Cote 2004). Senescence induction correlated with
strong accumulation of p53 and p21WAF1, to a lower extent p16INK4a, while
p19ARF did not change (Zhang et al. 2005b). Interestingly, the use N-acetyl-
cysteine, a ROS scavenger, dramatically diminished reoxygenation-associated
DNA damage (Zhang et al. 2005a). Inhibition of apoptosis through the use of
a pan-caspase inhibitor (Z-VAD-FMK) allowed the identification of a higher
proportion of senescent cells, as presumably both senescence and apoptosis
pathways overlap. Inversely, inhibition of the ataxia telangiectasia mutated
gene (Atm) by short interfering RNA (siRNA) reduced SA-β-gal staining and
increased apoptosis of reoxygenated progenitor cells. To my knowledge, these
results are the first to demonstrate that hematopoietic progenitor cells undergo
premature senescence in culture.

Addedproof for the roleofoxidative stressandROSformationonhematopo-
iesis came from the work of Ito and colleagues using Atm-mutated mice (Ito
et al. 2004). The Atm gene is thought to regulate cell cycle checkpoint following
DNA damage or genomic instability (Shiloh 2003). Deficiency in ATM also
leads to an increased ROS level, although the mechanism implicated remains
undetermined. Atm-deficient mice have progressive bone marrow failure, a de-
fect alleviated by the administration of N-acetyl-cysteine (Ito et al. 2004). Bone
marrow failure was attributed to elevated level of p16INK4a and p19ARF pro-
tein in LSK cells starting at 6 months of age, or as soon as 2 days following in
vitro stimulationwith cytokines. Antioxidant treatments reduced p16INK4a and
p19ARF protein levels, suggesting that bone marrow failure is caused by CDKI
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activation. Inhibition of the retinoblastoma (Rb) protein through expression
of the human papilloma virus type E16 E7 protein restored the repopulating
capacity of Atm-deficient cells. Similarly, direct normalization of p16INK4a and
p19ARF protein by overexpression of Bmi-1, a transcriptional repressor of the
p16INK4a and p19ARF genes, also restored the repopulating capacity in these
cells (Ito et al. 2004; Jacobs et al. 1999). In opposition to what Zhang and col-
leagues observed, p21WAF1 upregulation was not implicated. This suggests that
the effects of ROS accumulation in Atm-deficient cells are different from those
of ROS accumulation following cell reoxygenation, even if the effects of both
accumulations were inhibited by antioxidant treatments. One explanation for
this apparent discrepancy may be that Zhang’s group used either wild-type or
Fancc-deficient cells in which they showed ATM was required to trigger p53
and p21WAF1 accumulation (Zhang et al. 2005a). Here, Ito’s group used Atm-
deficient mice, suggesting that in the absence of ATM, ROS-induced oxidative
damage is detected by p16INK4a/p19ARF rather than p21WAF1. Both p53/p21 and
p16/Rb pathways have been reported to overlap during senescence induction
of human fibroblasts (Stein et al. 1999).

Ito and colleagues further defined the mechanism by which oxidative stress
may limit the lifespan of HSC. Remarkably, they demonstrated that increased
ROS levels lead to activation of p38 mitogen-activated protein kinase (MAPK)
and subsequent expression of the tumor suppressor genes p16INK4a and p19ARF

(Ito et al. 2006). These results were obtained either in wild-type cells depleted
of intracellular glutathione or Atm-deficient cells. p38 MAPK activation was
limited to LSK-enriched stem cell populations. p38 MAPK activation also
triggered the accumulation of other Ink4a family members, including p15INK4b

and p18INK4c proteins. Notably, activation of a strong mitogenic signal, such
as p38 MAPK and oncogenic Ras, can cause upregulation of p16INK4a (Bulavin
et al. 2004; Serrano et al. 1997). Unexpectedly, wild-type cells from old mice
(over24months)werealso capableofupregulatingp38MAPKwithout theneed
todeplete intracellular glutathione.Treatmentwithantioxidantsor an inhibitor
of p38 MAPK abrogated the Ink4a member’s accumulation and extended the
lifespan or repopulation capacity of wild-type cells in serial transplantation.
Transplantation of wild-type bone marrow cells is known to be limited to 4–5
serial transplantations, after which bone marrow is believed to be exhausted
(Siminovitch et al. 1964). ROS levels were found to gradually increase in each
round of transplantation conjointly with associated decreased repopulation
ability. p38 MAPK activation and p16INK4a and p19ARF protein accumulation
were noticed after the third round of transplantation and could be prevented, in
this case again, by the administration of an antioxidant. In normal conditions,
true stem cells are known to undergo limited cell division in vivo, making it
possible that ROS accumulation in these cells originates intrinsically and/or
extrinsically from presumably excessive ROS released from the surrounding
aging microenvironment.
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Ito and colleagues reasoned that p38 MAPK activation pushes HSC to
replicative exhaustion prior to entering a p16INK4a- and p19ARF-dependent
senescence. Although possible, this hypothesis is unlikely given the average
telomere length in mice and the fact that forced telomerase activity does not
prevent senescence (Allsopp et al. 2003b). Because direct induction of senes-
cence throughSA-β-gal stainingwasnotmeasured, it ismore likely that gradual
accumulation of ROS ultimately triggered p16INK4a and p19ARF protein accu-
mulation, thus causing premature senescence without stem cell exhaustion.
Also, to explain the decreased quiescence observed in young Atm-deficient cells
compared to wild-type cells, it is possible that low (possibly undetectable) p38
MAPK activation forces cells to cycle until the mitogenic signal gets too strong,
activating instead tumor suppressor pathways. Human fibroblasts grow faster
following weak overexpression of oncogenic Ras, and they senesce following its
strong overexpression (C. Beauséjour, unpublished data). In summary, these
results further strengthen the hypothesis that hematopoietic cell senescence
is regulated primarily by increased oxidative stress rather than by telomere
shortening.

5.4
Effects of Radiation/Chemotherapy on Bone Marrow Cell Senescence

Most if not all cancer patients will at one point undergo chemo- or radiation
therapy, or need bone marrow transplantation. These treatments hopefully
eliminate cancer cells, but are likely to cause significant collateral damage, as
neither of them is specific to cancer cells. In fact, ionizing radiation and alky-
lating drugs, such as busulfan, induce premature senescence in murine bone
marrow hematopoietic cells (Meng et al. 2003). Indeed, 5 weeks following the
exposure of LSK cells to 4 Gy sublethal ionizing radiation or 30 µm busul-
fan, surviving nonapoptotic cells showed increased SA-β-gal staining, and
a large proportion (30%–40%) of them had undergone cellular senescence.
Elevated expression levels of p16INK4a, p19ARF and p21WAF1 were thought to
have induced senescence, although the latter was only expressed following
radiation. These results were confirmed in vivo using LSK cells isolated di-
rectly from sublethally (6.5 Gy) irradiated C57BL/6 mice (Wang et al. 2006).
Importantly, this phenotype was restricted to LSK cells (Wang et al. 2006).
Interestingly, 28 days following irradiation, mice bone marrow mononuclear
cell counts were back to normal while LSK cells were still depleted 56 days
post irradiation. Competitive repopulating assays using a fixed number of LSK
cells, either nonirradiated or irradiated 28 days prior to purification, revealed
severe deficiency in the ability of the irradiated cells to repopulate recipi-
ent mice. To my knowledge, this observation is the first to demonstrate that
a population of enriched wild-type stem cells is fully capable of undergo-
ing premature senescence in vivo without being manipulated ex vivo. These
results may explain why many patients exposed to moderate total body irradi-
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ation, or undergoing chemotherapy, exhibit long-term bone marrow damage
(Testa et al. 1985).

Overall, these results are somewhat unexpected since bone marrow cells
obtained from p16INK4a/p19ARF-deficient mice did not show any significant ad-
vantages compared to wild-type cells in repopulation studies (Stepanova and
Sorrentino 2005). However, when forced to replicate under serial transplan-
tation, the p16INK4a/p19ARF-deficient cells had a modestly extended lifespan.
Such a small difference could be explained by premature exhaustion of the stem
cell pool in these mice, a phenomenon already observed in p21WAF1-deficient
mice (Cheng et al. 2000). Since expression of p16INK4a is a biomarker of aging,
it would be interesting to assay the repopulating activity of p16INK4a/p19ARF-
deficient cells in aged animals (Krishnamurthy et al. 2004). Janzen and col-
leagues observe increased p16INK4a expression in stem cells from old mice and
following bone marrow transplantation (Janzen et al. 2006). The benefit from
p16INK4a inactivation was not observed in young mice, suggesting p16INK4a

expression is turned on only following exhaustive repopulation with age or
accumulated stress. Therefore, propensity of stem cells to activate p16INK4a

following transplantation may be a good indicator of the graft clinical out-
come.

6
Consequences of Aging on Bone Marrow-Derived Cellular Therapies

Cell-based therapy for the repair of vascular injury certainly represents a prom-
ising new clinical approach. The ideal therapy would involve direct injection
of a limited number of cells, i.e., bone marrow-derived cells, capable of ade-
quate homing and function to the injured tissue. Although several groups have
demonstrated the benefit of cell therapy for heart and vascular diseases, little
information is available with regards to the effects of aging on such therapy. In
rabbits, aging was shown to affect angiogenesis and reendothelialization after
arterial injury (Gennaro et al. 2003; Rivard et al. 1999). These age-associated
defects were mostly associated with reduced vascular endothelial growth fac-
tor (VEGF) secretion by the endothelium with no mention of the potential
contribution of bone marrow-derived cells.

Using a model of accelerated atherosclerosis, namely ApoE-deficient mice
being fed a high fat diet, the effects of aging on cell therapy were demonstrated
(Rauscher et al. 2003). In this model, mice develop atherosclerosis after only
3–4 months of age, a phenotype that can be attenuated by the intravenous
injectionofbonemarrow-derived cells (every 2weeks starting at 3weeksof age,
total 6 injections). While injection of wild-type donor cells was clearly more
efficient than injection of ApoE−/− cells in reducing atherosclerosis formation,
oldcompared toyoungApoE−/− donorcellswere significantly impaired.Hence,
aged bone marrow-derived cells are deficient in an aspect other than bone
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marrowrepopulation.Remarkably, the effectwasobservedusing6-months-old
ApoE−/− donor cells, an age at which wild-type cells usually have no apparent
defect, including homing and engraftment to the bone marrow. A reduced
number of CD31+/CD45− progenitor cells in 6-month-old compared to 1-
month-old ApoE−/− cells were reported as possibly causing the phenotype.
Interestingly, injected ApoE−/− donor cells were localized almost exclusively
at the atherosclerosis-prone region, with minimal engrafted cells found in
atherosclerosis-free regions of the aorta. Unfortunately, no measure of the
homing potential of young versus old donor cells at the atherosclerotic site
was reported. Other than poor homing, enhanced sensitivity of aged bone
marrow-derived cells toward apoptotic stimuli may help explain the observed
difference. Indeed, aged human umbilical vein endothelial cells were shown
to have reduced endothelial NO synthase protein expression, concomitantly
making them more sensitive to apoptosis (Hoffmann et al. 2001).

Similarly, the secretion of cardiac myocyte platelet-derived growth factor
(PDGF) by endothelial cells is decreased in aged hearts and associated with re-
duced cardiac angiogenic function (Edelberg et al. 2002). Convincing evidence
demonstrated a role for circulating endothelial progenitor cells (EPC) in the
development and maintenance of the heart vasculature (Asahara et al. 1997;
Kalka et al. 2000). Indeed, direct injection of bone marrow-derived EPC can re-
verse the aging-associated decline in myocardial angiogenic activity (Edelberg
et al. 2002). Surprisingly, in opposition to 3-month-old derived EPCs, injection
of 18-month-old EPC did not restore PDGF expression, nor did it improve car-
diac angiogenesis in aged mice. Therefore, age-associated impairment PDGF
secretion may represent another mechanism by which bone marrow-derived
cells from old donors are deficient. Finally, using the klotho mouse model of
aging, it was shown that incorporation of transplanted homologous bone mar-
row cells into capillaries of ischemic tissues is impaired in klotho compare to
wild-type mice (Shimada et al. 2004). All together, these experiments suggest
that autologous cell therapy in elderly patients may have limited potential and
emphasize the need to support fundamental research looking at the cause of
this age-associated decline in cell function.

7
Conclusion

Increasing evidence demonstrates that senescent cells accumulate in vivo, ei-
ther in premalignant or aged tissues. Telomere-dependent replicative exhaus-
tion and stress-induced premature senescence are likely involved. The conse-
quences of aging and associated accumulation of senescent cells may have se-
rious deleterious effects such as age-associated diseases. Given the technically
challenging task of detecting senescent cells in vivo, we only begin the identi-
fication of various cellular compartments in which a significant proportion of
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cells are senescent. Bone marrow-derived stem cells are the best-characterized
adult stem cells. The possible consequences of their intense replication and
manipulation are currently being identified. Interestingly, these cells are fully
capable of undergoing cellular senescence—both in vitro and in vivo—by
upregulating the expression of p16INK4a, most likely in response to oxida-
tive stress. Since expression of p16INK4a is a biomarker of aging, control of
its expression by pharmacological approaches may help attenuate age-related
phenotypes. Indeed, inhibition of p38 MAPK and subsequent p16INK4a expres-
sion alleviated age-dependent anemia in Atm-deficient mice (Ito et al. 2006).
Genetic studies suggest that the propensity of marrow-derived cells to undergo
senescence will likely be heterogeneous and depend on genetic background.
A better understanding of the consequences of aging and senescence on bone
marrow-derived cells will certainly benefit our understanding of numerous
diseases, both those that are age-associated and those that will benefit from
cellular therapy.
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Abstract Until recently, the adult neovasculature was thought to arise only through angio-
genesis, the mechanism by which new blood vessels form from preexisting vessels through
endothelial cell migration and proliferation. However, recent studies have provided evi-
dence that postnatal neovasculature can also arise though vasculogenesis, a process by
which endothelial progenitor cells are recruited and differentiate into mature endothe-
lial cells to form new blood vessels. Evidence for the existence of endothelial progenitors
has come from studies demonstrating the ability of bone marrow-derived cells to incor-
porate into adult vasculature. However, the exact nature of endothelial progenitor cells
remains controversial. Because of the lack of definitive markers of endothelial progenitors,
the in vivo contribution of progenitor cells to physiological and pathological neovascular-
ization remains unclear. Early studies reported that endothelial progenitor cells actively
integrate into the adult vasculature and are critical in the development of many types of
vascular-dependent disorders such as neoplastic progression. Moreover, it has been sug-
gested that endothelial progenitor cells can be used as a therapeutic strategy aimed at
promoting vascular growth in a variety of ischemic diseases. However, increasing numbers
of studies have reported no clear contribution of endothelial progenitors in physiologi-
cal or pathological angiogenesis. In this chapter, we discuss the origin of the endothelial
progenitor cell in the embryo and adult, and we discuss the cell’s link to the primitive
hematopoietic stem cell. We also review the potential significance of endothelial progenitor
cells in the formation of a postnatal vascular network and discuss the factors that may
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account for the current lack of consensus of the scientific community on this important
issue.

Keywords Endothelial progenitors · Vasculogenesis · Tumor blood vessels ·
Endothelial progenitor cell · Hematopoietic stem cell · Hemangioblast · Angiogenesis

1
Embryonic Origins of Hematopoiesis and Vasculogenesis

1.1
Yolk Sac Hematopoiesis and Vasculogenesis

The development of a functional circulatory system is an early prerequisite
for the survival and growth of the mammalian embryo. The first differentiated
cells to form in the mammalian embryo are those of the hematopoietic and
endothelial lineages, which, along with cardiac components, are the backbone
of the developing circulatory system (Ema and Rossant 2003). Cells from the
hematopoietic and endothelial lineages are mesodermal in origin and are
first generated in yolk sac blood islands beginning at embryonic day (E)7
in the mouse (Haar and Ackerman 1971) and between the second and third
week of human gestation (Oberlin et al. 2002). Thereafter, hematopoiesis shifts
to the fetal liver and again, around the time of birth, to the bone marrow
(Moore and Metcalf 1970). The generation of blood cells in blood islands of
the yolk sac is referred to as primitive hematopoiesis and results primarily in
the production of large, nucleated erythroblasts (Wong et al. 1986), as well as
some megakaryocytes (Xu et al. 2001) and primitive macrophages (Shepard
and Zon 2000), as opposed to definitive hematopoiesis, which can generate
mature cells of all the blood lineages.

Blood islands, which consist of a central focus of hematopoietic cells sur-
rounded by a layer of endothelial cells, arise in the mouse from proximal
mesodermal cells in the visceral yolk sac between E7.0 and E7.5 (Shepard and
Zon 2000). Between E8.0 and E9.0, the cells constituting the outer layer of the
blood island cell aggregates assume a spindle shape as they differentiate into
endothelial cells (Shepard and Zon 2000; Fig. 1). The vast majority of the inner
cells of the blood islands progressively lose their intercellular attachments as
they differentiate into primitive erythroblasts. The simultaneous spatial and
temporal appearance of hematopoietic and endothelial cells in the yolk sac
blood islands has led to the concept of the hemangioblast, a common precur-
sor for the hematopoietic and endothelial lineages (Ema and Rossant 2003).
Moreover, many known markers of endothelial cells are also expressed on
hematopoietic cells (Fina et al. 1990; Kallianpur et al. 1994; Matthews et al.
1991). Studies with cells from chick embryos and with embryonic stem cells
have lent credence to this concept (Eichmann et al. 1997; Ema and Rossant
2003).
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Fig. 1a,b Hematopoietic sites in the developing mouse embryo. Schematic representation of
whole mouse embryos at a E8.5/9 and b E10.5/11. AGM, aorta-gonad-mesonephros

While histological studies indicate a restricted hematopoietic potential
within the yolk sac, precursor analysis in vitro and transplantation studies
in vivo have provided clear evidence that this tissue is able to generate multiple
definitive lineages as well (Yoder and Hiatt 1997). Macrophage precursors were
detected in low numbers as early as those of the primitive erythroid lineage
(Takahashi and Naito 1993). Definitive erythroid precursors were found at
E8.25 and also showed a dramatic increase followed by a general decline of
their numbers (Palis et al. 1999). Precursors of the mast cell lineage developed
slightly later at E8.5 (Palis et al. 1999). Unlike primitive erythroblasts, definitive
erythroid precursors and mast cell precursors do not mature in the yolk sac,
suggesting that they are produced for export to other sites, presumably the
fetal liver (Palis et al. 1999). These findings suggest a dual role for the yolk sac:
the generation of a functional, primitive erythroid lineage and the production
of a cohort of definitive precursors that migrate to the fetal liver and establish
the initial stage of definitive hematopoiesis in this tissue (Galloway and Zon
2003). Yolk sac hematopoiesis is transient and shows a dramatic decline in
activity between E11 and E12. This decline coincides with the onset of ac-
tivity in the developing liver, which becomes the predominant hematopoietic
tissue throughout the remainder of fetal life. In contrast to the restricted pro-
gram observed in the yolk sac, the fetal liver is a site of multilineage definitive
hematopoiesis that includes erythropoiesis, myelopoiesis, and lymphopoiesis
(Galloway and Zon 2003).

1.2
The Formation and Maturation of Definitive Hematopoietic Cells

Shortly before the onset of organogenesis the embryo starts to generate a tran-
sitory population of embryonic hematopoietic cells that serve its immediate
needs. These first hematopoietic cells, consisting mainly of primitive erythroid
cells, appear in the embryonic circulation in growing numbers and then colo-
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nize the initially inactive fetal liver (Medvinsky and Dzierzak 1996). Definitive
hematopoiesis, which results in the production of all hematopoietic lineages,
develops slightly later and gradually forms a massive pool in the fetal liver,
which becomes the main source of hematopoietic stem cells that subsequently
colonize the bone marrow (Dzierzak et al. 1998). Hematopoietic stem cells are
defined within the context of stringent transplantation assays used for adult
bone marrow cells and are characterized by the following properties: (1) they
clonally give rise to all differentiated lineages of the blood cells; (2) they are self-
renewing; (3) they possess high proliferative/expansion potential contributing
to high-level hematopoietic repopulation of the recipient; and (4) they are
active long term (over the lifespan of the individual) (Wognum et al. 2003).
Definitive hematopoietic stem cells are produced both in the mature yolk sac
and within the paraaortic splanchnopleura (PAS, E8.5–E9.5) and the aorta-
gonad-mesonephros region (AGM, E10.5–E11.5) (Galloway and Zon 2003).
When AGM, yolk sac, and fetal liver cells are directly compared throughout de-
velopment for repopulation capabilities by the criteria previously mentioned,
the AGM region consistently demonstrates more hematopoietic stem cells than
the yolk sac or fetal liver at E10 and E11 (Muller et al. 1994). The definitive
hematopoietic stem cells formed in the yolk sac and the AGM region do not
mature but instead are believed to migrate and seed the fetal liver, where they
undergo terminal differentiation (Palis and Yoder 2001). Thus, within the yolk
sac there is temporal overlap between primitive and definitive hematopoiesis.

Although it was previously believed that the definitive hematopoietic stem
cells formed in the yolk sac contribute only to primitive hematopoiesis (Muller
et al. 1994), it was later shown that yolk sac cells isolated around E9 can engraft
and repopulate recipient animals following transplantation into the livers of
newborn mice (Yoder and Hiatt 1997; Yoder et al. 1997a, b). Furthermore, yolk
sachematopoietic cells have theability to repopulate adult bonemarrow follow-
ing coculture on certain types of stromal cells (Matsuoka et al. 2001) or when
HoxB4 is ectopically expressed (Kyba et al. 2002). Yolk sac and AGM definitive
hematopoietic stem cells appear to circulate (Kumaravelu et al. 2002) and can
presumably seed intraembryonic tissues such as the liver and large arteries.

1.3
The Hemangioblast and Endothelial Progenitor Cells

The close spatial and temporal appearance of hematopoietic and endothelial
cells in the embryo has led to the postulation of a common progenitor of
hematopoietic and vascular cells, the hemangioblast. The term hemangioblast
was first introduced to describe discrete cell masses that develop in chick
embryo cultures and displayed both hematopoietic and endothelial poten-
tial (Haar and Ackerman 1971). Since originally introduced, the concept of
the hemangioblast has gained support from studies demonstrating that the
hematopoietic and endothelial lineages share expression of a number of dif-
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ferent genes such as MB1/QH1 in the quail (Pardanaud et al. 1987; Peault et al.
1983) and CD31, CD34, SCL/Tal-1, and VEGFR-2 in the mouse (Kabrun et al.
1997; Kallianpur et al. 1994; Watt et al. 1995; Young et al. 1995). Histologic
observations suggest that clusters of hematopoietic cells are attached to the
luminal wall of the dorsal aorta, as if arising from the endothelial cells (Tavian
et al. 1996; Mukouyama et al. 1998; Tamura et al. 2002). Gene targeting studies
in the mouse have provided further evidence for this bipotential precursor in
showing that some of these genes are essential for the development of both lin-
eages (Robbet al. 1995; Shalaby et al. 1995; Shivdasani et al. 1995). Furthermore,
overexpression of SCL/Tal-1 in zebrafish embryos results in overproduction of
common hematopoietic and endothelial progenitors, perturbation of vasculo-
genesis, and concomitant loss of pronephric duct and somitic tissue (Gering
et al. 1998). Analysis of knock-in embryos in which SCL/Tal-1 is expressed
under the control of the VEGFR-2 locus suggests that VEGFR-2 and SCL/Tal-1
act in combination to regulate cell fate decisions for formation of endothelial
and hematopoietic cells in early development (Ema et al. 2003). Additional
support for the existence of the hemangioblast comes from analysis of a spe-
cific mutation in zebrafish known as cloche, which affects the development of
hematopoietic cells and endocardium (Stainier et al. 1995).

Direct andcompellingevidence for thepresenceof thehemangioblast comes
from recent studies utilizing the in vitro embryonic stem (ES) cell system (Choi
et al. 1998). Embryoid bodies differentiated for 2.5–3.5 days contain a unique
cell population, the blast colony-forming cell (BL-CFC). BL-CFCs form blast
colonies in the presence of vascular endothelial growth factor (VEGF) in
methylcellulose cultures (Choi et al. 1998). Gene expression analysis indicates
that cells within blast colonies express a number of genes common to both
hematopoietic and endothelial lineages, including SCL, CD34, and VEGFR-2
(Kennedy et al. 1997). Most importantly, BL-CFCs give rise to primitive, defini-
tive hematopoietic and endothelial cells when replated in medium with both
hematopoietic and endothelial cell growth factors (Choi et al. 1998; Kennedy
et al. 1997). Moreover, in the quail embryo, VEGFR-2+ cells isolated from the
mesoderm can give rise to cells of the hematopoietic or endothelial lineages
depending on the culture conditions (Eichmann et al. 1997). Furthermore,
VE-cadherin+ or CD34+CD45− endothelial cells, sorted from yolk sac and/or
PAS/AGM at different stages of development, can generate both hematopoietic
and endothelial cells in vitro, therefore identifying these cells as a common
precursor for both lineages (Yokomizo et al. 2001). Blast colonies have recently
been shown to give rise to a third lineage, the smooth muscle cell (Ema et al.
2003). These characteristics of the BL-CFC suggest that it represents the in
vitro equivalent of the hemangioblast and, as such, one of the earliest stages of
hematovascular development described to date.

BL-CFCs have been detected in small numbers in dissected mouse embryos,
suggesting that hemangioblasts may form during normal mouse development
(Huber et al. 2004). When cells from pools of late streak to neural plate stage
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concepti (E7.0–7.5) are harvested, they form colonies with the morphology of
BL-CFCs within 3–4 days of culture. Cells from these colonies have been found
to express markers associated with hematopoietic and vascular development,
including VEGFR-2, SCL, vascular endothelial (VE)-cadherin, and GATA1, and
can give rise to cells of the hematopoietic, vascular, and smooth muscle lineages
in liquid culture (Huber et al. 2004). The technical difficulties encountered in
identifying cells with the properties of the hemangioblast in mouse embryos
suggests that these cells are produced in very small numbers and for a very
short time, indicating that these cells might be short-lived, differentiating soon
after their formation.

Recent insights into the role of endothelial progenitor cells in the em-
bryo have been revealed using a quail-chick parabiosis model (Pardanaud
and Eichmann 2006). In this study the authors demonstrated that circulating
endothelial progenitors are present early in ontogeny. Under normal condi-
tions, they integrate at very low levels into most tissues. When experimental
angiogenic responses were induced by wounding or grafts onto the chorioal-
lantoic membrane, endothelial progenitors were rapidly mobilized prior to the
establishment of mature bone marrow, and the progenitors were selectively in-
tegrated into sites of neoangiogenesis. However, endothelial progenitors were
not mobilized during sprouting angiogenesis following VEGF treatment of the
chorioallantoic membrane. Therefore, it appears that embryonic endothelial
progenitors are efficiently mobilized during the establishment of an initial vas-
cular supply, but they are not involved during classical sprouting angiogenesis
in this avian model.

2
Hematopoiesis and Vasculogenesis in the Adult

2.1
The Hematopoietic Stem Cell

The scale of the hematopoietic system is quite remarkable, considering that
daily some 2×1011 erythrocytes and 5×1010 granulocytes—in addition to
platelets, lymphocytes, and monocytes—enter the circulation (Finch et al.
1977). Despite the magnitude of this production system, dysregulation is un-
common and external influences can rapidly induce changes in the blood cell
count of a specific lineage. For example, hypoxia can induce an increase in
erythrocyte production, but does not affect the neutrophil count, whereas
the opposite is true in an acute bacterial infection. This prodigious output
of mature cells is ultimately dependent on the precise regulation of primitive
hematopoietic stem cells, which, in turn, give rise to an ordered series of transit
populations of progenitor and precursor cells of progressively more restricted
proliferative and differentiation potential. Identifying and characterizing the
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Table 1 Commonly used markers for the purification of hematopoietic stem cells in human
and mouse. Markers in bold are also expressed on endothelial progenitors

Mouse hematopoietic stem cell markers CD34low/–, Sca-1+, Thy1+/low, CD38+,

c-kit+, Lin–, FGFR+, CD201, VEGFR-1

Human hematopoietic stem cell markers CD34+, CD59+, Thy1+, CD38low/–, c-kitlow,

Lin–, CD133, VEGFR-1, VEGFR-2

Lin, lineage markers (CD11b, B220, Gr-1, TER119)

properties of hematopoietic stem cells has been a formidable task, since it is
estimated that about 1 in every 10,000 to 15,000 bone marrow cells is thought to
be a stem cell (Coulombel 2004). In the bloodstream, the proportion falls to 1
in 100,000 nucleated cells (Coulombel 2004). Despite the burden of producing
over 1011 cells per day in the human adult, the great majority of stem cells
are not dividing at any one time (Lajtha et al. 1971). The current picture of
the stem cell pool is that of a small, but potent group of cells, able to main-
tain tremendous hematopoietic cell supplies through the division of a small
fraction of its members, keeping the remainder of the stem cells in reserve.
There appear to be two kinds of hematopoietic stem cells. If bone marrow cells
from a transplanted mouse can, in turn, be transplanted to another lethally
irradiated mouse and restore its hematopoietic system, the source of the re-
generated marrow is considered to be derived from long-term stem cells that
are capable of self-renewal (Coulombel 2004). Other cells from bone marrow
can immediately regenerate all the different types of blood cells, but under
normal circumstances cannot renew themselves over the long term, and these
are referred to as short-term progenitor or precursor cells (Coulombel 2004).
Progenitor or precursor cells are relatively immature cells that are precursors
to a fully differentiated cell of the same tissue type. They are capable of pro-
liferating, but they have a limited capacity to differentiate into more than one
cell type, as hematopoietic stem cells do (Messner 1998).

Primitive hematopoietic stem cells and their immediate progeny are mor-
phologically indistinguishable (Messner 1998). Despite continued refinement
of multiparameter cell separation strategies, unique phenotypic markers that
are able to characterize, resolve, and purify hematopoietic stem cells have
not been identified. However, several markers have been used in combination
in order to separate hematopoietic stem cells. Some of the markers most fre-
quently used to separate human and murine hematopoietic stem cells are listed
in Table 1 (Wognum et al. 2003). Several of these markers (CD34, c-kit, CD133,
VEGFR-2/KDR) have been used either alone or in combination as putative
markers of endothelial progenitor cells. Thus, attempts to quantify endothelial
precursor cells—for instance, by enumerating CD34/VEGFR-2 coexpressing
cells—should be approached with some caution, as these markers are not
restricted to endothelial progenitor cells.
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Fluorescentdyestainingapproacheshavealsobeenused todefinehematopoi-
etic stem cells based on efflux capacity and staining profile. The combination
of both Rhodamine 123 and Hoechst 33342 staining has demonstrated that
Hoechstlow–Rhodaminelow cells are highly enriched for hematopoietic stem
cell activity (Goodell et al. 1996). A dual-wavelength flow cytometric analysis
of bone marrow based on differential Hoechst 33342 staining that identifies a
“side population” (SP) which gives rise to all mature blood lineages in trans-
planted mice has attracted much interest in the field of hematopoietic stem
cells (Goodell et al. 1996).

To detect hematopoietic stem cell functional activity, in vivo transplantation
is generally considered to be the most appropriate assay because the ability of
cells to reconstitute blood cell production in a myeloablated recipient measures
the capacity of stem cells for both extensive proliferation and multilineage
differentiation over extended time periods (Coulombel 2004).

2.2
Phenotype and Origin of Endothelial Progenitor Cells

Currently it is extremely difficult to differentiate endothelial progenitors from
hematopoietic cells or endothelial cells, since the markers used to isolate en-
dothelial progenitors are also expressed on subsets of hematopoietic cells
(CD133, CD34, VEGFR-2, VE-cadherin) and mature endothelial cells (CD34,
VEGFR-2, VE-cadherin) (Bhatia 2001). Circulating endothelial progenitors are
thought to be included in the cell population expressing CD133 and VEGFR-2
within the subset of CD34+ cells (Gill et al. 2001). Moreover, cells included in
the SP, which are reported to be enriched for endothelial progenitors, are also
enriched for hematopoietic stem cells (Urbich and Dimmeler 2004). When iso-
lated from bone marrow, umbilical cord blood, or mobilized peripheral blood
and cultured in vitro, a subset of CD133+VEGFR-2+ cells rapidly loses expres-
sion of CD133, but acquires features of mature endothelial cells, such as cob-
blestone morphology, uptake of acetylated low density lipoproteins (AcLDL),
and expression of von Willebrand factor (vWF) (Peichev et al. 2000). Thus,
the ability of CD133+ cells to differentiate into endothelial cells in vitro and in
vivo provided evidence for the existence of an adult angioblast or endothelial
progenitor cell (Gehling et al. 2000).

Fluorescence hybridization analysis of blood samples from bone marrow
transplant recipients who had received gender-mismatched transplants com-
bined with endothelial outgrowth assays provided evidence that a trans-
plantable marrow-derived endothelial progenitor cell does exist in humans
(Lin et al. 2000). In this study, serial replating of circulating mononuclear cells
followed by culture on type I collagen resulted in late outgrowth of endothelial
colonies and ensured that endothelial progenitors obtained from the buffy coat
were not contaminated by mature endothelial cells that had sloughed off (Lin
et al. 2000). Using a similar method with twice-replated blood cells, we have
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Table 2 Common cell markers expressed on human endothelial progenitors, mature en-
dothelial cells, and subsets of hematopoietic cells

Hematopoietic cells markers CD133 (human), CD117 (c-kit), sca-1 (mouse),

CD34 (human), VEGFR- 1, VEGFR-2, Tie-2,

CD31 (PECAM-1), SP

Endothelial cells markers CD117 (c-kit), CD34, VEGFR-1, VEGFR-2,

VEGFR-3 (lymphatic endothelial cells), Tie-1, Tie-2,

VE-cadherin, CD31 (PECAM-1), CD105 (endoglin),

von Willebrand factor

Endothelial progenitors markers CD133, CD117 (c-kit), CD34 (human), VEGFR-2,

VEGFR-3 (lymphatic endothelial progenitors),

VE-cadherin, CD31 (PECAM-1), CD105 (endoglin),

von Willebrand factor, SP

PECAM, platelet/endothelial cell adhesion molecule

enumerated endothelial progenitor cells derived from the umbilical cord (Lar-
rivee et al. 2005). Endothelial progenitor cells were estimated to encompass
∼1 in 107 total mononuclear cells and 1.5 in 106 CD133+ cells (Larrivee et al.
2005). Mature endothelial cells derived in vitro from endothelial progenitors
display higher proliferative potential than endothelial cells such as human
umbilical vein endothelial cells (Lin et al. 2000; Quirici et al. 2001). It has also
been reported that VEGFR-3 and CD133 identify a population of lymphatic
endothelial progenitors in fetal liver, bone marrow, and peripheral blood (Sal-
ven et al. 2003). Table 2 displays some of the markers that are expressed on
endothelial progenitors, and it shows how these markers overlap with markers
found on endothelial cells and subsets of hematopoietic cells.

The origin of adult endothelial progenitors remains unclear. It is only re-
cently that endothelial progenitors have been linked to cells of the blood lin-
eages, and three potential cell types have been suggested to represent the
precursor to the endothelial progenitor cell: hematopoietic stem cells and/or
hemangioblasts, monocytes, and marrow-derived mesenchymal stem cells
(Fig. 2).

As described earlier, in mammalian embryos several lines of evidence sup-
port the contention that cells of the endothelial and hematopoietic lineages
share a common progenitor, the hemangioblast (Choi et al. 1998). However,
the existence of such a cell in the adult has been difficult to demonstrate. When
cultured in vitro in the presence of VEGF, primitive CD133+ hematopoietic
stem cells form colonies, termed late outgrowth colonies (Gehling et al. 2000;
Gill et al. 2001). Cells from these colonies express a wide array of endothelial
markers, such as VEGFR-2, CD31, VE-cadherin, and vWF, but lose expression
of CD133 (Peichev et al. 2000). Moreover, these cells have endothelial pheno-
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Fig. 2 Schematic representation of the hematopoietic hierarchy and potential origin of
endothelial progenitor cells. EPC, endothelial progenitor cell

typic properties, and have been reported to integrate into sites of neovascu-
larization in vivo. Further evidence of the existence of an adult hemangioblast
has been provided by single c-Kit+/Sca1+/Lin− cell bone marrow transplants
in mice, which result in hematopoietic reconstitution as well as integration
of rare marrow-derived cells into the endothelium of tumor neovasculature
(Grant et al. 2002; Larrivee et al. 2005).

Initially, most attention focused on marrow-derived stem cells as the sole
source of endothelial progenitors. However, some studies have suggested that
other cells, of hematopoietic and mesenchymal origin, may serve the same
purpose (Jiang et al. 2002). Monocytes show some degree of plasticity within
the myeloid lineage, and have been shown to differentiate into dendritic cells,
macrophages, and Kupffer cells. It has been suggested that a subset of en-
dothelial progenitors may also originate from CD14+ monocytic cells that are
capable of assuming morphologic features and phenotypic markers of en-
dothelial cells when cultured in the presence of angiogenic factors (Fernandez
Pujol et al. 2001). Endothelial cells derived from cultured monocytes differ
from those derived from the differentiation of more primitive hematopoietic
stem cells. In the first place, the putative monocytic endothelial progenitors
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differ from “classical” endothelial progenitors by the expression of monocyte
markers (CD14, CD68, CD80, CD45, and CD36) in addition to endothelial
markers (CD31, Tie-2, and vWF) (Fernandez Pujol et al. 2000). Furthermore,
monocyte-derived endothelial cells display limited proliferative potential and
usually die within a few passages, whereas classical CD14− endothelial cells de-
rived from late outgrowth colonies display high proliferative capacity and can
be expanded for numerous passage (Fernandez Pujol et al. 2000; Harraz et al.
2001). However, both subsets of endothelial progenitors have been reported
to incorporate into vascular structures of mice after hindlimb ischemia and
significantly improve neovascularization (Urbich et al. 2003). It is possible that
these progenitors promote neovascularization through different mechanisms.
Whereas monocytic CD14+ progenitors may promote angiogenesis through
the release of angiogenic cytokines or inflammatory mediators, CD14− pro-
genitors may accelerate neovascularization by actively incorporating in the
endothelium. However, the evidence for this postulate is currently lacking.

Endothelial progenitors have also been shown to originate from a rare cell
population, coined the multipotent adult progenitor cell (MAPC) that resides
within the mesenchymal stem cell population of human and rodent bone
marrow (Reyes and Verfaillie 2001). Unlike hematopoietic stem cells, these
mesenchymal stem cells have a high proliferative index in vitro, and have been
shown to differentiate not only into cells of the mesenchymal lineage, but
also to give rise to endothelium, neuroectoderm, and endoderm (Verfaillie
et al. 2003). Like hemangioblasts and endothelial progenitors, human MAPCs
express VEGFR-2 and CD133 (Reyes et al. 2001). However, unlike endothelial
progenitors, they do not express VE-cadherin, CD31, or CD34 (Reyes et al.
2001). In vitro, MAPCs cultured in the presence of VEGF differentiate into
cells that express endothelial markers, function in vitro as endothelial cells,
and contribute in vivo to neovessels during tumor angiogenesis and wound
healing (Reyes et al. 2001). However, whether these cells can circulate and
thereby contribute to angiogenesis at distant sites has never been shown.

2.3
The Angioblast and Evidence of Vasculogenesis in the Adult

The growth of blood vessels through angiogenesis occurs through different
mechanisms. Sprouting angiogenesis refers to the process in which activated
endothelial cells degrade the basement membrane and migrate toward an in-
citing factor while laying down a provisional matrix (Papetti and Herman
2002). The endothelial cells then proliferate into the surrounding matrix and
form solid sprouts connecting neighboring vessels. These sprouts then develop
lumina through a poorly understood morphogenic process. The other means
of angiogenesis, intussusception, occurs when the capillary wall extends into
the lumen to split a single vessel in two. Intussusception allows the reorgani-
zation of existing vessels to permit a vast increase in the number of capillaries
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without a corresponding increase in the number of endothelial cells (Carmeliet
2005). Until recently, neovascularization in the adult was thought to occur by
angiogenesis only (Tonini et al. 2003).

In recent years, another means of neovascularization was described in
adults. Vasculogenesis, which refers to the de novo formation of blood ves-
sels from endothelial progenitors, was thought to occur only in the embryo. As
described in Sect. 2.2, studies have suggested that cells with endothelial pro-
genitor properties can be isolated from adult sources such as peripheral blood,
bone marrow, and umbilical cord blood mononuclear cells (Asahara et al. 1997;
Nieda et al. 1997; Peichev et al. 2000; Shi et al. 1998). Likewise hematopoietic
cells positive for VEGFR-2 and the hematopoietic stem cell marker CD133 are
capable of differentiating into endothelial cells in vitro (Gehling et al. 2000;
Larrivee et al. 2005). The first studies suggesting the existence of adult circulat-
ing endothelial progenitors showed that subsets of bone marrow or peripheral
blood mononuclear cells change morphology and start expressing endothelial
markers when cultured in vitro in the presence of VEGF (Asahara et al. 1997). In
vivo, these endothelial progenitors were reported to be incorporated into sites
of angiogenesis (Asahara et al. 1999). In the setting of myocardial or hindlimb
ischemia, an increase in the mobilization of circulating endothelial progenitors
from the bone marrow was reported (Asahara et al. 1999). Likewise, several
cytokines such as VEGF, GM-CSF, SDF-1, and erythropoietin have been re-
ported to promote the mobilization of endothelial progenitors (Heeschen et al.
2003; Takahashi et al. 1999; Yamaguchi et al. 2003). In this context, the reported
contribution of bone marrow-derived endothelial progenitors to neovessel for-
mation ranges from 5% to 25% in response to granulation tissue formation
(Crosby et al. 2000) or growth factor-induced neovascularization (Murayama
et al. 2002). The studies suggesting that endothelial progenitors participate in
the repair of vascular tissue following ischemic injury led to additional studies
suggesting that circulating endothelial progenitor cells also contribute to the
formation of the vascular network of tumors (Asahara et al. 1999; Jackson et al.
2001;Kalka et al. 2000). In tumorneovascularization, the initial reported ranges
of the contribution of marrow-derived endothelial progenitors to angiogenesis
ranged from 35% to 65% (Hilbe et al. 2004; Lyden et al. 2001; Rafii et al. 2002).

While the above studies suggest that circulating endothelial progenitors
specifically home to sites of physiological and pathological angiogenesis, and
integrate into the neovasculature, more recent studies show minimal to no con-
tribution of marrow-derived endothelial progenitor cells to the endothelium of
the neovasculature in adults (Gothert et al. 2004; Larrivee et al. 2005; Machein
et al. 2003; Rajantie et al. 2004). Ziegelhoeffer et al. transplanted green fluores-
cent protein (GFP)-expressing bone marrow cells to investigate whether circu-
lating marrow-derived cells incorporate into collateral arteries after femoral
artery ligation (Ziegelhoeffer et al. 2004). After unilateral femoral artery occlu-
sion, the proximal hindlimb and various organs were excised for histological
analysis. These investigators failed to detect colocalization of GFP with en-
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dothelial or smooth muscle cell markers, but observed accumulations of bone
marrow-derived cells around growing collateral arteries and in ischemic distal
hindlimbs, which they identified primarily as leukocytes, but also fibroblasts
and pericytes. Similar observations were made in the neovasculature of sub-
cutaneously implanted tumors (Larrivee et al. 2005; Ziegelhoeffer et al. 2004).

These findings suggest that in the adult organism, bone marrow-derived
cells might not promote vascular growth by incorporating into the endothe-
lium, but rather by functioning as supporting cells. Validation of this position
is supported by other studies. For example, Zentilin and colleagues found that
while VEGF acts as a potent chemoattractor of bone marrow-derived cells to
sites of neovascularization, they were not able to detect direct incorporation
of these cells into the newly formed vasculature (Zentilin et al. 2006). Another
recent study also demonstrated that marrow-derived cells recruited to angio-
genic sites by VEGF enhanced proliferation of endothelial cells by secreting
proangiogenic factors distinct from locally derived factors (Grunewald et al.
2006). Similarly, marrow-derived stromal cells were also found to promote neo-
vascularization through the secretion of angiogenic cytokines, rather than by
directly integrating into the growing vasculature (Kinnaird et al. 2004). Other
studies have also found only rare integration of bone marrow-derived precur-
sors into the endothelium of neovessels using tumor models of experimental
angiogenesis (De Palma et al. 2003; Larrivee et al. 2005; Machein et al. 2003;
Rajantie et al. 2004; Ziegelhoeffer et al. 2004). In contrast, at least two recent
studies have suggested that bone marrow-derived cells may contribute to the
neovasculature as pericyte progenitors (De Palma et al. 2005; Song et al. 2005).
These latter findings also need to be validated by other groups independently.

3
Functions of Endothelial Progenitor Cells in Physiology and Pathology

3.1
Endothelial Progenitor Cells and Physiological Neovascularization

The adult vasculature is a relatively quiescent organ. The turnover of endothe-
lial cells in healthy tissues is around 3 years (Cines et al. 1998). It has been
suggested that under steady-state conditions, endothelial progenitors, which
represent less than 1 in 107 cells in umbilical cord blood (Larrivee et al. 2005),
may contribute to vascular repair (Friedrich et al. 2006). Due to their ability
to circulate, certain authors have argued that these cells may represent a reser-
voir, which may be mobilized during conditions of vascular trauma. Under
physiological conditions, it has been reported that endothelial progenitors can
be found in a variety of vascular beds. In mice transplanted with bone marrow,
0.2% to 1.4% of endothelial cells in vessels in control tissues were derived
from hematopoietic progenitors 4 months after bone marrow transplantation
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(Crosby et al. 2000). The rates of endothelial progenitor integration appear to
vary depending on the tissue; organs such as the brain show very low levels
of endothelial progenitor incorporation, whereas the skin displays relatively
high rates of incorporation (up to 2.5% of blood vessels) (Crosby et al. 2000).
However, the irradiation used for the bone marrow transplantation may have
resulted in higher levels of incorporation of endothelial progenitors than would
be observed in physiological conditions, since total body irradiation can result
in tissue damage (Chapel et al. 2003). In contrast, endothelial progenitors have
been reported to contribute to 8.3% to 11.2% of endothelial cells in vessels
that developed in sponge-induced granulation tissue 1 month following mar-
row transplantation, indicating that rates of incorporation are much higher in
models that mimic pathological neovascularization (Kocher et al. 2001). Dif-
ferences may also relate to the timing of the study following transplantation.
In human endothelium, bone marrow-derived endothelial cells were detected
at low levels in the skin and gut of sex-mismatched transplant recipients using
a combination of immunohistochemistry and XY interphase fluorescent in situ
hybridization (FISH) (Jiang et al. 2004).

However, other laboratories have not detected a significant contribution of
bone marrow-derived endothelial cells in normal tissues. One study did not
detect the presence of bone marrow-derived endothelial cells in pancreatic
islets, although they reported the presence of bone marrow-derived epithelial
cells (Wang et al. 2006). However, it has been reported that endothelial progen-
itors are recruited to the pancreas following pancreatic β-cell injury (Mathews
et al. 2004). Droetto et al. also reported very low levels of endothelial progeni-
tors in noninjured tissue (Droetto et al. 2004). The low levels of bone marrow
differentiation into vascular endothelium seen in these studies may be due to
the lack of tissue injury in neonatal transplant models. Even in those reports
that did not induce tissue-specific injury, total body irradiation was used to
obtain a hematopoietic graft (Lechner and Habener 2003). Irradiation, even
at sublethal doses, is known to induce widespread subclinical organ toxicity
and thus could result in recruitment of inflammatory cells and/or endothelial
progenitors to injured tissues (Chapel et al. 2003). The variation in mechanical
or biophysical properties inherent to a specific vascular locus, the absence or
presence of inflammatory stimuli, and the unique microenvironment within
different organ beds all may significantly affect the recruitment of circulating
endothelial progenitors and/or inflammatory cells, thereby explaining some of
the apparent differences in the contribution of cells from the bone marrow.

3.2
Contribution of Endothelial Progenitor Cells to Tumor Vascularization

Neovascularization is essential for thegrowthof solid tumors, and there is some
evidence that circulating, bone marrow-derived progenitor cells incorporate
into tumor-associated stroma to support tumorigenesis (Zentilin et al. 2006).
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The presence of marrow-derived endothelial progenitors in tumor vasculature
was first reported by Asahara et al. in murine bone marrow transplantation
studies in which endothelial progenitors were identified in highly vascular-
ized lesions of the tumor periphery (Asahara et al. 1997). A possible role for
these cells in tumor growth was reported in Id+/−Id−/− mice, which exhibited
angiogenic deficits due to an impaired VEGF-driven mobilization of endothe-
lial progenitors as well as an impaired proliferation capacity of VEGFR-1+

hematopoietic stem cells (Lyden et al. 2001). In these mice, most tumors failed
togrowprogressively, if at all, andany tumorgrowthwashaltedby the lackof an
adequate vascularization (Lyden et al. 2001). Following these studies, other lab-
oratories also reported a significant incorporation of endothelial progenitors
into thegrowing tumorvasculature (Garcia-Barros et al. 2003;Hilbe et al. 2004).

The contribution of endothelial progenitors cells to tumor neovessels varies
considerably among tumor models (Shaked et al. 2005). Some experimental
systems have demonstrated significant but variable integration of endothelial
progenitors, whereas in other models bone marrow-derived cells associate,
but do not integrate, into the endothelial layer of the vasculature, and promote
angiogenesis only indirectly (Hattori et al. 2001; Kopp et al. 2006; Larrivee et al.
2005). For example, in one model of mice transplanted with β-galactosidase-
labeled bone marrow, estimates of the levels of marrow-derived endothelial
cells integrated in the tumor vasculature were reported to be around 50%
(Garcia-Barros et al. 2003). In human tumors, Peters et al. reported that bone
marrow-derived endothelial cells contributed to tumor endothelium, averag-
ing 4.9% of the total blood vessels in patients that received bone marrow
transplantation with donor cells derived from individuals of the opposite sex
(Peters et al. 2005). Other studies show lower but significant levels of en-
dothelial progenitors in the tumor vasculature (Asahara et al. 1997; Crosby
et al. 2000). By contrast, other studies show very low to undetectable levels of
marrow-derived endothelial progenitor engraftment in the tumor vasculature
(DePalmaetal. 2003;Larriveeetal. 2005;Macheinetal. 2003;Ziegelhoefferetal.
2004). Whether marrow-derived progenitors integrate into the vasculature, or
are merely in close periendothelial association, remains controversial because
most analyses are based on histology and are limited by resolution (Zentilin
et al. 2006). It is possible that subsets of hematopoietic cells can erroneously be
interpreted as endothelial cells, as it has been demonstrated that various types
of marrow-derived cells, such as monocytes/macrophages, can reside in close
association with endothelial cells in newly formed blood vessels, but do not
actually integrate in the blood vessel wall (Gothert et al. 2004; Grunewald et al.
2006; Rajantie et al. 2004; Voswinckel et al. 2003; Ziegelhoeffer et al. 2004).

It is unclear how circulating progenitors home from the bone marrow specif-
ically into the tumor microenvironment, and when during multistep tumorige-
nesis they are recruited into the preexisting vascular network. Thus, it is likely
that the extent to which marrow-derived endothelial progenitors contribute
to tumor vascularization is critically regulated by a number of variables, such
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as tumor type, size, site of implantation, time point of analysis, the type of
marker used for their detection and the genetic background of the mouse
strain used (Shaked et al. 2005). The type of markers used for the detec-
tion of marrow-derived endothelial cells can be especially important, since,
as previously mentioned, many cell markers expressed on endothelial cells
are also expressed on subsets of hematopoietic cells. Platelet/endothelial cell
adhesion molecule (PECAM)-1 and vWF in particular, which are widely used
for the detection bone marrow-derived endothelial progenitors, can also be
expressed on subsets of hematopoietic cells, such as monocytes and platelets,
respectively, which interact with the vessel wall (Newman 1997; Ruggeri 2003).
Therefore one must use caution in the interpretation of endothelial progenitor
incorporation in the tumor vasculature.

Several studies have suggested that transplanted marrow cells can differen-
tiate into unexpected lineages, including myocytes, hepatocytes, and neurons
(Eckfeldt et al. 2005).Apotential problem,however, is that reports investigating
such differentiation in vivo tend to conclude donor origin of transdifferentiated
cells on the basis of the existence of donor-specific markers such as lacZ, GFP,
or the Y chromosome. Recent work reports the potential of stem cells to fuse
with different cell types such as hepatocytes (Grompe 2003) and myocytes.
Moreover, it was demonstrated that marrow-derived cells fuse in vivo with
hepatocytes in liver, Purkinje neurons in the brain, and cardiac muscle in the
heart, resulting in the formation of multinucleated cells. No evidence of trans-
differentiation without fusion was observed in these tissues (Alvarez-Dolado
et al. 2003). This has led to the suggestion that some of the transdifferenti-
ation events reported for tissue-specific stem cells may in fact be a result of
cell fusion. Therefore, models of sex-mismatched transplant recipients using
XY interphase FISH to detect endothelial progenitors would not be able to
discriminate between cell fusion and transdifferentiation (Peters et al. 2005).
However, we (and others) have demonstrated that bone marrow-derived en-
dothelial progenitors can arise in vivo independently of cell fusion, although
the contribution of marrow-derived endothelial progenitors to the tumor en-
dothelium was an exceedingly rare event (Bailey et al. 2004; Jiang et al. 2004;
Larrivee et al. 2005). Most studies have used cellular DNA content to determine
cell fusion. This assay can be misleading, as fused cells have been shown to lose
cellular DNA, which could potentially lead to inaccurate interpretation of re-
sults (Pratt et al. 1992). There are also problems with the genetic models which
use Cre-expressing mice crossed with reporter mice (floxed reporter allele) to
detect fusion, since there may be heterogeneous expression of the Cre recom-
binase, which would preclude demonstration of cell fusion. Cell fusion cannot
therefore be totally excluded when identifying marrow-derived endothelial
cells. Furthermore, we have also shown that apoptotic cells can be engulfed by
scavenger cells such as macrophages and endothelial cells (Larrivee et al. 2006).
When engulfed marrow-derived apoptotic cells (such as neutrophils) express
a marker, such as GFP, the scavenger endothelial cell may be misinterpreted as
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being marrow-derived, therefore adding another level of complexity. Due to
these potential reasons for misinterpretation of data and artifactual results, it
is possible that levels of endothelial progenitor incorporation into adult blood
vessels may be significantly overestimated in some cases.

Whether endothelial progenitors can be used as targets to inhibit tumor
blood vessel formation is also unclear. Some have suggested that blockade
of endothelial progenitor incorporation into the neovasculature can be used
as a target of antitumor therapy. One study has suggested that blocking the
mobilization of endothelial progenitors can drastically reduce tumor growth
(Lyden et al. 2001). Yet another study demonstrates that spontaneously arising
mouse tumors appear to be much less dependent on marrow-derived endothe-
lial progenitors for growth and vascularization than had been reported for
subcutaneously grafted tumor models (Sikder et al. 2003). Understanding the
factors that regulate contributions from primitive hematopoietic stem cells
and their circulating progenitors to new vessel formation may ultimately pro-
vide additional ways to influence the process of neovascularization, which may
prove beneficial in treating vascular-related diseases. However, the contribu-
tion of marrow-derived cells to the tumor vasculature is a highly controversial
area. It is therefore clear that further studies are required to determine whether
endothelial progenitors can be used as targets for tumor therapies.

More recent studies suggesting that marrow-derived cells may be a source
of pericyte progenitors or perivascular cells (macrophages) that contribute
proangiogenic cytokines to the tumor neovasculature (De Palma et al. 2005;
Grunewald et al. 2006; Song et al. 2005) may provide separate targets for
antitumor vascular therapeutics.

3.3
Endothelial Progenitor Cells for Therapy

Therapeutic vasculogenesis refers to the increase of blood vessel growth using
cell therapy and has generated interest for a variety of ischemic conditions.
Progenitors from bone marrow aspirates or peripheral blood can be reintro-
duced in the circulation or in the ischemic tissue and have been shown to
maintain their ability to participate in blood vessel growth at sites of ischemia
or vessel injury (Zammaretti and Zisch 2005). These cells have been shown to
have the ability to improve blood circulation in ischemic diseases (Kobayashi
et al. 2000). Several studies have shown the therapeutic potential of marrow-
derived progenitors. Transplantation of either ex vivo expanded endothelial
progenitors from CD133+VEGFR-2+ cells, freshly isolated CD34+ cells, or to-
tal bone marrow resulted in increased vessel formation and improved cardiac
function (Fuchs et al. 2001; Kawamoto et al. 2001; Kocher et al. 2001). Other
researchers have found significant levels of injected endothelial progenitor
cells within ischemic tissues, but very low levels in nonischemic tissues, and
mature human microvascular endothelial cells injected did not localize to is-
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chemic zones (Park et al. 2004). In one study, CD133+ cells were injected into
tissue adjacent to ischemic areas during coronary bypass surgery. All patients
were alive and well 3–9 months after surgery: global left-ventricular function
was enhanced and infarct tissue perfusion had improved strikingly in most
of the patients (Stamm et al. 2003). However, in another study in which pa-
tients receiving mononuclear bone marrow cells were compared with those
receiving endothelial progenitor cells, there was no difference between treat-
ment groups, suggesting that both cell groups may have the same potential
to improve myocardial function and coronary flow reserve (Dzau et al. 2005).
However, it is unclear whether the effects observed in these studies come from
the integration of endothelial progenitors to sites of injury, or whether they are
the result of the mobilization of endothelial progenitors/inflammatory cells
that migrate to areas of injury and can participate in vascular recovery by
releasing proangiogenic factors (Rajantie et al. 2004; Ziegelhoeffer et al. 2004).

Recently, increased attention has been directed to other populations of
marrow-derived cells that are recruited to sites of ongoing angiogenesis, but
which do not function as endothelial progenitors. These cells might never-
theless be important to neovessel formation (De Palma et al. 2003; Takakura
et al. 2000) by a yet-unknown mechanism, and inhibition of various marrow-
derived cells other than endothelial progenitors has also been shown to be of
interest for the development of therapies targeting tumor growth. Three types
of marrow-derived cells could potentially be used as targets to achieve this goal:
(1) endothelial progenitors, (2) mural and stromal cells, and (3) hematopoietic
cells. Inparticular, cytokine-mobilizedmarrow-derivedcells, even though they
may not integrate in the vasculature (Zentilin et al. 2006), play a crucial role in
the development of new blood vessels through their ability to secrete a variety
of angiogenic factors (Grunewald et al. 2006). Since endothelial progenitors ap-
pear to integrate in neovessels at a very low frequency in several animal tumor
models, it is likely that strategies blocking the mobilization of VEGFR-1 and
-2+ cells, which include not only endothelial progenitors but monocytes and
other stromal cells, may be useful in inhibiting tumor vascularization by pre-
venting these cells from migrating to tumor sites and releasing inflammatory
cytokines. Targeting pericytes has also been shown to be a viable approach
to antitumor vascular therapy (Bergers et al. 2003). Thus, the inhibition of
recruitment of pericyte progenitors to the developing tumor vasculature may
also be an option for targeting the tumor vasculature.

4
Perspectives

Since thediscoveryofbonemarrow-derivedendothelialprogenitors, therehave
been remarkable advancements in understanding the mechanisms involved in
proliferation, recruitment, mobilization, and incorporation of endothelial pro-
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genitors into neoangiogenic vessels. However, their contribution to adult blood
vessel formation in physiological and pathological conditions remains very
controversial. An increasing number of studies suggest that marrow-derived
cells that become associated with the vessel wall represent hematopoietic cells
and/or pericytes, rather than true endothelial progenitors that integrate into
the neovessel. Emerging trials assessing the role of marrow-derived endothelial
progenitors, hematopoietic stem cells, and hematopoietic progenitors in tissue
revascularization will open new avenues of research in stem-cell therapeutics.
Understanding the mechanisms underlying the role of bone marrow-derived
progenitors in physiological and pathological angiogenesis would contribute
significantly to our ability to prevent and treat a variety of human pathologies.
It is possible that these progenitors, by themselves or in combination with an-
giogenic factors, or as gene therapy vectors may become important therapeutic
tools.
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Abstract An increasingnumberofpatients livingwith cardiovasculardisease (CVD)andstill
unacceptably high mortality created an urgent need to effectively treat and prevent disease-
related events. Within the past 5 years, skeletal myoblasts (SKMBs) and bone marrow
(or blood)-derived mononuclear cells (BMNCs) have demonstrated preclinical efficacy
in reducing ischemia and salvaging already injured myocardium, and in preventing left
ventricular (LV) remodeling, respectively. These findings have been translated into clinical
trials, so far totaling over 200 patients for SKMBs and over 800 patients for BMNCs. These
safety/feasibility and early phase II studies showed promising but somewhat conflicting
symptomatic and functional improvements, andsomesafety concernshavearisen.However,
the patient population, cell type, dose, time and mode of delivery, and outcome measures
differed, making comparisons problematic. In addition, the mechanisms through which
cells engraft and deliver their beneficial effects remain to be fully elucidated. It is now time
to critically evaluate progress made and challenges encountered in order to select not only
the most suitable cells for cardiac repair but also to define appropriate patient populations
and outcome measures. Reiterations between bench and bedside will increase the likelihood
of cell therapy success, reduce the time to development of combined of drug- and cell-based
disease management algorithms, and offer these therapies to patients to achieve a greater
reduction of symptoms and allow for a sustained improvement of quality of life.

Keywords Acute myocardial infarction · Bone marrow · Cell therapy · Heart failure ·
Stem cells

1
Introduction

Cardiovascular disease (CVD) has become a major health issue throughout the
world, exceeding infection and cancer as the leading cause of death in the West-
ern world and in many developing countries (LeGrand 2000; Thom et al. 2006).
Although CVD mortality has decreased because of advances in therapies for
atherosclerosis, hypercholesterolemia, hypertension, diabetes, and post-acute
myocardial infarction (post-AMI) left ventricular (LV) remodeling (Pearson
et al. 2002; Smith et al. 2006), CVD still accounts for 1 in every 2.7 deaths
in the United States, translating into approximately 2.5 million deaths each
year (Thom et al. 2006). In addition, the prevalence of the risk factors for
CVD, such as hypertension, obesity, and type 2 diabetes, has been on the rise
in recent years (Appel et al. 2006; Haffner 2002; Pearson et al. 2002; Wyatt
et al. 2006). Current data show that the incidence of clinical CVD in the 30-
to 50-year-old age group is increasing (Juonala et al. 2006; Yan et al. 2006).
Moreover, as a result of improved prevention, recognition, and treatment of
AMI, the percentage of patients surviving AMI has grown, but unfortunately
so has the prevalence of post-AMI heart failure (HF)—with at least a third
of patients manifesting HF symptomatology in the first year following AMI
(Miller and Missov 2001). Currently, the causes are attributed to both the fairly
limited efficacy of pharmacological agents at reducing LV remodeling and hos-
pitalizations for HF exacerbations (Bertrand 2004; Cohn 2002; Doggrell 2005;
Hernandez et al. 2005; Jong et al. 2003; Jost et al. 2005; Reiffel 2005; Thattassery
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and Gheorghiade 2004; Torp-Pedersen et al. 2005), as well as to underuti-
lization of these drugs, which precludes translating the successes observed in
trials into clinical settings (Lenzen et al. 2005; Levy et al. 2002). In addition to
the increasing number of patients, survival of HF patients has also increased
following wider recommendations for clinical use of implantable cardioverter-
defibrillators (ICDs) (Moss et al. 2002). The number of patients with an unmet
medical need is likely to continue to increase, as the number of people over
65 years of age in the United States doubles in the next 25 years because of
aging of the “baby-boomers,” with nearly 15% of this population projected to
develop HF due to aging, CVD, and type 2 diabetes (Thom et al. 2006).

The urgency of this growing problem has created an unmet need for a more
advanced understanding of the entire continuum of CVD so that we can design
therapies to treat the entire spectrum of disease. New therapies are needed to
prevent LV remodeling after acute injury and to stop the progressive loss of
cardiac function in a chronically failing myocardium. Finally, therapies should
be designed to halt the CVD process, beginning with improvement of vascular
health.

All these needs have fueled research directed at cell-based therapies. The
main cell types that have been evaluated clinically are skeletal myoblasts
(SKMBs) and bone-marrow derived mononuclear cells (BMNCs), or subsets
thereof. In this chapter, we provide a brief overview of the therapeutic effects of
each of these types of cells, and also of several important challenges associated
with the development of cell-based therapies.

2
The Goals of Cell-Based Therapies

As with every new therapy, be it drug-, device-, or cell-based, potential ap-
plications drive the conception and progression of the idea. Cell therapy was
envisioned for use after AMI to prevent LV remodeling and onset of HF. Ul-
timately, cell therapy should be applicable in a broader CVD context: from
the beginning stages of atherosclerosis to advanced HF. Such versatility could
be afforded by creating “clinical products” in which cell type, purity, dose,
route, and criteria for optimal administration (timing of injection relative to
injury and degree of injury, frequency of therapeutic application), are based
on the continuum of disease. Potential adverse effects will also have to be well-
characterized. Taking a multi-faceted approach should generate products with
a significant capability of repairing underlying cardiac injury and thus promot-
ing functional recovery to a degree better than current drug therapies can offer;
that result alone would represent a paradigm shift in the treatment of CVD.

A realistic goal of cell therapy is restoring at least some degree of function
and perfusion to the injured and remodeled myocardium. Full myocardial
regeneration is currently not yet achievable, although progress has been made
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in developing cell-based patches and sheets that could be applied to injured
areas of the LV—again, to promote repair (Hata et al. 2006; Liu et al. 2004;
Miyagawa et al. 2005). The two primary cell types that have shown capabilities
for repair in the heart to date are SKMBs and BMNCs, mostly studied in HF
and AMI, respectively.

3
Autologous Skeletal Myoblasts: Future Tools for Repair
of Failing Myocardium?

SKMBs, derived from muscle “satellite cells,” can expand and form neofibers
after muscle injury, thereby regenerating skeletal muscle (Mauro 1961). Be-
cause of those properties and because SKMBs express contractile proteins very
similar to those in the heart, SKMBs were the first candidate for cardiac re-
pair. The idea muscle-based repair emerged in 1987 and was translated into
dynamic cardiomyoplasty, when previously paced latissimus dorsi muscle was
surgically wrapped around the failing heart in an attempt to provide some
contractile support to the LV (Chachques et al. 1987). Although dynamic car-
diomyoplasty did not deliver the results hoped for, cellular cardiomyoplasty
(transplantation of SKMBs into the heart) did (Chiu et al. 1995; Murry et al.
1996; Scorsin et al. 1997; Zibaitis et al. 1994). Transplanted cells survived and
formed striated muscle grafts within the damaged cardiac tissue, which at the
time was considered a success.

3.1
Overview of Preclinical Data

In 1998, we demonstrated for the first time that engraftment of SKMBs into
injured myocardium improved LV function and attenuated remodeling (Taylor
et al. 1998). In that study, SKMBs improved thecontractilityof scarredsegments
of the heart without strict differentiation into cardiomyocytes. Rather, SKMBs
yielded myogenin-positive SKMB-like cells (situated in the center of the scar)
andmyogenin-negativemoreprimitive cardiacmuscle-like cells (foundaround
the scar periphery) (Atkins et al. 1999c). The transplanted SKMBs adapted
to the surrounding myocardium by forming myofibers that were electrically
isolated from host cardiomyocytes and yet improved LV performance (Atkins
et al. 1999a).

However, the mechanism(s) of that improvement presented a puzzle that
remains unresolved. Numerous pathways have been suggested, from modu-
lation of LV wall stress to active contraction of the injected cells (Ott and
Taylor 2006). It is more likely that the improvement of LV function comes
from a combination of both a direct effect of the transplanted cells on LV
geometry and performance, and a “paracrine” effect of exogenous cells on LV
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remodeling and angiogenesis (Van Den Bos and Taylor 2003). Because these
mechanisms are still not fully understood, there is a considerable variance
of opinion with regards to the long-term effect of SKMB transplantation: do
autologous myoblasts improve contractility or only prevent further deteriora-
tion of the injured myocardial segments? Whether SKMBs are better or worse
than other cells to do the former or the latter may not matter, as both SKMBs
and BMNCs could be beneficial in patients with HF. It could, however, have
implications for the timing of cell therapy. Preclinical data substantiate the
claims that autologous SKMBs improve both diastolic and systolic myocardial
performance after both acute and chronic injury (Agbulut et al. 2004; Fuchs
et al. 2001; Hiasa et al. 2004; Horackova et al. 2004; Hutcheson et al. 2000; Ohno
et al. 2003; Ott et al. 2004, 2006; Taylor et al. 1998; Thompson et al. 2003).

3.2
Initial Clinical Experience

The advantages of autologous SKMBs in CVD/HF extend beyond benefits ob-
served in animal models. Their autologous nature (Koh et al. 1993) overcomes
the two major limitations of cardiac transplantation in CVD: a shortage of
donor tissue and the complexities of immunosuppression. Their capacity for
myogenesis increases the likelihood of improved contractility. Finally, their
relatively high resistance to ischemia may be crucial for survival in infarcted
regions, where ischemia dominates (Reffelmann et al. 2003).

The first observational clinical study using cell therapy to treat CVD was
initiated by Menasche and colleagues (2003) in 2000. In this trial, an average
of 871×106 cells (at least 85% SKMBs) was injected into a nonrevascularizable
LV segment as an adjunct to coronary artery bypass grafting (CABG). Signif-
icant improvements in LV ejection fraction (EF) and regional wall thickening
in the treated segments were observed, suggesting anti-remodeling effects of
SKMBs. More recently, Dib et al. (2005) administered SKMBs concurrently with
CABG, or as an adjunct to an LV assist device (LVAD) implanted as a bridge
to transplantation. Following the combined (with cells) procedure, myocardial
perfusion improved and LVEF increased. Several explanted hearts were exam-
ined post-LVAD at the time of cardiac transplantation, and engrafted SKMBs
were seen in 4 of the 5 specimens within the infarcted regions. In another clin-
ical study, a lower dose of SKMBs (mean of 196×106) was injected—as a sole
therapy—into infarcted myocardium [via a catheter system capable of percu-
taneous transluminal non-fluoroscopic LV electromechanical mapping—e.g.,
NOGA system (Biosense Webster, Inc., California, USA)]) yielding improved
regional wall motion and a mildly increased LVEF over 3–6 months (Smits
et al. 2003). Data continue to emerge (Chachques et al. 2004; Gavira et al. 2006;
Herreros et al. 2003; Ince et al. 2004; Siminiak et al. 2004, 2005; Table 1) show-
ing that SKMBs can be delivered in the context of HF (reduced LVEF, ongoing
ischemia, neurohormonal activation, potential hemodynamic instability, risk
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of arrhythmias, etc.) and not only survive within the infarcted regions of my-
ocardium, but most importantly attenuate LV remodeling (Pagani et al. 2003).
The degree of functional improvement may not only depend on the baseline
LVEF, but also on the route of delivery. Overall, patients who received SKMBs as
an adjunct to CABG demonstrated a mean increase in LVEF ranging from 6% to
18%, while those who received the cells without the concomitant surgical pro-
cedure showed 6% to 24% improvement. However, upon a close examination
of the data, it is apparent that in those patients whose baseline LVEF is quite
low (mean of 24%), the presence or absence of CABG may not matter clinically
because of the predominance of irreversibly damaged myocytes, scar, or both.
With higher baseline LVEFs (around 35%), CABG could increase blood flow
and augment tissue perfusion to improve engraftment so that a larger propor-
tion of cells would contribute to repair. A comparison of patients’ treatment
regimens and the extent of revascularization of the cell-treated area should of-
fer insights into of whether or not the differences in outcome simply represent
variations in the use of SKMBs or geographical and institutional differences in
the treatment of HF.

3.3
Important Issues of SKMB Transplantation to Be Resolved

3.3.1
Expansion of Cells

The first hurdle associated with any autologous cells is the need for cell expan-
sion in the clinical setting. This process necessitates a sufficient time between
injury, harvest of cells, and therapeutic application. In many patients (as well
as healthy donors), this window of time ranges from several days to several
weeks, which does not seem to pose a problem in the context of chronic injury
(typical for HF). However, in the case of AMI, a treatment without delay may
be significantly more beneficial than a postponed intervention with regards
to its effects on the acutely ischemic area. Therefore, alternative cells could
be employed, such as BMNCs, or—if myoblasts are truly superior—allogeneic
cells from a healthy appropriately matched donor may offer a solution. Ran-
domized studies comparing SKMBs and BMNCs in this context would bring
substantial clarity to this issue.

3.3.2
Risk of Arrhythmias

The reports of electrical adverse events in patients after autologous SKMB
transplantation have generated broad skepticism within the clinical commu-
nity about the safetyof thispotential treatmentoption.Despite theappropriate-
ness of these concerns, these events should be placed in the pathophysiological
context of systolic HF, where arrhythmias are inherent to the disease process
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(Moss 2003). In fact, many of the patients in recent trials (Table 1) met the
Multicenter Automatic Defibrillator Implantation Trial (MADIT)-II and now
Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT) criteria (Mark et al.
2006; Moss et al. 2002), which were presented after those cell therapy trials had
begun. These criteria suggest that patients with systolic HF of ischemic etiol-
ogy (post-AMI) with LVEF less than or equal to 30%–35% may significantly
benefit from ICDs in terms of survival, as these devices are highly successful
in terminating lethal arrhythmias. Whether SKMBs augmented arrhythmoge-
nesis in these patients is difficult to discern. Dib and colleagues (2005) have
not reported a dramatically increased incidence of electrical instability after
SKMBadministration. In fact, therewereonly 2patientswithventricular tachy-
cardia (VT) post-cell transplantation with no clear-cut connection to cellular
cardiomyoplasty. Specifically, 1 patient displayed a VT of ischemic etiology (at-
tributable to stenoses of the bypass grafts), and another patient displayed VT,
bigeminy, and junctional rhythm—all of which disappeared after discontinu-
ation of digoxin and initiation and up-titration of carvedilol. Supplementation
with low-dose amiodarone has shown beneficial effects: a reduction of VT
from 40% to 10% (Siminiak et al. 2004, 2005). It is also possible that some of
the patients that exhibited arrhythmogenesis could have had a suboptimally
treated HF.

Alternatively, arrhythmias as much may have been avoided in more recent
studies as a result of the shift in clinical practice owing to low-dose amiodarone
and the inclusion of patients who met the MADIT-II and SCD-HeFT criteria
and had already received ICDs. However, this strategy may be problematic in
terms of quantifying efficacy of cell-based treatments. In currently published
studies (Table 1), patients with a mean baseline LVEF of 30% or lower exhibited
symptomatic benefits following the SKMB procedure, but the anti-remodeling
effects were not as pronounced as in patients whose LVEF were in the 30%
to 40% range. The case might very well be that the patients who are eligible
for an ICD under the MADIT-II or SCD-HeFT criteria may have a degree of
injury too large to be repaired by SKMBs any other cell type, or the ischemic
process (or both) and the chronic downregulation of blood flow could create
conditions that are relatively harsh for transplanted cells to survive, even taking
into consideration that SKMBs are considered relatively resistant to ischemia.

The presence of arrhythmias highlights another potential limitation to cell-
based therapy: the unclear (so far) ability of any transplanted cells to electri-
cally integrate with native tissue (Abraham et al. 2005). Because SKMBs are the
best-studied and most myogenic cell type, more experience exists with these
cells than others. Scorsin et al. (2000) did not observe any electrical integration
of myoblasts preclinically. Similarly, Suzuki and co-authors (2001) reported
that in the absence of connexin-43 overexpression, SKMBs did not couple
very well with surrounding myocardium but the treated area synchronously
contracted with surrounding tissue and contributed to overall cardiac per-
formance. Our group has reported similar findings (Thompson et al. 2003).
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So is coupling important? Are connexin-43 and N-cadherin (Reinecke et al.
2000, 2002) the only requirements for electrical coupling of cells? Or does
the coupling involve additional specific molecular factors? To what extent is
electrical integration of the graft with the surrounding myocardium related to
the function of the myocardial segment? Some answers to these questions are
emerging, but more research on mechanistic insights into this process is much
needed. In this regard, Marban’s group had made progress on antiarrhyth-
mic engineering of SKMBs by genetically modifying SKMBs to express gap
junctions (and connexin 43) (Abraham et al. 2005). Interestingly, cocultures
of human SKMBs with rat cardiomyocytes produced spiral reentry waves—
similar to VT/ventricular fibrillation in humans—that were terminated by
nitrendipine, L-type Ca2+ channel blocker, but not by lidocaine (standard
treatment for reentry). The genetically modified SKMBs had a much higher
proportion of cells that did not exhibit arrhythmias in culture. Therefore, there
is much to be learned with regards to mechanisms of arrhythmias after cell
transplantation.

3.3.3
Location of Transplantation: Does It Matter?

The location of transplanted cells (center of scar or its periphery), the homo-
geneity of the scar and its contractile properties relative to the border zone,
the environment of the scar and the border zone, and the number of cells en-
grafted play major roles in electrical outcome. However, we have yet to dissect
the variables involved and to assign primary and secondary order of impor-
tance. For example, there are data showing increased incidence of arrhythmias
in animals who receive SKMBs into the border zone versus the center of the
infarct (Atkins et al. 1999a, b), and there are preliminary observations showing
the exact opposite (J. McCue, C. Swingen, T. Feldberg, C. Caron, S. Prabhu, R.
Motillal, D.A. Taylor, unpublished data).

Notwithstanding the heterogeneity of the data, the importance of location
in terms of functional outcome has recently been highlighted by several studies
where delivery of cells into revascularized versus nonrevascularized scar aug-
mentedoutcome.Morerecently,Ott et al.demonstrated that thecloseproximity
of small injections of transplanted SKMBs (microdepots) led to a more uniform
contractile improvement compared with larger volume injections with greater
distances from each other (macrodepots), likely due to lesser environmental
stress per cell and possibly paracrine influences (Ott et al. 2005a). Recently, we
have developed several approaches to increase the ability to direct cell delivery
to specific locations. First, we developed a thoracoscopic approach (Thompson
et al. 2004), and more recently a robotic approach (Ott et al. 2006). Specifically,
SKMBs have been transplanted into the embolization-induced HF myocardium
using the da Vinci robotic system (Ott et al. 2006). A high degree of precision
has been reached in the placement of the cells into apical, anterior, and lateral
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segments. LVEF, wall thickening, regional wall motion, and LV end-diastolic
volume have improved following the procedure as demonstrated by magnetic
resonance imaging (MRI). This approach may bring better outcomes due to
a higher capacity to control the placement of the cells in a hypo/akinetic versus
dyskinetic myocardium. Clearly, the location of SKMB transplantation into the
myocardium does matter. As more preclinical and clinical studies emerge, we
will be moving closer to a more complete understanding of why cell location
matters from a mechanistic standpoint.

3.3.4
Role of the Environment

The environment of the infarcted myocardium consists of the border zone
with viable or partially viable cells and a scarred center. These two areas have
distinctly different oxygen concentrations, which are primarily dependant on
the blood flow. The border zone and the scar also possess different diffusion
characteristics. Recent experiments from our group (B.H. Davis, T. Schroeder,
M.D. Dewhirst, K. Olbrich, D.A. Taylor, unpublished data) performed in C2C12
myoblasts placed in an artificial three-dimensional infarction construct have
shown that the survival of transplanted cells decreased toward the center of
the scar, where the milieu becomes more ischemic (Fig. 1). Availability of
oxygen remains one of the main limiting factors in cell survival, even with
SKMBs that are believed to be relatively ischemia-resistant. An attempt to im-
prove cell survival by increasing available glucose did not rescue the cells from
hypoxia-induced apoptosis. However, improving biochemical alterations (such
as amino acids) may have a better impact on cell viability rather than blood
flow alone. In this regard, glutamine deprivation reduced oxygen consumption
rate (OCR) in the myoblasts within the infarct (Fig. 1). The myoblasts with re-
duced OCR survived better in an ischemic milieu because of increased oxygen
penetration depth. Together, these observations suggest that submersion of
cells into the glutamine-free media could improve survival. Alternatively, glu-
tamine antagonists could be used to pretreat the cells prior to transplantation.
Unfortunately, the use of glutamine antagonists in patients to precondition the
ischemic myocardial tissue is not a viable option due to a high rate of central
nervous system toxicity (lethargy, confusion, and decreased mental status)
(Hidalgo et al. 1998), an adverse reactions profile that would not be suit-
able for CVD patients undergoing cell therapy. However, treating cells in vitro
could overcome these limitations. Esterified l-cysteine-S-N-methylcarbamate,
which showed reduction of glutamine concentration in several tumors, could
also be potentially examined as an adjunct glutamine reducer in SKMB media
(Jayaram et al. 1990).
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3.3.5
Inflammation and SKMBs

Inflammation is likely a cue for endogenous recruitment and repair. Cytokines
and inflammatory mediators may also be important in the survival of cells.
More than half of HF patients have atherosclerosis (Thom et al. 2006), which
has now been established as an inflammatory disease (Hansson 2005). As cy-
tokines mediate inflammatory responses and are largely responsible for the
progression of atherosclerotic plaque (Hansson 2005), they could also nega-
tively affect SKMB survival, most likely either via upregulation of NF-κB or
downregulation of Akt (Tan et al. 2006). A considerable amount of work needs
to be done to understand the interactions of SKMBs (or any transplanted cell
type) with proinflammatory factors and the importance of those interactions in
relationship to outcome. So far, it is unclear if cytokines that increase smooth
muscle cell proliferation in atherosclerosis, such as interleukin (IL)-10 and
IL-18 (Raines and Ferri 2005), would impact cells’ fate, and whether mono-
cyte chemoattractant protein (MCP)-1, IL-1β, fractalkine, interferon (IFN)-γ
and/or stromal-derived factor (SDF)-1α participate in cell survival.

3.3.6
Autologous Versus Allogeneic Cells

As the development of therapeutic SKMB transplantation continues, the use
of allogeneic (instead of autologous) cells may advance into clinical studies.
The main reason for the use of allogeneic cells is the availability of an off-shelf
product with known potency and defined characteristics. These factors are
likely to be important both for use in an acute injury setting and in patients

�
Fig. 1a–c a Penetration depth of oxygen (solid black bars) and glucose (ascending bars)
in a tissue-engineered construct seeded with primary SKMBs. Oxygen (55 mmHg) and
glucose (5 mM) concentrations at the surface of the gel were designed to approximate values
seen proximal to capillaries in mature myocardial tissue. As seen in this panel, oxygen
concentration drops to zero in a fraction of the distance of glucose, indicating that oxygen
(and not glucose) may be the limiting factor for survival of transplanted SKMBs. b Oxygen
penetration depth in tissue-engineered constructs seeded with primary SKMBs maintained
in control conditions (solid black bars) (5 mM glucose and 4 mM glutamine at the construct
surface), high glucose conditions (ascending bars) (20 mM glucose and 4 mM glutamine
at the construct surface), and glutamine deprivation conditions (gray bars) (5 mM glucose
and 0.05 mM glutamine at the construct surface). As shown in this panel, constructs under
glutamine deprivation allowed oxygen to penetrate much deeper into the constructs. c Cell
survival in constructs described in panel b as measured by nitro blue tetrazolium chloride
(NBT) staining. Cell survival was statistically equal (p=0.589) under control (solid bars)
and high glucose conditions (ascending bars). Cell survival was significantly increased
in constructs under maintained glutamine deprivation by 1,500 µm depth (*, p=0.009).
Improved viability was secondary to improved oxygen penetration
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with advanced HF, where SKMBs have been subjected to a prolonged period of
stress: globally reduced cardiac output, alterations in levels of oxygen, amino
acids and other metabolites, neurohormonal activation, etc. These cells are
likely to be suboptimal and may potentially offer less functional benefits. In
this regard, important progress has been made by Skuk et al. who have car-
ried out allogeneic SKMB transplantation in nonhuman primates (Skuk et al.
2002). Obviously, the use of allogeneic cells will require carefully optimized
immunosuppression. The bad news is that HF patients are already receiving
extensive pharmacological regimens, and therefore, additional medications
could impose the risks of drug interactions and synergistic adverse reactions.
The good news is that immunomodulatory strategies are being actively ex-
plored, and so far the combination of tacrolimus and mycophenolate mofetil
has been able to achieve efficient immunosuppression with reduced side effects
following allogeneic SKMB transplantation. We can also learn from allogeneic
myoblast transplantation in Duchenne muscular dystrophy (Camirand et al.
2004), where insights into SKMB survival and transplant tolerance will deter-
mine the potential of the use of allogeneic SKMBs in patients with CVD.

3.4
Latest Information

TheMyoblastAutologousGrafting in IschemicCardiomyopathy (MAGIC) trial,
a phase II randomized clinical trial to examine the efficacy and safety of CABG
plus SKMBs versus CABG alone in approximately 300 patients in North Amer-
ica and Europe, has been recently reported at the Scientific Sessions of the
American Heart Association in November 2006 (Menasche 2006). The trial was
halted in the first part of 2006 because the design of the trial was no longer con-
sidered state-of-the-art (as the number of CABG cases declined), and recruit-
ment fell much below projected targets. France, Belgium, the United Kingdom,
Germany, Italy, and other European countries actively participated in this trial.

The inclusioncriteriawereLVEFbetween15%and35%,andahistoryofAMI
prior to screening with residual akinesia, affecting at least three contiguous LV
segments, that was unresponsive to administration of dobutamine. In addition,
patients had to have a clinical indication for CABG. This trial utilized two doses
of SKMBs: a mean of 400×106 and 800×106 cells. The cells were harvested and
expanded under guidelines Good Manufacturing Practice in Paris, France,
and Cambridge, MA, USA, achieving viabilities of 95% and a purity of 89%.
Thirty patients received high dose of SKMBs, 33 received the low-dose, and
34 a placebo. CABG was performed in noncell-transplanted LV segments in
all patients who received cell therapy, and the mean cross-clamp time ranged
from 59 to 64 min without significant differences between the three groups.

Kaplan-Meier analysis of survival free of major adverse cardiac events
(MACE) showed no differences between high-dose and placebo and low-dose
versus placebo at 30 days and 6 months following the procedure (p=0.12 and
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0.87 for the high-dose group and p=0.43 and 0.09 for the low-dose group,
respectively). MACE curves separated early in the course of follow-up (at
1 month), although the trial was not powered to detect these differences statis-
tically. Nevertheless, patients in the high-dose SKMB group appeared to have
survived equivalently or slightly better compared to placebo, indicating no
increase in MACE attributable to SKMB transplantation. Time to first ventric-
ular arrhythmia was not different among the three groups at both 30 days and
6 months (p=0.30 and 0.12 for the high-dose group, and p=0.20 and 0.23 for
the low-dose group). These data appear to significantly decrease if not dissolve
concerns about potential augmentation of arrhythmogenesis with SKMBs.

Importantly, administration of high-dose SKMBs reduced LV end-diastolic
volume by the mean of 23 ml (range: −42 to 0 ml), p=0.006, and decreased LV
systolic volume by the mean of 18 ml (−34–6.0 ml), p=0.008 versus placebo.
These changes translated into a mean 3.0% change in LVEF (3.0–14.0), p=0.04
compared with the placebo group. Of course, the limitations of this trial are
in the small number of patients, relatively short length of follow-up, and the
inability to perform MRI for a more precise quantification (versus echocardio-
graphy) of the anti-remodeling effects of SKMB therapy. Another important
remark is that no patient in either the low- or high-dose group exhibited overt
acute HF.

Overall, the MAGIC trial showed that SKMB administration has favorable ef-
fects on the LV remodeling process, which is the culprit of HF progression. This
outcome was achieved without compromising safety of patients. The results of
the MAGIC trial in conjunction with earlier studies in the United States and Eu-
rope suggest, at the very least, that SKMBs deserve a more in-depth evaluation.

In summary, autologous SKMB administration for patients with HF has
the potential of being a relatively efficacious treatment, if such holds true
in definitive phase III trials. The results of the MAGIC trial have certainly
brought back the enthusiasm for SKMB-based repair of myocardial damage
and the possibility of SKMB therapy being a part of the treatment paradigm
in patients with HF. The role of SKMBs in the treatment of AMI remains to be
determined.

4
Bone Marrow Mononuclear Cells: Recent Studies Show Positive Effects
in Ischemic Injury

BMNCs have received attention recently following presentation of the latest
clinical trials showing reduction in a composite endpoint of death, recur-
rence of myocardial infarction and revascularization in patients post-AMI
(Schachinger et al. 2006b). In the past bone marrow cells were thought to give
rise only to hematopoietic cells. We now serow that BMNCs are a heteroge-
neous population of hematopoietic precursors, containing endothelial pro-



132 A. G. Zenovich et al.

genitor cells (EPCs) and their subsets (e.g., AC 133+, or VEGF R2+, or CD34+

progenitors), mesenchymal stem cells (MSCs), and multiple other popula-
tions including monocyte precursors, T and B cell precursors, CD14 cells, etc.
(Saulnier et al. 2005; Verfaillie et al. 2003). Similar cell populations have been
isolated from umbilical cord bloodw (Zhai et al. 2004). As these cell types show
satisfactory results in treatment of AMI, several aspects merit a discussion.

4.1
Bone Marrow Mononuclear Cells: Brief Overview

Several BMNCs populations have been targeted for cardiac repair. These in-
clude c-kit+ cells, EPCs, mixed BMNC fractions, and other subsets. At issue is
their potential for cardiac-related angiogenesis and myogenesis. Bone marrow-
derived progenitors by their nature respond to the microenvironment and
develop a correspondent phenotype (Orlic et al. 2001). The differentiation of
BMNCs into cardiomyocyte-like cells has been demonstrated (Makino et al.
1999; Pittenger et al. 1999). Tomita et al. have substantiated that finding show-
ing that BMNCs transplanted into cryoinjured myocardium differentiate into
myogenic cells expressing myosin heavy chain and troponin I—hallmarks of
muscle cells (Tomita et al. 1999). Therapeutic agents, such as dexamethasone
(Grigoriadis et al. 1988) and 5-azacytidine (Wakitani et al. 1995), accelerated
the formation of myotube-like structures in vitro, and the cells then started
beating spontaneously. Wang and colleagues (2000) demonstrated differentia-
tion of BMNCs (in the environment of a normal myocardium) into cardiomy-
ocytes that contained not only myosin heavy chain but also gap junctions.
Orlic and coauthors confirmed that a BMNC population (lin− c-kit+ cells)
could repair myocardial scar when delivered subcutaneously together with
granulocyte-colony stimulating factor (Orlic et al. 2001). Other cell popula-
tions isolated from BMNCs also achieved positive results (i.e., reduction of
LV remodeling and lessening the degree of cardiomyocyte apoptosis) (Kocher
et al. 2001). In that regard, our group has also shown that when injected into the
center and the peripheral regions of the scar, some BMNCs differentiated into
striated muscle and improved LV function (Thompson et al. 2003). Whether
BMNC populations do or do not produce functioning cardiomyocytes may
not be clinically relevant, as Murry et al. (2004) have shown that lin− c-kit+

cells did not produce cardiomyocytes after transplantation into the ischemic
myocardium, but instead differentiated into hematopoietic cells; however, de-
spite the lack of differentiation into cardiomyocytes, these cells did prevent
LV remodeling. These and other (Jackson et al. 2001) findings indicated that
bone marrow administration may deliver beneficial results when transplanted
into a patient with CVD, without ethical dilemmas associated with the use of
embryonic progenitors. Moreover, the techniques of collection and expansion
of bone marrow cells have been established because of the use of bone marrow
transplantation in hematology and oncology as a therapeutic procedure.



Intracardiac Cell Transplantation 133

4.2
Endothelial Progenitor Cells

EPCs are bone marrow-derived cells that express CD133 (AC133), CD34, and
vascular endothelial growth factor (VEGF)-R2 (KDR) markers on their surface
at various times in their maturation process. EPCs are considered to play an
important role in maintaining vascular integrity and mediating angiogenesis
(Hill et al. 2003; Kalka et al. 2000). Recent data have shown associative evidence
between the quantity and function of circulating EPCs and the risk for CVD.
For example, the number and the functional capacity of CD34+KDR+ EPCs was
inversely related to the level of risk for CVD in 519 patients and also correlated
with a composite measure of events (AMI, hospitalization, revascularization,
or CVD-related death) at follow-up after adjustments for age, gender, and
other risk factors and covariates (Hill et al. 2003; Werner et al. 2005). Event-
free survival increased proportionately to the baseline level of EPCs. Fadini
et al. showed that the same population of EPCs was an independent predic-
tor of early atherosclerosis measured by carotid intima-media thickness in
137 subjects (Fadini et al. 2006). However, we believe that the risk for CVD
could be better reflected by a combined assessment of several BMNC-derived,
EPC-related populations—“reparative” (such as CD34+, AC133+ EPCs) and
“pro-inflammatory” (such as CD45+, CD14+, and CD3+, and the like) cells.
Our group recently showed that a reduction in CD31+CD45− vascular progen-
itor cells, thought to be related to EPCs, is associated with aging and disease
state in the mouse ApoE−/− model of atherosclerosis (Rauscher et al. 2003). In
our hands, the delivery of functionally viable cells could prevent the progres-
sion of atherosclerosis and reduce inflammation, as reflected by decreasing
circulating IL-6.

Recent research has shown that the number of circulating EPCs is increased
in patients following AMI, most likely representing an attempt for endogenous
repair (Shintani et al. 2001). EPCs are presumed to be mobilized by the is-
chemic damage in the heart (and other tissues) and migrate to damaged areas
to induce neovascularization. When EPCs were injected into the rats tail vein
or LV cavity after a period of ischemia, more than a twofold increase in the
homing of infused EPCs was observed when compared to animals undergoing
sham surgery (Aicher et al. 2003). LV dimensions, fractional shortening, and
regional wall motion improved only in rats that received EPCs and not in the
controls (Kawamoto et al. 2001). It is likely that the improvements seen in
part depended on increased myocardial perfusion and decreased inflamma-
tion following administration of EPCs. Indeed, after an intravenous infusion
of EPCs into an infarcted region, a marked increase in capillary density in
the infarcted area and its borders occurred (Kocher et al. 2001). That effect
has been attributed to a combination of vasculogenesis and angiogenesis, and
several paracrine properties have recently been attributed to these cells (Kin-
naird et al. 2004), although the mechanism of these beneficial action on the
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ischemic myocardium remain to be investigated. Currently, CD34+ cells are
being evaluated for effects in patients with refractory angina, chronic ischemia,
and intermittent claudication.

4.3
Mesenchymal Stem Cells

MSCs are multipotent progenitors derived from the marrow stroma. These
cells are negative for the CD34+ marker that is characteristic of EPCs, but ex-
press a series of other distinguishing markers, such as CD29, CD44, CD71,
CD90, CD105, CD106, CD120a, CD124, and Src homology domains (SH)
(Haynesworth et al. 1992; Pittenger and Martin 2004). MSCs can differenti-
ate into most cell types of mesodermal origin including fat, bone, cartilage,
and skeletal muscle precursors (Jiang et al. 2002). There is also conflicting
evidence on the capacity of MSCs to differentiate into cardiomyocyte-like and
endothelial cells after intramyocardial injections (Kawada et al. 2004; Shake
et al. 2002; Toma et al. 2002). The prevailing thought is that such differentiation
can only happen when these cells are in contact with native cardiomyocytes
and does not happen within the scar (Strauer et al. 2002), where instead cells
can give rise to other mesodermal cells including fibroblasts, osteoblasts, chon-
drocytes, and adipocytes. If this holds true, the optimal time for therapeutic
MSC administration is more likely to be from early after injury (within days),
when surviving cardiomyocytes are still present in the infarcted territory, than
when the scar has fully matured. Functionally, MSCs engraft in relatively high
numbers, and appear to increase neovascularization and improve regional con-
tractility anddiastolic function (Schuster et al. 2004). Several other studieshave
suggested that MSCs can home to sites of injury following injection into the
coronary or peripheral vasculature, reduce the size of the infarcted territory,
and restore functional characteristics of the injured myocardium (Amado et al.
2005; Bittira et al. 2003; Strauer et al. 2002). However, it has also been reported
that intracoronary administration of MSCs can cause microinfarctions and
induce damage of otherwise healthy myocardium (Vulliet et al. 2004). These
safety aspects need to be carefully evaluated in the ongoing clinical trials.

MSCs are the only allogeneic progenitor population in clinical trials for
treatment of CVD. Recently, MSCs have been defined as “immunoprivileged”
(Amado et al. 2005; Jiang et al. 2005) because they do not express MHC-class II
and B-7 molecules, which prevents their engaging in the usual T cell responses
to produce soluble mediators of rejection (Zimmet and Hare 2005). Although
a certain degree of skepticism about that fact remains, such a property def-
initely increases the attractiveness of these cells for future clinical use. Ob-
serving functional improvement of the myocardium with an off-the-shelf cell
that lacks negative immunological effects could accelerate the development of
a commercial cell therapy product. However, whether MSCs are going to hold
up to their promise in clinical studies remains to be seen. A safety/feasibility
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study is underway, and the early data appear promising, but whether MSCs will
equal or outperform any other cell type remains to be seen. A recent preclinical
study fromourgroupsuggests thatMSCsandSKMBsboth improve functionaf-
ter ischemia-induced cardiac injury to a similar degree (Thompson et al. 2003).

4.4
Cardiac Progenitor Cells

Recently, several undifferentiated cell populations have been isolated from
neonatal and acutely infarcted, failing hearts by their expression of c-kit,
multidrug resistant gene (MRD)-1, isl-1, or sca-1 stem cell markers and by
concomitant lack of expression of hematopoietic markers (Anversa and Nadal-
Ginard 2002; Oh et al. 2003; Urbanek et al. 2005). Interestingly, the number of
some these cells was increased after AMI, but was very low in failing hearts,
suggesting that these cells take part in ongoing minor repair, which becomes
insufficient in HF (Beltrami et al. 2001). Mouquet et al. have recently identi-
fied a similar side population within the bone marrow (Mouquet et al. 2005).
More recently, we have isolated an upstream progenitor population in neonatal
and adult hearts, which appears to give rise to these downstream (more ma-
ture) cardiac progenitor populations. These stage-specific embryonic antigen-
1-positive uncommitted cardiac progenitor cells (UPCs) could be expanded in
vitro and differentiated down myocyte, smooth muscle, and endothelial cell
pathways (Ott et al. 2007). To date, methods for harvest, expansion, and in vitro
growth of all cardiac progenitor cell (CPC) populations are limited. Smith and
colleagues demonstrated that CPCs could be isolated from biopsy specimens
obtained from humans and grown under in vitro conditions (Smith et al. 2005).
We have shown that we can expand UPCs to large numbers in vitro over several
weeks, providing numbers sufficient for cardiac repair (Ott et al. 2007).

Functional repair is the ultimate aim of cell therapy and should at least
theoretically be best initiated with cardiac-derived cells. We have recently
shown that expanded UPCs were capable of functional repair when injected
into infarcted rat heart at 2 weeks following the ligation of the left anterior
descending artery (Ott et al. 2005b). LVEF improved in the treated animals
(baseline: 34.8±4.2%, week 5:56.5±6.5%, p=0.001), and, as expected, decreased
in control animals (baseline: 36.5±3.7%, week 5:28.2±3.8%, p<0.001). Overall,
LV remodeling was attenuated in UPC-treated animals compared to controls.
At follow-up, maximal +dP/dt was higher in UPC-treated animals and the re-
laxation time was shorter compared with controls. As predicted by the hemo-
dynamic improvement and positive anti-remodeling effects, the infarct size
was reduced with UPCs. Engraftment of UPCs within scars was histologically
verified (Ott et al. 2005b). Similarly to the UPC population, c-kit+ cells are
involved in repair after being injected into an ischemic myocardium (Bel-
trami et al. 2003). Endogenous Sca-1+ CPCs possess the ability to differentiate
into functional cardiomyocytes (Oh et al. 2003). And when isl-1+ cells were
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co-cultured with neonatal cardiomyocytes, those cells were able to electri-
cally integrate with the myocardial cells in vitro by forming gap junctions
(Laugwitz et al. 2005).

Overall, the biology of CPCs and their capacity for repair are creating
interest, and the results of preclinical use are intriguing. It is possible that
future of cardiac repair may involve endogenous mobilization or recruitment
of these cells.

4.5
Clinical Studies

Trials performed to date (Table 2) have focused on the use of BMNCs, EPCs,
MSCs, and cardiac-derived progenitor cells (CPCs) for a broad range of CVD—
from advanced coronary atherosclerosis to end-stage HF. As shown in Table 2,
the outcomes of clinical studies are quite divergent—from no effect on pa-
tients’ symptoms and/or objective measures of LV performance to a reduction
of CVD-related events at follow-up. Whether this discrepancy represents a dif-
ference indisease context (advancedatheroscleroticCVDversusacute ischemic
insult versus chronic downregulation of blood flow and contractility), patient
population, cell type, and dose or some other factors remains to be resolved.

Overall, the data on the use of BMNCs in advanced atherosclerotic disease,
AMI and ST-elevation myocardial infarction (STEMI) to date are encouraging.
Although a small number of patients with advanced atherosclerosis (and no
AMI or HF) have been studied (Tse et al. 2003, 2006), cell therapy substantially
reduced anginal episodes per week to an extent that appears greater than the
reduction seen with ranolazine, a new antianginal agent (Chaitman 2006). The
improvement in symptomatology with BMNCs correlated with increased my-
ocardial perfusion. Unfortunately, BMNCs in the context of reperfused and/or
stented AMI were not as beneficial. Although a trend toward a reduction in
the size of the infarcted area was observed, no functional improvement was
gained (Lunde et al. 2006). This apparent lack of a positive effect might have
occurred due to an efficient reperfusion and prompt restoration of coronary
flow that precluded the potential for BMNC-based repair (Kuethe et al. 2004).
When reperfusion and stenting were not uniformly utilized, BMNCs and other
cell types (AC133+ EPCs and MSCs) improved myocardial viability (or reduced
infarct size), wall motion, coronary flow, and LVEF. However, some disappoint-
ments taint the otherwise bright picture: (1) compared to BMNCs, CPCs did
not perform very well, and (2) several patients who received AC133+ EPCs
showed either restenosis or de novo lesions. Whether the cells were the pri-
mary suspects or innocent bystanders is quite difficult to discern from the
small number of patients studied (Bartunek et al. 2005). It is possible that the
success of BMNCs lies in the administration of unfractionated cells, which then
allows for the cell–cell and cell–tissue signaling interactions in vivo (the extent
of which are not entirely known at this time) that are otherwise absent when
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an isolated cell population is administered. In other words, unfractionated
BMNCs have both mature and immature EPCs along with other progenitors,
and it is quite possible that a combination of these cells may be the best choice,
although specific CPC populations have not been clinically tested.

The REPAIR-AMI (Schachinger et al. 2006b) study highlighted several im-
portant aspects with regards to efficacy of cell therapy. First, administration of
the mean number of 236×106 BMNCs in patients with ST-elevation myocardial
infarction resulted in a higher event-free survival at 1 year than patients who
received placebo. That was the first randomized study showing that exogenous
BMNCs do in fact participate in tissue repair and can withstand the rigorous
test of clinically driven endpoints, at least in a phase II study. Second, it is
becoming apparent that there needs to be a sufficient degree of tissue injury
for the cells to show efficacy. For instance, in the REPAIR-AMI study, those
patients that had a baseline LVEF at 48.5% or lower benefited the most from
BMNCs, and those above this cut-off showed little or no benefit.

Unfortunately, despite the best efforts to reduce the progression of the
pathophysiological process post-AMI, up to 50% of patients manifest symp-
tomatic HF by year 7 post-AMI (Abbate et al. 2006; Miller and Missov 2001).
HF notwithstanding, refractory angina is a growing problem post-AMI, with
approximately 20% of patients remaining symptomatic despite best efforts
to tailor pharmacological therapy and interventional approaches (Yang et al.
2004). BMNCs have exhibited a considerable improvement of symptomatic
status and functional outcomes in the latter group, which persisted at 1 year
follow-up. The reduction of anginal episodes was paralleled by increased exer-
cise treadmill time and improved myocardial perfusion. In the former group
(HF), successes of BMNCs varied, most likely dependent on the baseline LVEF
and, quite possibly, on the delivery technique. Clearly, patients enjoyed a reduc-
tion of shortness of breath, angina, and other symptoms; however, the effect
on LV contractility was not always very pronounced. Possibly, administration
of cells can prevent HF from worsening, at least for a period of time. The
data from Silva et al. (2004) showing delisting of patients from transplantation
because of the increase in exercise capacity, albeit in a very small number of
patients, supports these beneficial effects on BMNCs in HF. The TOPCARE-HF
and BOOST-2 studies have been initiated to gain a more systematic insight
into the response of the myocardium to BMNCs, when HF pathophysiology
predominates. Given the reduced number and migratory capacity of EPCs
shown in preclinical studies and the deficits in EPC quantity seen in patients
with advanced CVD and HF (Werner et al. 2005), it will be interesting to see
if BMNCs are capable of improving cardiac function or if the HF milieu only
allows ischemia-resistant cells, such as SKMBs or MSCs, to survive. So far,
unlike in the SKMB trials, symptomatic and functional improvements in HF
patients treated with BMNCs occurred without the additional burden of elec-
trical events. These large trials will provide more data to definitively answer
the question of safety with BMNCs.
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BMNCs, CPCs, and AC133+ cells have been given intracoronarily and as an
adjunct to CABG with granulocyte colony-stimulating factor (filgrastim and
PEG-filgrastim) mostly in the context of safety and feasibility studies. These
studies have been reviewed elsewhere (Boyle et al. 2006; Korbling et al. 2003).

4.6
Umbilical Cord Blood Cells

A relatively new source for progenitor cells is umbilical cord blood, which con-
tains fetal-derived populations identical to those found in bone marrow (Erices
et al. 2000). Umbilical cord blood cells (UCBCs) are easily obtained, albeit not
in large volumes, have the potential to develop into multiple lineages, do not
pose as many ethical questions as embryonic cells, and are less immunogenic
than allogeneic bone marrow counterparts, which means a larger proportion
of the population could receive cells from appropriately matched donors. If
UCBCs are stored at birth, they could provide an autologous source of stem
cells to treat myocardial damage later in life. Current studies in animal models
show that UCBCs injected directly into the infarcted myocardium improve
LV ejection fraction, anteroseptal wall thickening, and dP/dt (max), while de-
creasing infarct size (Henning et al. 2004). In addition, intravenous injection of
UCBCs in mice following ligation-induced injury resulted in an approximately
20% higher capillary density in the border zones of the infarction—a finding
not observed in untreated animals (Ma et al. 2005). Recent data have suggested
that human UCBC-derived CD34+ cells may be capable both of preventing in-
jury progression and of partially reversing systolic and diastolic dysfunction,
if administered shortly after AMI (Leor et al. 2006). Several other investigators
published studies showing similar functional outcomes with varying popu-
lations of UCBCs (Hirata et al. 2005; Kim et al. 2005). However, no evidence
to date suggests that cord blood cells injected into the infarcted myocardium
are able to produce mature cardiomyocytes in humans, or that the functional
benefits seen in animal models could be replicated in patients with AMI, HF,
or both. Overall, it appears that UCBCs may appear to be an interesting cell of
choice to be used in further studies of treatment of myocardial injury.

In summary, the data with regards to BMNCs across the continuum of CVD
are not uniform, but nonetheless encouraging. Taken together, the results
show a great deal of evidence toward the efficacy of BMNC therapy in settings
of AMI, refractory angina, and HF. At this time, it is clear that at least in
AMI patients, a phase III trial will take place soon. Current ongoing clinical
trials are listed on the Internet (http://www.clinicaltrials.gov; http://www.the-
scientist.com/supplementary/html/24104). There are reasons to be optimistic
realizing there is much yet to be learned in the process of defining a cell-based
clinical product.
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5
Skeletal Myoblasts Versus Bone-Marrow Cells:
How Far to Go to Reach the Best Cell for Cardiac Repair?

Translating research findings from bench experiments to bedside efficacy to
develop a new therapeutic product is a process of multiple interrelated steps.
The first stage is the idea, which comes from the basic science of the pathophys-
iology of a disease. Next, that idea must be tested in clinically relevant animal
models. If the data indicate a potential benefit, further testing takes place in
consecutive clinical studies according to a regulatory framework. However,
if unexpected issues arise or new pieces of the puzzle emerge (for example,
delivery-related issues in the case of cell therapy), the process needs to move
back to the bench, and only when those issues are resolved can the process
return back to bedside. Cell therapy with either SKMBs or BMNCs and its
subsets is in the iterative stage between bedside and bench at the present time.
The success of the “clinical product” rests on these re-iterations, as these refine-
ment cycles address issues that may hinder or even preclude clinical utilization.
Ultimately, selection of the cell to exercise the fullest capacity for repair deliv-
ered via the route that is easiest to operate and least dangerous for the patient,
thereby reaching the most suitable environment will define the best cell. At this
time, however, we still have several things to accomplish before we can assign
that status to a particular cell type. In this regard, there are several important
prerequisites that merit discussion.

5.1
Creating a Centralized Registry for the Results of Trials and Biorepository for Blood
Samples to Examine Accumulated Data and Set Direction for the Future of the Field

Decades of CVD research have highlighted the importance of centralized
databases in advancing our understanding of a disease process. The field of
cardiovascular medicine, in particular, would not have advanced as far as it
has in the past 25–30 years if the Framingham Study or the Thrombolysis in
Myocardial Infarction (TIMI) trials had not been initiated and executed in
a centralized matter. Large databases provide the power to examine the data
retrospectively while being able to control for numerous covariates—a step
not possible to accomplish in a review or even a meta-analysis. Centralized
databases also act as testing grounds for new hypotheses, often before clinical
trials commence.

The field of cell therapy has arrived at the point where the next advancement
should be creating and employing a large database of all results of clinical
trials to serve as a filter for the hypotheses. With the aid of such a tool, ideas
could be segregated before hundreds of thousands of dollars are spent only
to find out, for example, that a specific unforeseen factor interfered with the
outcome. Centralized data collecting efforts in acute HF, such as the Acute
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Decompensated Heart Failure National Registry (Yancy and Fonarow 2004),
have brought extremely valuable data with regards to the outcomes of clinical
management of HF patients. We believe that a centralized registry of cell
therapy trials could not only advance the field but could generate the next
set of questions to ask, which, in turn, will greatly advance the science and
will move the field closer to creating a cell-based “clinical product.” With the
powers of the Internet and data sharing, it is possible to design the registry in
such a way that it is not only compliant with appropriate regulations on the
conduct of research and on patient privacy but is also effective in reducing the
work load of users, and, most importantly, could be accessible from multiple
points, similar to a Web page.

Thesecondaspectof thecentralizedregistry ispairing itwithabiorepository
for blood samples. Although such an initiative requires committed funding
and resources, centralizing sample collection, storage, flow cytometry, and
assays makes a great deal of sense and could help greatly advance the science.
The goal would be to use the progenitor cell characterization in conjunction
with clinical data and examine the dynamics within multiple populations
of progenitors in varying states of disease when different types of cells are
given. Understanding the mechanisms of repair and regeneration is the next
obstacle of the field today—and the biorepository may substantially advance
that knowledge. In that regard, the ability to go back to the samples when new
markers, receptors, and pathways emerge is far more cost-efficient than the
currently available approaches. Combining the registry for the clinical trials
data and the biorepository for the blood and tissue samples seems to be exactly
what the field needs to make another decade of major progress and help shape
future cell therapy products.

5.2
Increased Mechanistic Understanding Should Allow Us to Create
the Best Cell-Based “Clinical Product”

Nine years after the first report suggested efficacy of SKMBs in treatment
of failing myocardium, cell therapy has been applied, albeit only in clinical
studies, in almost 800 patients (sum of patients in all published studies, and
including the recently presented MAGIC trial). In addition, many trials are
still actively recruiting patients. However even after over 800 patients have
been treated, we do not possess a solid understanding of the mechanism of
cell engraftment, survival, and tissue repair. While a complete definition of the
mechanisms of beneficial action as well as adverse effects has not been required
for the regulatory approval and clinical use of pharmacological treatments
[e.g., levonorgestrel for emergency contraception (Gemzell-Danielsson 2006),
immunomodulatory drugs in myelodysplasia (Galili and Raza 2006), farnesyl
transferase inhibitors in cancer (Appels et al. 2005), mitoxantrone in multiple
sclerosis (Neuhaus et al. 2005), adverse effects of bisphosphonates on the bone
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(Pickett 2006), behavioral side effects of certain triptans in the treatment of
migraine headaches (Lambert 2005), etc.], optimizing of cell-based products
cannot proceed without additional mechanistic insights into cell-mediated
repair. Knowing critical components of how the SKMB- or BMNC-driven repair
works should enable us to target these (and other) types of cells to the right
pathophysiological contexts, to achieve efficacy comparable or better than that
of pharmacological therapies, especially when measured by long-term follow-
up studies. These insights can only be obtained when clinical and basic science
work together, so that the process can balance between clinically relevant
questions and scientifically important observations.

Even thoughourunderstandingof repair at thispoint is limited,progresshas
been made and pathways as well as individual components are being identified.
For example, we now understand that survival of BMNCs and their actions are
mediated (at least to some extent) by Akt, (Gnecchi et al. 2006) and that VEGF,
(Wang et al. 2006; Zen et al. 2006) stromal-derived factor-1 (Misao et al. 2006;
Ratajczak et al. 2006) and several cytokines (Takahashi et al. 2006) play a role as
well. But what about thrombopoietin, erythropoietin, hypoxia-induced factor-
1-α, tissue growth factor-β, and other molecules implicated in other aspects
of CVD treatment or angiogenesis (Kirito et al. 2005; Vandervelde et al. 2005)?
To what extent do any of these mediators act similarly on SKMBs? There
is evidence that supplying VEGF decreases the amount of SKMBs undergo-
ing necrotic/apoptotic process following transplantation into the myocardium
(Yau et al. 2005). There is also initial evidence that treatment of C2C12 SKMBs
with tumor necrosis factor-α (TNF-α) not only suppresses morphological and
biochemical differentiation, but induces apoptosis following its initial stimula-
tion of proliferation and survival (Stewart et al. 2004). Such influence of TNF-α
makes sense, since increased concentrations of this cytokine in HF correlate
with reduced systolic LV function (Kaur et al. 2006). However, we have yet to
define how the molecular cascades act in synergism to promote repair. This
state of fragmented knowledge about signaling is very reminiscent of the early
days of understanding of the clotting cascade and the mechanisms involved
into coagulation and hemostasis. Eventually, however, a more or less complete
understanding of pathways emerged and intrinsic and extrinsic pathways were
brought together. That effort serves well even today; therapies continue to be
developed targeting specific components (such as factor X versus thrombin
inhibition) and the management of such serious conditions as AMI continues
to evolve as new targets are being refined and introduced into clinical practice.
There is no doubt that cell therapy will take a similar path. Although, because
the field of cell therapy lies on the crossroads of cardiology, vascular biology,
hematology, and immunology, deciphering the pathways involved in repair
will take a lot more effort than the abovementioned coagulation cascade. How-
ever, borrowing the knowledge from oncology, hematology, and immunology
and applying it in the context of cardiac repair will accelerate acquiring of new
knowledge and will lead to refining of the eventual therapeutic product.
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5.3
The Two Important Steps in Defining “Best Cell”

At present, discrepant clinical trial outcomes exist for the similar cells in
different patients and different cells in the similar patients. Comparisons are
difficult because timing after injury, dosing, and route of cell administration
also differ. Yet some generalities are emerging. For example, SKMBs seem to
engraft into the myocardium and result in functional improvement in HF, and
BMNCs show positive results in treating acutely injured myocardium. What
is clear from a basic science point of view is that different environments in
the myocardium at the time of injury likely generate different milieus, and
therefore the cells that engraft in one environment may not survive in another
one. Whether the discrepant clinical results are a result of a rush to be first
clinically to apply various cells types in various contexts, or if segregation of
the types of cells (at least between SKMBs and BMNCs) for the appropriate
types of injury (AMI and HF) has already happened inadvertently, remains to
be understood.

Because developing a successful therapy, one that is based on a biological
understanding of the human body and the pathogenesis of disease, requires
multiple re-iterations between bench and beside, we need to go back to bench
research now to compare various cell types side by side in various types of
ischemic injury in appropriate animal models. This may seem to be a simple
process, but in reality all available cells, delivery routes, and injury models
taken together would result in approximately 2,400 comparisons to be done.
This clearly is a prohibitive number for a promising therapy. Therefore, the
field needs to come to a consensus on the clinical relevance and conduct com-
parisons accordingly (i.e., concentrate on the most common types of injury,
such as reperfused AMI at up to 4 h from the onset of symptoms, ischemic HF
with a mild-to-moderate ischemic process). As the data become available, we
can then build additional hypotheses as to what may or may not work in other
types of pathology and models. Such experiments should also bring additional
insights into our understanding of how and when repair happens. This sugges-
tion may sound contradictory to reality, considering the number of preclinical
studies and clinical studies that have been published in the field (i.e., 1,347
Medline hits on keyword searches for “heart” and “cell transplantation” as of
19 November 2006). However, only a few side-by-side comparisons of different
cell populations have been performed. We clearly lack direct comparisons of
different cell types in clearly defined clinically relevant models of disease.

Comparing different cell types in various contexts of disease will also help
us definite how to improve survival of transplanted cells, which is currently one
of the largest hurdles of cell therapy. Most reports suggest that 70%–90% of all
transplanted cells die within the first few days of transplantation into infarct
scar. Studies have shown that a subset of the transplanted cells survive and mul-
tiply, but thequestion ishowtopromote survival eitherbygenetic expressionor
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by pharmacological means, or by modification of the media. Preconditioning
of cells before transplantation via heat shock or transfecting cells with pro-
survival factors (Akt, heat shock proteins, growth factors) (Kohin et al. 2001;
Zhang et al. 2001) or glutamine deprivation (or antagonists) as we described
earlier may help increase their survival rate in vivo. More work will need to be
done in this area to better define the relationship between the microenviron-
ment of the infarct scar and the adjacent myocardial segments and outcome of
the transplanted cells. In addition, we have to look beyond the scar and evaluate
the impact of hypertension (HTN), valvular insufficiency (VI), and nocturnal
dips in oxygen saturation and relate them with the ability of cells to repair
the myocardium. HTN and VI are important causal factors of LV hypertrophy
and remodeling (Udelson et al. 2003) and therefore will impact the signaling
and quite possibly the ability to promote engraftment of exogenous cells. This
may mean that adequate antihypertensive therapy and correction of valvu-
lar abnormalities may positively impact the engraftment and survival of the
delivered cells. Also, correction of valve abnormalities is now feasible with per-
cutaneously placed devices—a positive development for HF patients, many of
whom are not considered to be ideal candidates for surgical procedures. Some
of these devices, such as the Coapsys platform for mitral insufficiency repair
developed by Myocor, positively impact LV remodeling in early clinical trials
(TRACE data, OUS clinical trial; J. Price, personal communication). It is possi-
ble that correction of VI prior to cellular cardiomyoplasty will provide a better
environment for cell survival and ability to perform repair, as the effects of the
cells will not be counteracted by VI-associated remodeling. Nocturnal dips in
tissue oxygen saturation are the result of sleep apnea, which is present in many
CVD patients mainly due to HTN and obesity. In HF, however, a large propor-
tion of patients is suffering from sleep apnea (Ferreira et al. 2006). Therefore,
tissue hypoxia may be augmented by sleep apnea, thus decreasing the chances
of the transplanted cells surviving. Although this aspect hasnot been evaluated,
it intuitively makes sense. It is possible that correction of sleep apnea may be
required to optimize the potential of exogenous cells to repair the myocardium,
decrease the apnea-associated diastolic dysfunction (Sidana et al. 2005), and
allow the cells to augment impaired systolic properties of myocardial segments.

Insights from previous research endeavors are important. A confounding
inflammatory response to needle punctures during cell administration is very
reminiscent of early percutaneous or transmyocardial revascularization stud-
ies where the creating channels with laser promoted inflammation (Fleischer
et al. 1996). The possibility that needle-based cell delivery is proinflammatory
should be explored further; and if so, we need to define specific cytokines
that might be involved. If that suggestion holds, the proinflammatory action of
the delivery vehicle should be evaluated against the etiology of the disease, as
atherosclerosis is now considered an inflammatory disorder (Hansson 2005)
and cytokine abnormalities have been found in HF (Kotlyar et al. 2006; Toth
et al. 2006).
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In addition to surviving in the ischemic environment at the time of im-
plantation, the ideal cell for myocardial repair will be able to, become, despite
ischemia, a fully functioning cardiomyocyte or an endothelial cell. However,
none of the progenitor cells currently used satisfies both of these criteria at
the numbers sufficient for maximal repair or recovery of function. Therefore,
it is important to continue working toward understanding the differentiation
of progenitor cells in a cardiomyocyte phenotype at the bench level, even if it
does not seem clinically relevant. The goal, then, might be to design specific
pharmacological/molecular tools to induce a differentiation pathway prior to
implantation so that a specific phenotype would manifest slowly enough to
allow neovascularization to become functional.

Moreover, injected cells have significantly different electrical properties
than cardiomyocytes. These differences have led to VT observed in some of
the clinical trials as previously described. For cardiovascular cell therapy to
reach its potential, it will be critical to electrically integrate transplanted cells
into the surviving myocardium and to ensure the absence of negative elec-
trical consequences. This problem may be approached by genetically altering
transplanted cells (to promote electrical coupling), developing new adjunctive
safety measures (such as co-administration of antiarrhythmics), delivery of
cells only in patients who meet the MADIT-II or SCD-HeFT criteria and have
ICDs, or modifying the transplanted cells to become true cardiomyocytes that
can survive in a harsh milieu.

Lastly, and perhaps most importantly, there is an urgent need for a taskforce
to define the nomenclature of progenitor cells to arrive to a consensus of which
cells we are going to call “progenitor cells.” Similar taxonomy efforts have been
recently accomplished by Krumholz et al. (2006) for clarification of nomencla-
ture in CVD. A writing group consisting of experts in cell biology, taxonomy,
cell differentiation, cell therapy, hematology, and translational research could
very rapidly accomplish this task. Efforts in this direction will advance the
field—and may help avoid unfortunate outcomes. Even though a task force of
the European Society of Cardiology released a guiding document on the clin-
ical investigations of autologous adult stem cells for cardiac repair (Bartunek
et al. 2006), taxonomic questions were not covered.

5.4
Evaluating the Best Delivery Route for a Cell-Based Clinical Product
Will Be Beneficial for Clinicians and Patients

It is clear that choosing the best delivery route is an important prerequisite for
success, closely following the choice of cell for the right environment. A major
obstacle to achieving efficacy is a rather poor engraftment seen when cells are
administered by intracoronary, intravenous, and intracardiac routes. This lim-
itation is likely to have emerged due to multiple factors, of which the technical
difficulties of injecting the cells exactly into the center or the periphery of the
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scar or precise catheter manipulations in the coronary tree cannot be over-
emphasized. Therefore, training of the operators gains a pivotal importance.
Recently, concerns of operator error halted the GENASIS trial (Genetic Angio-
genic Stimulation Investigational Study—Corautus Genetics phase IIb clinical
trial to evaluate safety and efficacy of VEGF-2 for treatment of patients with
severe angina). As we go forward, creating a specialized network of centers
for cell therapy, as recently proposed by the National Heart, Lung, and Blood
Institute (NHLBI), would allow for training of interventional cardiologists by
experts in delivery techniques. Alternatively, it may also make sense to restrict
the number of centers per region that act as referral centers to utilize cell
therapy—at least until the techniques come to solid maturity. We have learned
that operator volume and experience was a critical determinant of success in
CABG and percutaneous coronary intervention (PCI) clinical trials and also in
routine clinical practice. As the field of cell therapy goes forward, we cannot
ignore the importance of appropriately trained specialists.

The data thus far have suggested that intracoronary delivery, at least in
the context of AMI, can provide a comparable level of engraftment of cells to
surgical delivery. This outcome again highlights the need for side-by-side com-
parisonsof variousdeliverymethods in controlled,well-designedexperiments.
Understanding of the biology involved in the delivery route–engraftment in-
teraction could translate into the development of optimal situation-specific
delivery systems. No doubt this process will take some time. However, the
technological progress in the past 10–15 years has been so rampant that it will
not at all be surprising if the next 5–10 years brings major advancements in
this regard.

5.5
Arriving at a Consensus Regarding Trial Design and Outcome Measurements

At the present time, clinical trials in cell therapy suffer from several major
shortcomings primarily involving design and selection of endpoints. For ex-
ample, most studies have been accompanied by an additional revascularization
procedure, eitherbypercutaneous coronary interventionorCABG,makingany
functional improvement due to exogenous cells nearly impossible to distin-
guish from the standard of care. In addition, patient characteristics at study
entry need to be matched more carefully in prospective trials, which would in-
clude baseline comparisons beyond the standard regimen of demographic and
basic clinical disease-defining parameters, such as assessments of biomark-
ers, cytokine profiles, and levels of circulating progenitors to characterize the
milieu and relate the impact of exogenous cells to outcome appropriately. Fur-
thermore, medication regimens need to be tracked more carefully throughout
the course of the trial, as illustrated by the recently published trial (Lunde et al.
2006) where the patients who received BMNCs were prescribed more diuretics
(40% in the cell therapy group versus 26% in the control group), which might
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have negatively impacted the engraftment of the cells and the overall outcome
of the study. We also need to account for the stimulatory effects of drugs, such
as statins, peroxisome proliferator-activated receptor agonists, erythropoietin,
estrogen, angiotensin receptor blockers, and possibly others in various disease
states. Right now, it is completely unclear which, if any, of these combinations
of drugs alter the number and the function of progenitor cells available for
repair. Clearly, if cell therapy is to be adequately evaluated as a therapy, we will
need this type of information for the design of definitive phase III trials and
also going forward with clinical applications. The best chance to obtain this
information prospectively is through a centralized registry, as the number of
covariates to discern the drug–cell effect is going to be disproportionately large
and may require a large number of patients. In addition, we lack data that eval-
uate time in disease progression as well as time in dynamics of transplanted
cells as an additional factor in treatment. Over all, there is a lack of standardiza-
tion in the current preclinical approach to cell therapy; for example, cell types,
doses, preclinical models, and endpoints all differ. Attempts to standardize
these parameters and to decide on a consensus will move us forward.

What we select to be an “endpoint” in cell therapy likely matters. So far, clini-
cal trials have been geared toward measuring functional improvement of the LV
by assessing global EF. As we know from the HF trials, improvement of regional
contractility may not always translate into better HF numbers because of differ-
ences in loading conditions. Since the data with both SKMBs and BMNCs so far
suggest that exogenous cells are capable of anti-remodeling effects, measuring
those as an endpoint in prospective trials will require using a technique with
a high sensitivity and specificity in measurements of regional contractile pa-
rameters. However, we have begun to appreciate observer-dependence of those
measurements. Even though cardiac magnetic resonance imaging (CMR) of-
fers the best topographic assessment of the heart, the variability is minimized
by conducting clinical trials with centralized core laboratories where the per-
sonnel undergo regular inter- and intra-observer reproducibility assessments.
More attention needs to be paid to peri-infarct zone and scar volume and
myocardial perfusion quantification. Over the last 10 years, CMR has matured
to offer quantitative assessment of myocardial perfusion (Jerosch-Herold et al.
1998; Zenovich et al. 2001). Measuring changes in blood flow was proposed as
an endpoint for angiogenesis studies (Wilke et al. 2001), and it is now becom-
ing apparent that cell therapy will need a sensitive measure of blood flow as
well. CMR has been used to detect the presence of exogenous cells in the my-
ocardium, as well as to characterize the myocardium prior to transplantation
of cells to delineate the areas of myocardial damage (Zhou et al. 2006).

Concurrently, we need to critically evaluate the endpoints that are used at
the present time and come to an agreement, most likely through an AHA/ACC-
sponsored consensus document, similarly to available data standards for AMI,
HF, and atrial fibrillation, that would outline the standard sets of data to be
captured in the cell therapy trials. As that process goes along, some endpoints
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with high subject variability, such as exercise treadmill time, will be critically
evaluated and new, biologically relevant, and clinically translatable endpoints
will be introduced. Such a process will also enormously aid acceptance of new
endpoints by the Food and Drug Administration and will over time accelerate
bringing cell therapies to market.

5.6
Testing Cell-Based Models in Drug Development
to Accelerate Design of Therapies Targeted at Repair

Recognitionof involvementofprogenitor cells in tissue repair and investigation
of its mechanisms may provide a foundation for a new approach in drug
development—testing the effects of candidate molecules on BMNCs, EPCs,
MSCs, and other cell types. At the time when the cost of bringing a new drug
to market ranges from US $500 million to US $2 billion, dependent on the
therapeutic application (Adams and Brantner 2006), new avenues must be
thought to reduce the price tag of drug discovery research as well as clinical
trials to allow more candidate molecules to reach phase I and II trials. It is clear
that the drugs that impact major pathways in CVD, such as renin-angiotensin-
aldosterone or HMG-co-α reductase, have already been discovered, tested, and
brought to market, and have shown their clinical abilities to save patients’ lives.
Therefore, the next generation of therapeutics will be directed at initiation
of atherosclerotic lesions and arresting their development via reduction of
inflammation and targeting specific receptors. We propose that along with
those avenues, new compounds should also be evaluated for their ability to aid
exogenous cells engraft and survive. In HF, the increasing number of patients
creates an opportunity to design new therapies to reduce symptomatology and
reverse remodeling. Recently, trials of endothelin antagonists (darusentan,
tezosentan) (Anand et al. 2004; O’Connor et al. 2003), TNF-α antagonists (e.g.,
etanercept) (Mann et al. 2004), and a Ca2+ sensitizer (levosimendan) (Cleland
et al. 2006) have been disappointing either due to a lack of beneficial effect or
because of adverse reactions that created a prospective application to a wide
patient cohort problematic. SKMBs, on the other hand, have a great potential
to be a part of a therapeutic armamentarium in HF, as the evidence for efficacy,
at least so far, points in a positive direction. Pharmacological approaches to aid
engraftment, survival, and electrical integration of SKMBs would be beneficial
to the development of cell-based therapies.

In addition to testing new drugs for their effects on exogenous repair and
seeking approaches to improve survival of cells, we propose that models in-
volving cells with reparative potential could be employed in drug discovery
science. If a new drug is targeting repair, it makes sense that models that utilize
reparative cells are used early in the process to reduce costs of further devel-
opment in case of a negative outcome. Progenitor cells could also be employed
as tools for toxicogenomics and safety evaluations. After all, if a progenitor
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cell dies, then the efficacy of a compound as well as its potential safety should
be reexamined. Here, the use of biomarkers together with evaluations of pro-
genitor cells may bridge bench science and human pharmacology, providing
additional insights into biological mechanisms of disease and advancing the
science at the same time.

Overall, the use of SKMBs, BMNCs, EPCs, MSCs, and other cell types may
be extremely helpful both early in drug development and also in the human
testing of new candidate molecules.

In summary, we believe we have outlined the major issues in cell therapy
today. As the field develops further and products moves closer to market, ad-
dressing each prerequisite will increase the likelihood of a successful outcome.
The ultimate success, however, will be the prevention of atherosclerosis and
CVD, the reduction of hospitalization and major adverse cardiac events, and
in prolonging a healthy life for patients who currently have limited options
available to them.

6
Summary

Cell transplantation has opened a new frontier in CVD. The concept of re-
pairing or regenerating ischemic cardiac tissue creates a real possibility, and
while many questions still remain, it has an excellent chance of eventually be-
coming a clinical reality. Cell-based therapies have the potential of providing
physicians with alternatives that extend beyond revascularization and medical
management to reverse damage that, in many cases, has already been done
and may not be truly controllable for a large patient population.

To further advance cell therapy for CVD, we now have to come to a field-wide
consensus and standardize future studies. The diversity of cell types, applica-
tion techniques, and disease stages can be a hurdle and an opportunity, and
only collaboration will allow us to move forward as a field instead of expand-
ing information that cannot be combined or compared. Recent clinical trials
have shown that cell therapy with SKMBs and BMNCs is able to demonstrate
clinical benefits in AMI and HF. Promising results evoked the scientific enthu-
siasm to warrant large-scale controlled clinical trials to determine the best and
safest application of this technology, and to gain a better understanding of its
mechanism(s).

As the field progresses, we have a responsibility to promise patients (and
the press) only what we can deliver; that is, to tell the truth about cardiac
repair. BMNCs, MSCs, SKMBs, or other types of cells hold a great promise to
modify pathophysiological process in specific ways. It is crucial to understand
for clinicians, patients, and the press that specificity precludes a panacea. As
we go forward, some applications will succeed and some will fail. Cells may not
be found guilty of failures. On the contrary, the disease contexts may come to
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be the primary determinants of efficacy. We have already experienced a similar
process with angiogenic growth factors in CVD, and we now realize that those
trials should have more carefully targeted the disease process, as the results
uniformly showed that sicker patients had larger therapeutic benefits. As in-
vestigators, we need to be realistic of the expectations we place on cell therapy,
and ultimately we need to under-promise and over-deliver, based on rigor-
ous science; otherwise, the great potential will eventually be destroyed. Cell
therapy is, however, a new and very promising alternative that warrants much
further exploration, inspiration, and investment of our time and resources.
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Abstract The success of therapies targeting acute myocardial ischemia and the aging of the
population due to improved general medical care has resulted in an increasing population
of patients with chronic myocardial ischemia and congestive heart failure who remain
symptomatic despite having exhausted the currently available therapeutic options. In this
chapter we review the scientific underpinnings of autologous bone marrow-derived cell
therapy and the early clinical experience that has fuelled interest in this approach.

Keywords Stem cell · Bone marrow · Angiogenesis · Endothelial progenitor · Heart failure ·
Ischemia

1
Introduction

Despite significant therapeutic advances, heart failure associated with myocar-
dial ischemia remains the predominant cause of morbidity and mortality in
the Western world. Ischemic cardiomyopathy and myocardial infarction (MI)
are typified by the irreversible loss of vasculature composed of endothelial cells
and smooth muscle cells and/or cardiac muscle (cardiomyocytes), which are
essential for maintaining cardiac integrity and function. As medical therapies
and mechanical revascularization techniques continue to be refined and the
population continues to age, there is an increasingly growing population of pa-
tients who, despite optimal medical therapy and risk-factor modification, are
no longer candidates for conventional mechanical revascularization. They may
suffer from severe diffuse atherosclerotic disease not amenable to surgery or
angioplasty, or they may have had prior revascularization procedures making
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future repeat procedures technically prohibitive. These patients continue to live
with symptomatic obstructive vascular disease resulting in intractable angina
and congestive heart failure, resulting in a sedentary lifestyle and substantially
compromising the quality of life. In addition to macrovascular occlusive dis-
ease, an emerging body of data has documented the importance of microvascu-
lar insufficiency as a significant factor contributing to the overall ischemic bur-
den, not only in patients with chronic myocardial ischemia, but also in patients
with peripheral arterial disease (PAD). These patients suffer from lifestyle-
limiting intermittent claudication and critical limb ischemia without options
of mechanical revascularization. Despite aggressive medical therapy and mod-
ification of atherosclerotic risk factors, these patients progress to requiring
amputation. Of patients who undergo an amputation, at least 10% will require
a further amputation (Campbell et al. 1994; Dawson et al. 1995; Eneroth and
Persson 1992; Skinner and Cohen 1996). Accordingly, attention is now increas-
ingly focused on developing an understanding of the mechanisms that govern
the maintenance, repair, and growth of the microvasculature in ischemic tissue.
This discipline is embodied in the term therapeutic angiogenesis.

The recent identification of adult and embryonic stem cells has triggered
attempts to directly repopulate lost tissues by stem cell transplantation as
a novel therapeutic option. Currently, various BM-derived stem/progenitor
cells are being investigated to regenerate or repair myocardium depending on
the type of disease (predominantly deficient tissues) and the differentiation
characteristics of specific stem/progenitor cell population. Reports describing
provocative and hopeful examples of myocardial regeneration with adult bone
marrow-derived stem and progenitor cells have furthered enthusiasm for the
use of these cells, yet many questions remain regarding their therapeutic po-
tential and the mechanisms responsible for the observed therapeutic effects.
In fact, because most of the animal studies and clinical trials have been un-
dertaken in the setting of acute MI, there has been a certain misunderstanding
and limitation to interpreting the data with any stem/progenitor cells. However,
emerging evidence has shown that administration of stem/progenitor cells can
improve cardiac function through various mechanisms including neovascu-
larization in animal models of chronic myocardial ischemia. Clinical trials
of stem/progenitor cells in patients with chronic ischemic heart failure have
also shown increases in exercise time and reductions in anginal symptoms
and have provided objective evidence of improved perfusion and LV function.
Small-scale placebo-controlled randomized clinical trials of cell transplan-
tation via thoracotomy or percutaneous approach demonstrated significant
improvement of both subjective symptoms and objective measures of my-
ocardial ischemia. Larger-scale placebo-controlled randomized trials are now
ongoing. This new therapeutic modality appears to be safe and well tolerated.
In this chapter, we discuss the current preclinical and clinical advances in bone
marrow (BM)-derived stem or progenitor cell therapies and angiogenic growth
factors for chronic ischemic myocardium and peripheral limb ischemia.
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2
Endothelial Progenitor Cells and Mononuclear Cells

Angiogenesis and vasculogenesis are responsible for the development of the
vascular system in embryos (Gilbert 1997). Vasculogenesis refers to the in situ
formation of blood vessels from endothelial progenitor cells or angioblasts
(Flamme and Risau 1992; Risau and Flamme 1995) that differentiate into en-
dothelial cells while forming new vessels in situ and give rise to capillaries
(Risau 1995). In contrast, angiogenesis involves the extension of preexisting
primitive vasculature by sprouting of new capillaries through migration and
proliferation of already differentiated endothelial cells. Until recently, vas-
culogenesis was thought to be restricted to embryonic development, whereas
angiogenesis was considered responsible for neovascularization in embryo and
adults. Now the existence of postnatal vasculogenesis is widely accepted with
the discovery that bone marrow-derived endothelial progenitor cells (EPCs)
circulate in peripheral blood (Asahara et al. 1997), home to and incorporate
into foci of neovascularization in adult animals (Asahara et al. 1999), and
increase in number in response to tissue ischemia (Takahashi et al. 1999).

Initially, Flk-1 and a second antigen, CD34, shared by angioblasts and
hematopoietic cells were used to isolate putative angioblasts from the mononu-
clear cell fraction of peripheral blood (Asahara et al. 1997). Meanwhile, EPCs
subsequently were isolated from human umbilical cord blood, BM-derived
mononuclear cells, and CD34+ or CD133+ hematopoietic stem cells (Asahara
et al. 1999; Murohara et al. 2000; Rafii 2000; Shi et al. 1998). These cells dif-
ferentiate into endothelial cells, as shown by expression of various endothelial
proteins (KDR, von Willebrand factor, endothelial nitric oxidase synthase,
VE-cadherin, CD146), uptake of DiI-acetylated low-density lipoprotein and
binding of lectin.

In animal models of ischemia, heterologous (derived from a separate genetic
source or species), homologous (derived from the same species), and autol-
ogous (derived from an individual’s own) EPCs were shown to incorporate
into sites of active neovascularization in ischemic tissue. Our group and others
investigated the therapeutic effect of EPCs in animal models of ischemic heart
diseases. Preclinical work by Kawamoto and colleagues showed the potential
of endothelial progenitor cells to induce therapeutic angiogenesis and pre-
serve function in an animal model of myocardial ischemia (Kawamoto et al.
2001). Myocardial ischemia was induced in rats by ligating the left anterior
descending artery. Within 3 h of the induction of myocardial ischemia, human
EPCs were injected intravenously. After 7 days, the rats were sacrificed after
the intravenous injection of fluorescence-conjugated Bandeiraea simplicifolia
lectin. Fluorescence microscopy revealed that transplanted EPCs homed into
ischemic territories and incorporated into foci of myocardial neovasculariza-
tion. To determine the effect on LV function, within hours after the induction
of ischemia, ten rats were randomized to receive either EPCs or culture media.
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At day 28, the EPC-treated group had significantly smaller left ventricle (LV)
dimensions compared to the control treated group. Further, regional wall mo-
tion was better preserved in the EPC group. The animals were then sacrificed
and necropsy showed that capillary density was significantly greater in the EPC
group than in the control group. Immunohistochemistry confirmed that the
capillaries were positive for human-specific endothelial cells.

Kocher showed similar findings using CD34 as a marker to identify hu-
man EPCs, and further showed that mononuclear cells depleted of CD34+ cells
were ineffective, suggesting that the CD34 population plays an essential role
in ischemic tissue repair (Kocher et al. 2001). The systemic administration of
ex vivo-expanded EPCs (Kawamoto et al. 2001) or direct transplantation of
purified human CD34+ cells (Kawamoto et al. 2001; Kocher et al. 2001) or the
mononuclear cell fraction of BM (Kamihata et al. 2001) following infarction,
all resulted in incorporation of the transplanted cells into foci of myocardial
neovascularization, and improved neovascularization and myocardial func-
tion. The rationale of using unselected or mononuclear BM cells is based on
the premise that BM or peripheral blood cells include multiple cytokines re-
lated to neovascularization and stem/progenitor cell populations which could
augment vasculogenesis in animal models of experimentally induced ischemia.

At least three experimental studies have been reported on stem cell trans-
plantation in chronic myocardial ischemia models. Kawamoto studied the
effect of intramyocardial delivery of EPCs to enhance neovascularization
in chronic myocardial ischemia (Kawamoto et al. 2003). CD31+ and CD31−

mononuclear cells were harvested from swine. The pigs were then subjected to
placement of an ameroid constrictor on the left anterior descending artery to
create myocardial ischemia. The pigs were then randomly assigned to receive
autologous CD31+ cells, CD31− cells, or placebo injected into the ischemic my-
ocardium as identified by NOGA (Cordis, Miami Lakes, FL) electromechanical
mapping. The ischemic area identified by NOGA mapping, Rentrop grade an-
giographic collateral development, and echocardiographic LV ejection fraction
improved significant at 4 weeks in pigs treated with CD31+ cells, but not those
treated with CD31− cells nor control. In a parallel study, nude rats with myocar-
dial ischemia were treated with intramyocardial injections of human CD34+

cells, CD34− cells, or control. Capillary density was significantly improved in
the CD34+-treated rats. These studies and others served as important starting
points for human studies of EPC transplantation for therapeutic angiogenesis.
Fuchs et al. (2001) transplanted freshly isolated autologous unselected bone
marrow cells in an ameroid constrictor model of pig using electromechanical
mapping. They reported increased collateral development and myocardial per-
fusion and significantly improved myocardial function. In vitro experiments
revealed that these cells could secrete angiogenic/arteriogenic factors such as
vascular endothelial growth factor (VEGF) and macrophage chemoattractant
protein-1 (MCP-1). In a canine chronic coronary occlusion model (Hamano
et al. 2001), transepicardial injection of mononuclear cells after coronary oc-
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clusion led to a 50% increase in the number of microvessels observed and
a significant improvement in LV wall systolic function.

Among these promising results, Yoon et al. reported potential adverse effects
following adult stem cell transplantation in a rat model of acute MI (Yoon
et al. 2004). In this study, severe intramyocardial calcification was observed
following direct transplantation of syngeneic unselected BM cells into the
infarct myocardium (Yoon et al. 2004). Although there are a few points that
distinguish this study from the others or clinical studies in that the cells used
were unselected filtered BM cells and the cells were directly transplanted after
inducing MI, this potential adverse effect needs to be considered for follow-up
plans in clinical trials.

3
Enhancing the Efficacy of Autologous Stem Cells

Although the exact mechanisms of action of local angiogenic gene therapy has
yet to be understood, previous studies have shown that part of the therapeutic
action is due to the recruitment of EPCs to ischemic tissue. However, recent
data indicate that patients with the most severe vascular disease may have
insufficient or deficient EPCs and the poorest response to angiogenic therapy.
Three experimental studies were conducted with the common goal of over-
coming these deficiencies by enhancing ischemic neovascularization. Shintani
et al. (2006) combined human CD34+ cell implantation with local vascular en-
dothelial growth factor 2 (phVEGF2). MI was induced in 34 immunodeficient
rats by ligating the left anterior descending coronary artery. The investigators
compared the therapeutic efficacy of locally injected human CD34+ cells alone,
VEGF gene therapy alone, CD34− cells and 50 µg empty plasmid, and CD34+

cells and VEGF therapy in combination, using subtherapeutic doses of CD34+

cells to simulate conditions of deficient or defective EPCs. One of the major
findings was that the addition of VEGF2 to EPC cultures provided a significant
and dose-dependent decrease in EPC apoptosis. Western blot analysis revealed
that the expression of p-Akt, which plays a role in suppressing EPC apoptosis
(Dimmeler et al. 2001; Murasawa et al. 2002), is increased in cells treated with
VEGF2, indicating a survival effect of VEGF on EPCs. Rats that were treated
with combination therapy 4 weeks post-MI showed improved fractional short-
ening, increased capillary density, reduced infarct size, and an increased num-
ber of circulating EPCs. This increase was noted as early as 1 week post-MI,
suggesting that combined therapy might augment certain innate mechanisms
for myocardial repair after ischemic injury, including mobilization of bone-
marrow-derived EPCs. Data from a recent study indicated that, in humans, the
level of circulating EPCs in the peri-infarct period predicts the occurrence of
cardiovascular events and death from cardiovascular causes and may help to
identify patients at increased cardiovascular risk (Werner et al. 2005).
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In humans and other mammals, most somatic cells undergo a finite num-
ber of cell divisions, ultimately entering a nondividing stated called senes-
cence (Harley et al. 1990; Hastie et al. 1990; Murasawa et al. 2002; Wright and
Shay 1992), which may be due to the loss of telomerase activity, a regulatory
molecule for cell lifespan. True stem cells and germline cells highly express
the catalytic subunit of telomerase, human telomerase reverse transcriptase
(hTERT) (Harrington et al. 1997; Kilian et al. 1997; Meyerson et al. 1997; Naka-
mura et al. 1997); therefore, they are able to divide indefinitely. Despite the
regenerative potential of EPCs, they are not pluripotent, self-renewing stem
cells. Murasawa et al. (2002) deduced that constitutive expression of hTERT
might induce a delay in senescence and recover/enhance regenerative proper-
ties of EPCs. Constitutive expression of hTERT conserved telomerase activity
and delayed senescence, and enhanced EPC regenerative properties including
mitogenesis, migration, and EPC survival. They also investigated the impact
hTERT-transduced EPCs (Td/TERTs) administration on therapeutic neovas-
cularization in athymic nude mice with unilateral hindlimb ischemia. The mice
transplanted with Td/TERT demonstrated enhanced perfusion, and histologic
analysis also revealed increased capillary density at day 28. The enhancement
of regenerative activity in EPCs may have therapeutic implications for vascular
disorders that cause severe ischemic disease.

Stromal cell-derived factor-1 (SDF-1), a member of the chemokine CXC
subfamily, is considered one of the key regulators of hematopoietic stem cell
trafficking. Several studies have reported that CD34+ cells express CXCR4,
the receptor for SDF-1; therefore, SDF-1 can induce CD34+ cell migration in
vitro (Mohle et al. 1998), can effect CD34+ cell proliferation and migration,
and can induce angiogenesis (Hattori et al. 2001; Lataillade et al. 2000; Sal-
cedo et al. 1999; Yamaguchi et al. 2003). To further investigate whether SDF-1
augmented EPC-induced vasculogenesis, Yamaguchi et al. (2003) locally in-
jected SDF-1 into athymic ischemic hindlimb muscle of nude mice, combined
with human EPC transplantation. By day 3 after treatment, local SDF-1 ad-
ministration augmented EPC accumulation within the ischemic tissue. The
magnitude of EPC incorporation was similar between 3 and 7 days, which
suggests that the homing of exogenously administered EPCs occurs early after
transplantation. Serial measurements of hindlimb perfusion were performed
at days 7, 14, 21, and 28, showing profound differences in the limb perfusion
28 days after induction of ischemia. Thus, the homing effect of local SDF-1
was accompanied by physiological evidence for enhanced neovascularization,
indicating that the EPCs that were attracted to the ischemic limb by SDF-1
were incorporated into developing vasculature. Histological analysis revealed
an increase in capillary density, which is a direct reflection of neovasculariza-
tion, in the SDF-1-treatment group. This study was the first experimental proof
for therapeutic effectiveness of augmenting local accumulation of EPCs in is-
chemic tissue, which subsequently enhanced vasculogenesis and contributed
to neovascularization.
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4
Safety Concerns Regarding Therapeutic Angiogenesis

There are several theoretical safety concerns regarding the delivery of an-
giogenic cytokines in an effort to induce therapeutic angiogenesis for the
treatment of ischemic cardiovascular disease. These concerns can be divided
into acute effects and long-term effects of angiogenesis therapy.

Potential adverse acute effects may be associated with the means of delivery
of the agent. Surgical and percutaneous techniques all carry risk of morbidity
and mortality. Clinical trials for therapeutic angiogenesis have been associated
with certain peri-procedural adverse events in patients undergoing percuta-
neous procedures for the delivery of angiogenic cytokines to the myocardium.
Surgical delivery of angiogenic agents is generally performed in the context of
a standard cardiac surgery with its attendant risk.

The administration of VEGF protein has been shown to result in signifi-
cant nitric oxide-mediated hypotension (Hariawala et al. 1996; Horowitz et al.
1997), which limits the rate and dose of protein administration. This complica-
tion, however, has not been demonstrated with VEGF gene therapy in animals
or humans. Experiments in transgenic mice engineered to overexpress VEG-
F±angiopoietin have demonstrated lethal permeability-enhancing effects of
VEGF; however, the magnitude of expression achieved in these models is likely
clinically irrelevant (Thurston et al. 1999). VEGF gene transfer was associated
with local edema, which manifested as pedal edema in patients treated with
VEGF-A gene transfer for critical limb ischemia. It must be noted, however,
that edema was present before treatment, and responded well to treatment
with diuretics (Baumgartner et al. 2000). A subsequent trial of VEGF-121 gene
therapy in patients with claudication also demonstrated evidence for transient
local edema (Rajagopalan et al. 2003).

There are three important theoretical long-term concerns of therapeutic an-
giogenesis. First, there is a significant concern that the induction of angiogen-
esis may increase the risk of neoplastic disease and malignancy. This concern
arises from the fact that angiogenic cytokines were initially discovered as fac-
tors that regulate vascularization of tumors (Folkman 1971). Despite this con-
cern,noclinical trial has revealedanyevidence that therapywithangiogenic cy-
tokines increases the risk of tumor development. In trials with control groups,
the incidence of new malignancies in the control group equals or even exceeds
the incidence of new malignancies in treatment groups. In nearly 100 patients
treated with angiogenesis factors at a single center, the 7-year incidence of can-
cer has been limited to 3 patients. Of these patients, 2 developed bladder cancer
and 1 patient developed liver and brain metastases from an unknown primary.

The induction or worsening of retinopathy has also been a legitimate con-
cern in clinical trials of therapeutic angiogenesis. Patients with proliferative
retinopathy have been shown to have high levels of VEGF in their ocular fluid
(Aiello et al. 1994), suggesting that VEGF may stimulate retinal neovascular-
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ization. Despite this finding, clinical trials of therapeutic angiogenesis have
not demonstrated an untoward effect of angiogenic cytokines on the develop-
ment of retinopathy. In nearly 100 patients treated with angiogenic cytokines at
a single center, no patient developed retinopathy as assessed by an independent
retina specialist (Vale et al. 1998) despite 30% of the patients being diabetic.
A third concern of therapeutic angiogenesis for vascular disease is that the
induction of angiogenesis may stimulate the development and progression of
atherosclerotic plaques that may lead to unstable vascular syndromes. These
concerns stem from the extrapolation of recent studies that have shown that
inhibitors of angiogenesis can inhibit plaque growth and intimal thickening
in apolipoprotein E-deficient mice (Moulton et al. 1999). While inhibitors of
angiogenesis may lead to regression of atherosclerotic plaque in animal mod-
els, the converse has not been proved true in clinical trials of angiogenesis.
Angiogenic therapy may, in fact, accelerate reendothelialization and suppress
intimal thickening (Van Belle et al. 1996, 1997). Clinical trials of angiogenesis
have shown no increase in adverse cardiovascular events in patients treated
with angiogenic cytokines compared to control patients.

It is important to remember that patients with end-stage vascular disease
are generally elderly and are at risk for malignancy and retinopathy because
of their underlying risk factors and comorbidities (age, smoking, diabetes).
Therefore, candidates for trials of vascular gene therapy are likely to develop
such complications as part of the natural history of their disease states and not
necessarily because of therapy with angiogenic agents. Nevertheless, painstak-
ing efforts must continually be taken to ensure that candidates for clinical trials
of angiogenesis are thoroughly screened for malignant and premalignant con-
ditions as well as retinopathy, until these risks are completely understood.

5
Summary

As the population continues to age, there will continue to be growth in the
burden of ischemic cardiovascular disease. At the present time, no form of
therapy has proved beyond doubt to be effective in treating this patient popu-
lation that has no other options for conventional revascularization therapies.
A large body of data has now been accumulated that suggests that therapeutic
angiogenesis may offer hope for this patient population.

The data regarding therapeutic angiogenesis presented in this chapter show
that the available methods for inducing therapeutic angiogenesis are safe and
feasible. No clear safety issues have been identified with the induction of an-
giogenesis, and delivery strategies are becoming less invasive thereby reducing
procedural risks to patients. Despite safety and feasibility of these strategies,
the efficacy of therapeutic angiogenesis has not been definitively proved in the
phase I and phase II studies that have been performed thus far.
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Stem/progenitor cell therapy has proved to be effective to promote neo-
vascularization in various animal models. Moreover, most of the early clinical
studies have provided promising outcomes. Although the final proof with large
phase III randomized placebo-controlled trials are missing, stem cell therapy
in general have the capacity to lead to improved formation of new blood vessels
as a treatment for myocardial ischemia.

However, there are data to suggest that cell therapy itself may also have
inherent limitations. First, the ideal agent for the induction of therapeutic an-
giogenesis needs to be identified. VEGF, FGF, and progenitor cells have been
most actively studied, but future studies are being planned on other poten-
tial angiogenic factors such as hepatocyte growth factor, sonic hedgehog, and
others. Second, transplanted cells may have low survival rates, significantly
impacting on their beneficial effects (Shake et al. 2002). Strategies such as ge-
netic modification of stem cells to overexpress prosurvival genes such as Akt
have been suggested (Mangi et al. 2003). Another limitation is the advanced
age and cardiovascular risk factors such as hypertension, diabetes, or hyper-
cholesterolemia that could impair angiogenic effectiveness of cells from the
patient in whom autologous cells are to be injected (Hill et al. 2003; Tepper
et al. 2002; Vasa et al. 2001). A combination of cell and gene therapies that over-
express angiogenic molecules or survival may enhance therapeutic potential
of the cells (Iwaguro et al. 2002; Murasawa et al. 2002; Suzuki et al. 2001).

Important challenges remain in terms of design of clinical trials of thera-
peutic angiogenesis. It is vital that future trials have control/placebo groups,
as phase I and II studies have shown the significant placebo effect in patients
undergoing control therapy. Control groups are also vitally important to as-
sess the safety of angiogenic therapy. An understanding of the occurrence of
malignancies and retinopathy with angiogenic therapy can only be assessed
with a knowledge of the occurrence of these adverse events in a control group.
Finally, a consensus needs to be established regarding the best clinical endpoint
to use to assess efficacy and the ideal time point to assess these endpoints.
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Abstract The isolation of endothelial progenitor cells (EPCs) derived from adult bone mar-
row(BM)wasanepoch-makingevent for the recognitionof “neovessel formation”occurring
as physiological and pathological responses in adults. The finding that EPCs home to sites
of neovascularization and differentiate into endothelial cells (ECs) in situ is consistent with
“vasculogenesis,” a critical paradigm well described for embryonic neovascularization, but
proposed recently in adults, in which a reservoir of stem or progenitor cells contributes to
vascular organogenesis. EPCs have also been considered as therapeutic agents to supply the
potent origin of neovascularization under pathological conditions. Considering the regen-
erative implications, gene modification of stem cells has advantages over conventional gene
therapy. Ex vivo gene transfection of stem cells may avoid administration of vectors and
vehicles into the recipient organism. Stem cells isolated from adults may exhibit age-related,
genetic, or acquired disease-related impairment of their regenerative ability. Transcriptional
or enzymatic gene modification may constitute an effective means to maintain, enhance,
or inhibit EPCs’ capacity to proliferate or differentiate. This chapter provides an update of
EPC biology as well as EPCs’ potential use for therapeutic regeneration.

Keywords Endothelial progenitor cells · Gene therapy · Therapeutic vasculogenesis ·
Vascular regeneration
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1
Introduction

Tissue regeneration by somatic stem/progenitor cells has been recognized as
a maintenance or recovery system of many organs in adults. The isolation and
investigation of these somatic stem/progenitor cells have led to descriptions
of how these cells contribute to postnatal organogenesis. On the basis of the
regenerative potency, these stem/progenitor cells are expected as a key in
strategies aimed toward therapeutic applications for damaged organs.

Recently, endothelial progenitor cells (EPCs) have been isolated from adult
peripheral blood (PB). EPCs are considered to share common stem/progenitor
cells with hematopoietic stem cells and have been shown to derive from bone
marrow (BM) and to incorporate into foci of physiological or pathological neo-
vascularization. The finding that EPCs home to sites of neovascularization and
differentiate into endothelial cells (ECs) in situ is consistent with “vasculogene-
sis,” a critical paradigm well described for embryonic neovascularization—but
recently proposed in adults—in which a reservoir of stem/progenitor cells con-
tributes to postnatal vascular organogenesis. The discovery of EPCs has there-
fore drastically changed our understanding of adult blood vessel formation.
The following issue provides the update of EPC biology as well as highlights
their potential utility for therapeutic vascular regeneration.

2
Postnatal Neovascularization

Through the discovery of EPCs in PB (Asahara et al. 1997; Shi et al. 1998),
our understanding of postnatal neovascularization has been expanded from
angiogenesis to angio/vasculogenesis. As previously described (Folkman and
Shing 1992), postnatal neovascularization was originally recognized to be con-
stituted by the mechanism of “angiogenesis,” which is neovessel formation,
operated by in situ proliferation and migration of preexisting endothelial cells.
However, the isolation of EPCs resulted in the addition of the new mechanism,
“vasculogenesis,” which is de novo vessel formation by in situ incorporation,
differentiation, migration, and/or proliferation of BM-derived EPCs (Asahara
et al. 1999a). Furthermore, tissue-specific stem/progenitor cells with the po-
tency to differentiate into myocytes or ECs were isolated in skeletal muscle
tissue of murine hindlimb, although the origin remains to be clarified (Tamaki
et al. 2002). This finding suggests that the origin of EPCs may not be limited
to BM; tissue-specific stem/progenitor cells possibly provide “in situ EPCs” as
a source of EPCs other than BM.

In the events of minor-scale neovessel formation, i.e., slight wounds or
burns, “in situ preexisting ECs” causing postnatal angiogenesis may replicate
and replace the existing cell population sufficiently, as ECs exhibit an ability
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at preserves their proliferative activity. Neovascularization through differenti-
ated ECs, however, is limited in terms of cellular lifespan (Hayflick limit) and
their inability to incorporate into remote target sites. In the case of large-scale
tissue repair—such as is seen with patients who experience acute vascular
insult secondary to burns, coronary artery bypass grafting (CABG), or acute
myocardial infarction (Gill et al. 2001; Shintani et al. 2001), or in physiologi-
cal cyclic organogenesis of endometrium (Asahara et al. 1999a)—BM-derived
or in situ EPC kinetics are activated under the influence of appropriate cy-
tokines, hormones, and growth factors through the autocrine, paracrine, and
endocrine systems. Thus, the contemporary view of tissue regeneration is
that neighboring differentiated ECs are relied upon for vascular regeneration
during a minor insult, whereas tissue-specific or BM-derived stem/progenitor
cells bearing EPCs/ECs are important when an emergent vascular regenerative
process is required.

3
Profiles of EPCs in Adults

3.1
The Isolation of EPCs in Adults

In the embryo, evidence suggests that hematopoietic stem cells (HSCs) and
EPCs (Pardanaud et al. 1987; Risau et al. 1988) are derived from a common
precursor (hemangioblast) (Flamme and Risau 1992; Weiss and Orkin 1996).
During embryonic development, multiple blood islands initially fuse to form
a yolk sac capillary network (Risau and Flamme 1995), which provides the
foundation for an arteriovenous vascular system that eventually forms follow-
ing the onset of blood circulation (Risau et al. 1988). The integral relationship
between the cells which circulate in the vascular system (the blood cells) and
those principally responsible for the vessels themselves (ECs) is suggested by
their spatial orientation within the blood islands; those cells destined to gen-
erate hematopoietic cells are situated in the center of the blood island (HSCs)
versus EPCs or angioblasts, which are located at the periphery of the blood is-
lands. In addition to this arrangement, HSCs and EPCs share certain common
antigens, including CD34, KDR, Tie-2, CD117, and Sca-1 (Choi et al. 1998).

The existence of HSCs in the PB and BM, and the demonstration of sus-
tained hematopoietic reconstitution with HSC transplantation, led to an idea
that a closely related cell type, namely EPCs, may also exist in adult tissues.
Recently, EPCs were successfully isolated from circulating mononuclear cells
(MNCs)usingKDR,CD34,andCD133antigenssharedbybothembryonicEPCs
and HSCs (Asahara et al. 1997; Peichev et al. 2000; Yin et al. 1997). In vitro,
these cells differentiate into endothelial lineage cells, and in animal models of
ischemia, heterologous, homologous, and autologous EPCs have been shown
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to incorporate into the foci of neovasculature, contributing to neovascular-
ization. Recently, similar studies with EPCs isolated from human cord blood
have demonstrated their analogous differentiation into ECs in vitro and in vivo
(Crisa et al. 1999; Kalka et al. 2000; Murohara et al. 2000; Nieda et al. 1997).

These findings have raised important questions regarding fundamental con-
cepts of blood vessel growth and development in adult subjects. Does the dif-
ferentiation of EPCs in situ (vasculogenesis) play an important role in adult
neovascularization, and would impairments in this process lead to clinical dis-
eases? There is now a strong body of evidence suggesting that vasculogenesis
does in fact make a significant contribution to postnatal neovascularization.
Recent studies with animal BM transplantation (BMT) models in which BM
(donor)-derived EPCs could be distinguished have shown that the contribu-
tion of EPCs to neovessel formation may range from 5% to 25% in response
to granulation tissue formation (Crosby et al. 2000) or growth factor-induced
neovascularization (Murayama et al. 2002). Also, in tumor neovascularization,
the range is approximately 35%–45% higher than the former events (Reyes
et al. 2002). The degree of EPC contribution to postnatal neovascularization is
predicted to depend on each neovascularizing event or disease.

3.2
Diverse Identifications of Human EPCs and Their Precursors

Since the initial EPC report (Asahara et al. 1997; Shi et al. 1998), a number
of groups have set out to better define this cell population. Because EPCs and
HSCs share many surface markers, and no simple definition of EPCs exists,
various methods of EPC isolation have been reported (Asahara et al. 1997;
Boyer et al. 2000; Fernandez Pujol et al. 2000; Gehling et al. 2000; Gunsilius
et al. 2000; Harraz et al. 2001; Kalka et al. 2000; Kang et al. 2001; Lin et al. 2000;
Murohara et al. 2000; Nieda et al. 1997; Peichev et al. 2000; Quirici et al. 2001;
Schatteman et al. 2000; Shi et al. 1998). The term EPC may therefore encompass
a group of cells that exists in a variety of stages ranging from hemangioblasts
to fully differentiated ECs. Although the true differentiation lineage of EPCs
and their putative precursors remains to be determined, there is overwhelming
evidence that a population of human EPCs exists in vivo.

Lin et al. cultivated peripheral MNCs from patients receiving gender-mis-
matched BMT and studied their growth in vitro. In this study they identified
a population of BM (donor)-derived ECs with high proliferative potential (late
outgrowth); theseBMcells likely representEPCs (Linet al. 2000).Gunsilius et al.
investigated a chronic myelogenous leukemia model and disclosed that BM-
derived EPCs contribute to postnatal neovascularization in human (Gunsilius
et al. 2000). Interestingly, in the report, BM-derived EPCs could be detected
even in the wall of quiescent vessels without neovascularization events. The
finding suggests that BM-derived EPCs may be related even to the turnover of
ECs consisting of quiescent vessels.
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Reyes et al. have isolated multipotent adult progenitor cells (MAPCs) from
BM MNCs, differentiated them into EPCs, and proposed MAPCs as an origin of
EPCs (Reyes et al. 2002). These studies therefore provide evidence to support
the presence of BM-derived EPCs that take part in neovascularization. Also,
as described above, the existence of namely “in situ EPCs” as derived from
tissue-specific stem/progenitor cells in murine skeletal muscle remains to be
investigated even in the other tissues (Tamaki et al. 2002).

4
Cell Therapy Using EPCs

4.1
The Potent of EPC Transplantation

The regenerative potential of stem/progenitor cells is currently under intense
investigation. In vitro, stem/progenitor cells possess the capabi ity of self-
renewal and differentiation into organ-specific cell types. When placed in
vivo, these cells are then provided with the proper milieu that allows them
to reconstitute organ systems. The novel strategy of EPC transplantation (cell
therapy) may therefore supplement the classic paradigm of angiogenesis de-
veloped by Folkman and colleagues. Our studies indicated that cell therapy
with culture-expanded EPCs can successfully promote neovascularization of
ischemic tissues, even when administered as “sole therapy,” i.e., in the ab-
sence of angiogenic growth factors. Such a “supply-side” version of thera-
peutic neovascularization in which the substrate (EPCs/ECs) rather than lig-
and (growth factor) comprises the therapeutic agent, was first demonstrated
by intravenously transplanting human EPCs to immunodeficient mice with
hindlimb ischemia (Kalka et al. 2000). These findings provided novel evidence
that exogenously administered EPCs rescue impaired neovascularization in
an animal model of critical limb ischemia. Not only did the heterologous cell
transplantation improve neovascularization and blood flow recovery, but also
led to important biological outcomes—notably, the reduction of limb necrosis
and auto-amputation by 50% in comparison with controls. A similar strategy
applied to a model of myocardial ischemia in the nude rat demonstrated that
transplanted human EPCs localize to areas of myocardial neovascularization,
differentiate into mature ECs, and enhance neovascularization. These findings
were associated with preserved left ventricular (LV) function and diminished
myocardial fibrosis (Kawamoto et al. 2001). Murohara et al. reported similar
findings in which human cord blood-derived EPCs also augmented neovas-
cularization in hindlimb ischemic model of nude rats, followed by in situ
transplantation (Murohara et al. 2000).

Other researchers have more recently explored the therapeutic potential of
freshly isolated human CD34+ cells (EPC-enriched fraction). Schatteman et al.
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Fig. 1 Roadmap of EPC research. EPC biology research starts from the identification of
endothelial progenitor cells in peripheral blood published by Asahara et al., inspired by
evolving knowledge in developmental biology, hematology, and vascular biology. The de-
velopment of this field is contributing to medicine through plentiful translational research
throughout the world

conducted local injection of freshly isolated human CD34+ cells into diabetic
nude mice with hindlimb ischemia, and showed an increase in the restora-
tion of limb flow (Schatteman et al. 2000). Similarly Kocher et al. attempted
intravenous infusion of freshly isolated human CD34+ cells into nude rats
with myocardial ischemia, and found preservation of LV function associated
with inhibition of cardiomyocyte apoptosis (Kocher et al. 2001). Thus, two
approaches of EPC preparation (i.e., both cultured and freshly isolated human
EPCs) may provide therapeutic benefit in vascular diseases, but as described
in Sect. 5.2, will likely require further optimization techniques to acquire the
ideal quality and quantity of EPCs for EPC therapy.

Very recently, Iwasaki et al. have demonstrated a CD34+ cell dose-dependent
contribution to recovery of LV function and neovascularization in ischemia
tissues in models of myocardial ischemia (Iwasaki et al. 2006; Fig. 1). Further-
more, CD34+ cells in higher dose groups differentiated into not only vasculo-
genic (endothelial and mural) lineage but also myocardial lineage cells. Clinical
trials using mobilized CD34+ may be effective in terms of vasculogenesis and
myocardiogenesis.

4.2
Future Strategy of EPC Therapy

Ex vivo expansion of EPCs cultured from PB-MNCs of healthy human volun-
teers typically yields 5.0×106 cells per 100 ml of blood on day 7. Our animal
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studies (Kalka et al. 2000) suggest that heterologous transplantation requires
systemic injection of 0.5×104 to approximately 2.0×104 human EPCs/g body
weightof the recipient animal to achieve satisfactory reperfusionof an ischemic
hindlimb. Rough extrapolation of these data to humans suggests that a blood
volume of as much as 12 l may be necessary to obtain adequate numbers of
EPCs to treat critical limb ischemia in patients. Therefore, the fundamental
scarcity of EPCs in the circulation, combined with their possible functional
impairment associated with a variety of phenotypes in clinical patients, such
as aging, diabetes, hypercholesterolemia, and homocyst(e)inemia (vide infra),
constitute major limitations of primary EPC transplantation.

Considering autologous EPC therapy, certain technical improvements may
help to overcome the primary scarcity of a viable and functional EPC popu-
lation. These should include: (1) local delivery of EPCs; (2) adjunctive strate-
gies (e.g., growth factor supplements) to promote BM-derived EPC mobi-
lization (Takahashi et al. 1999; Asahara et al. 1999b); (3) enrichment pro-
cedures, i.e., leukapheresis or BM aspiration, or (4) enhancement of EPC
function by gene transduction (gene modified EPC therapy, vide infra); and
(5) culture-expansion of EPCs from self-renewable primitive stem cells in
BM or other tissues. Alternatively, unless the quality and quantity of autol-
ogous EPCs to satisfy the effectiveness of EPC therapy may be acquired by
the technical improvements above, allogenic EPCs derived from umbilical
cord blood or culture-expanded from human embryonic stem cells (Murohara
et al. 2000; Levenberg et al. 2002) may be available as the sources supplying
EPCs.

5
Gene-Modified EPC Therapy

5.1
Gene Modification of Stem/Progenitor Cells

Considering stem cells’ regenerative ability, the gene modification of stem/pro-
genitor cells exerts several advantages over conventional gene therapy. Ex vivo
gene transduction of stem/progenitor cells may avoid the direct administra-
tion of vectors and vehicles into the recipient organism. Here are possible tar-
get mechanisms of gene-modified stem/progenitor cells for medicine demon-
strated in Fig. 2.

1. Phenotype modification of stem/progenitor cell. Stem/progenitor cell target

Stem/progenitor cells isolated from adults may exhibit a variety of im-
pairments in regenerative ability, these being related to aging and genetic
or acquired diseases. Certain properties of stem/progenitor cells can be
functionally recovered by gene modifications. Transcriptional or enzymatic
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Fig. 2 The strategies of stem/progenitor cell gene modification

gene modification may constitute an effective means to maintain, enhance,
or inhibit stem/progenitor cell bioactivities to proliferate or differentiate.

2. Phenotype modification of organ. Progeny target

Genes introduced into stem cells are inherited by their progeny through
differentiation cascades. Specifically, expression of the inserted gene may
persist through the life of the organ system that is reconstructed by the gene-
modified stem cells. Genetically disordered organs, especially in the case of
hematopoietic pathology, could be replaced by this strategy following bone
marrow transplantation (Cowan et al. 1999; Dunbar et al. 1998; Karlsson
1991; Reisner and Segall 1995; Wong-Staal et al. 1998).

3. Acceleration of regeneration process. Process target

Regeneration of injured tissues is in part or primarily achieved via stem
cell expansion and differentiation. Examples include endothelial progenitor
cells for neovascularization, neural stem cells for neurogenesis, and HSCs
and mesenchymal stem cells (MSCs) for bone marrow reconstruction. Nat-
ural reparatory processes are often too impaired from unexpectedly severe
injury, basic diseases, or aging to accomplish regeneration. Gene modifica-
tion of stem cells to supplement mitogens (Iwaguro et al. 2002) or to deliver
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inhibitory factors for negative control might accelerate retarded regener-
ative processes following stem cell proliferation, incorporation, and gene
expression in situ.

4. Therapeutic organization. Systemic target

Tosupply targetmolecules for therapeuticuse, transplantationofgenetically
modified stem cells might generate expressional tissues or pseudo-organs.
The established tissues or organs will continuously express a certain num-
ber of molecules locally or generally for the short- or long-term by means of
vector selection and conditioning. This strategy could represent an alterna-
tive approach for therapeutic delivery in lieu of standard drug distribution
and uptake.

5.2
Gene Modification of EPCs

EPC transplantation constitutes a novel therapeutic strategy that could pro-
vide a robust source of viable ECs to supplement the contribution of ECs
resident in the adult vasculature that migrate, proliferate, and remodel in
response to angiogenic cues, according to the classic paradigm of angiogen-
esis developed by Folkman and Shing (1992). Just as classical angiogenesis
may be impaired in certain pathologic phenotypes, however, aging, diabetes,
hypercholesterolemia, and hyperhomocysteinemia may likewise impair EPC
function, including mobilization from the bone marrow and incorporation
into neovascular foci. Gene transfer of EPCs during ex vivo expansion consti-
tutes a potential means of addressing such putative liabilities in EPC function.
Moreover, phenotypic modulation of EPCs ex vivo may also reduce the num-
ber of EPCs required for optimal transplantation post-ex vivo expansion, and
thus serve to address a practical limitation of EPC transplantation, namely the
volume of blood required to extract an optimal number of EPCs for autologous
transplantation.

Iwaguro et al. have determined the impact of vascular endothelial growth
factor (VEGF) gene transfer on certain properties of EPCs in vitro and the con-
sequences of VEGF EPC transfer on neovascularization in vivo (Iwaguro et al.
2002; Fig. 3). In vitro, VEGF-gene transfer can be augmented by adenovirus
vector for EPC-proliferative activity and enhanced incorporation of EPCs into
endothelial cell monolayers. In vivo, transplantation of VEGF gene-transduced
EPCs improved neovascularization and reduced limb necrosis by 63.7%. VEGF
EPC gene transfer permitted a dose reduction of transplanted EPCs that was
30 times less than that required in previous experiments to achieve similar
rates of limb salvage. These findings present one option to address the limited
number of EPCs that can be isolated from peripheral blood prior to ex vivo
expansion and subsequent autologous readministration for augmentation of
neovascularization.
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Fig. 3 Enhanced neovascularization by EPCs modified by the VEGF gene. The delivery of
VEGF gene-transduced EPCs presents stimulated proliferation, migration, differentiation,
and incorporation capability to the ischemic area for vasculogenesis

A strategy that may alleviate potential EPC dysfunction in ischemic dis-
orders is considered reasonable, given the findings that EPC function and
mobilization may be impaired in certain disease states.

The regulatory molecule for cell lifespan, telomerase was modified by hu-
man telomerase reverse transcriptase (hTERT) gene transfer to investigate its
effect on the regenerative properties of endothelial progenitor cells (EPCs) in
neovascularization (Murasawa et al. 2002). Along with high telomerase ac-
tivity in hTERT-transduced EPCs, mitogenic capacity exceeded that of the
control group. VEGF-induced cell migration in EPCs was also markedly en-
hanced by hTERT overexpression. hTERT overexpression has rescued EPCs
from starvation-induced cell apoptosis, an outcome that was further enhanced
in response to VEGF. The colony appearance of totally differentiated EC was de-
tected prior to day 30 only by hTERT overexpression, whereas no EC colonies
could be detected in the control group. In vivo transplantation of heterolo-
gous EPCs demonstrated that hTERT-expressing EPCs dramatically improved
postnatal neovascularization in terms of limb salvage by fourfold in compar-
ison with the control group’s limb perfusion as measured by laser Doppler
and capillary density. These findings provide the novel evidence that telom-
erase activity contributes to EPC angiogenic properties; mitogenic activity,
migratory activity, and cell survival. This enhanced regenerative activity of
EPC by hTERT transfer will provide a novel therapeutic strategy for postnatal
neovascularization in severe ischemic disease patients.
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6
Other Potential of EPCs

EPCs have recently been applied to the field of tissue engineering as a means of
improving biocompatibility of vascular grafts. Artificial grafts first seeded with
autologous CD34+ cells from canine BM and then implanted into the aortae
were found to have increased surface endothelialization and vascularization
compared with controls (Bhattacharya et al. 2000). Similarly, when cultured
autologous ovine EPCs were seeded onto carotid interposition grafts, the EPC-
seeded grafts achieved physiological motility and remained patent for 130 days
vs 15 days in nonseeded grafts (Kaushal et al. 2001). Alternatively, as previously
reported, the cell sheets of cultured cardiomyocytes may be effective for the
improvement of cardiac function in the damaged hearts, i.e., ischemic heart
disease or cardiomyopathy (Shimizu et al. 2002a, b). The cell sheets consisting
of cardiomyocytes with EPCs expectedly inducing neovessels may be attrac-
tive, as blood supply is essential to maintain the homeostasis of implanted
cardiomyocytes in such cell sheets.

7
Conclusion

As the concept of BM-derived EPCs in adults and postnatal vasculogenesis
are further established, clinical applications of EPCs in regenerative medicine
are likely to follow. To acquire the more optimized quality and quantity of
EPCs, several issues remain to be addressed, such as the development of more
efficientmethodsofEPCpurificationandexpansion, alongwith themethodsof
administration and senescence in EPCs. Alternatively, in case of the impossible
utility of autologous BM-derived EPCs in patients with impaired BM function,
appreciable EPCs isolated from umbilical cord blood or differentiated from
tissue-specific stem/progenitor or embryonic stem cells need to be optimized
for EPC therapy. However, the unlimited potential of EPCs along with the
emerging concepts of autologous cell therapy with gene modification suggests
that these treatments may soon reach clinical fruition.
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Abstract Until recently, the concept of treating the injured or failing heart by generating new
functional myocardium was considered physiologically impossible. Major scientific strides
in the past few years have challenged the concept that the heart is a post-mitotic organ,
leading to the hypothesis that cardiac regeneration could be therapeutically achieved. Bone
marrow-derived adult stem cells were among the first cell populations that were used to test
this hypothesis. Animal studies and early clinical experience support the concept that ther-
apeutically delivered mesenchymal stem cells (MSCs) safely improve heart function after
an acute myocardial infarction (MI). MSCs produce a variety of cardio-protective signalling
molecules, and have the ability to differentiate into both myocyte and vascular lineages.
Additionally, MSCs are attractive as a cellular vehicle for gene delivery, cell transplantation
or for tissue engineering because they offer several practical advantages. They can be ob-
tained in relatively large numbers through standard clinical procedures, and they are easily
expanded in culture. The multi-lineage potential of MSC, in combination with their im-
munoprivileged status, make MSCs a promising source for cell therapy in cardiac diseases.
Here we provide an overview of biological characteristics of MSCs, experimental animal
studies and early clinical trials with MSCs. In addition, we discuss the routes of cell delivery,
cell tracking experiments and current knowledge of the mechanistic underpinnings of their
action.

Keywords Mesenchymal stem cells · Acute myocardial infarction · Heart failure ·
Cell transplantation
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1
Introduction

The mammalian heart develops early in embryogenesis and is the first organ
that becomes functional. A primary heart tube is formed from the mesoderm,
which shows peristaltic contraction at 3 weeks of gestation in the human
embryo (Sissman 1970). In embryonic and early post-natal life, the increase
in cardiac mass reflects the well-controlled balance between the addition of
new myocytes and the death of unnecessary cells. Postpartum cardiac growth
occurs due to an increase in the number and volume of myocytes, which leads
to the development of the adult heart phenotype (Anversa et al. 1986).

The traditional paradigm that adult cardiac myocytes are terminally differ-
entiated and unable to divide has recently been challenged. The re-entry of
cardiac myocytes into the cell cycle has been demonstrated by many investiga-
tors. However, the outcome of this cell cycle re-entry remains unknown. There
is little conclusive evidence of true cytokinesis of adult cardiomyocytes and
some investigators have shown that cell cycle re-entry in adult cardiomyocytes
results in apoptosis of those cells (Agah et al. 1997; Liu and Kitsis 1996; von
Harsdorf et al. 1999). Thus, the division of cardiac myocytes as an endogenous
mechanism to repair myocardial damage, or as a potential therapeutic option,
remains controversial.

A major discovery from the laboratory of Piero Anversa provided a pivotal
mechanism by which cardiac myocytes could regenerate. In this study, c-Kit+

precursor cells were identified in rodent myocardium that had the capacity to
differentiate into all major cardiac lineages (Beltrami et al. 2003). This observa-
tion offered a new perspective on cardiac homeostasis, which indicates that the
steady-state complement of cellular constituents represents a balance between
cell loss and cell appearance. Throughout life, there is loss and concurrent
replacement of adult cells. Cardiac failure can occur when the rate of myocyte
apoptosis and necrosis exceeds the capacity of the intrinsic stem cell pool to
replenish the lost myocytes (Leri et al. 2005).

Heart failure remains the leading cause of death and hospitalisation in
industrialised countries and is an emerging public health concern in the de-
veloping world despite advances in medical strategies aimed at post-infarct
remodelling and the development of aggressive reperfusion strategies. In the
United States alone, 5.2 million people are living with congestive heart failure
(CHF) (American Heart Association 2006). Following a diagnosis of CHF, 1 in
5 patients will be dead within 12 months (American Heart Association 2006).
The estimated cost for treating heart failure patients in 2007 is U.S. $33.2 bil-
lion. Therefore any new treatment modality that benefits heart failure patients
has the potential to result in dramatic improvements in health outcomes as well
as substantial cost saving for the community. The utilisation of mesenchymal
stem cell therapy for cardiac repair may realise this potential.
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2
Mesenchymal Stem Cells

McCulloch and Till (1960) identified a bone marrow stem cell capable of recon-
stituting haematopoiesis in mice. The clonality of these haematopoietic stem
cells was subsequently demonstrated (Becker et al. 1963). This groundbreaking
discovery led to the concept of adult stem cells.

In addition to haematopoietic stem cells, the marrow was shown to contain
additional cells with the capacity for self-renewal and differentiation. Resid-
ing in the stromal compartment of bone marrow, these cells were termed
mesenchymal stem cells (MSCs) and first described by Friedenstein at the
Gamaleya Institute in Moscow (Friedenstein 1961). To characterise these cells,
bonemarrowwasharvested fromguinea-pigs andcultured innutrientmedium
(see Fig. 1; Friedenstein et al. 1970). Adherent cultured cells re-implanted in
ectopic sites developed the histological and morphological appearance of bone
and cartilage, supporting their osteoprogenitor potential.

Subsequently, the culture conditions necessary for the expansion and dif-
ferentiation of these cells were further refined. The original work of MSCs
focussed on osteo-chondral differentiation and their potential to repair car-

Fig. 1a–d Morphology of mesenchymal stem cells (MSCs) in culture. a,b Phase-contrast
images of MSC in culture. MSCs show fibroblast-like features and growth patterns in culture.
c Scanning electron microscope (SEM) image showing newly seeded MSCs attaching to the
surface of a cell culture dish. d Transmission electron microscope (TEM) image of an MSC
demonstrating the ultra-structural characteristics of a stem cell
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tilage and bone. Human MSCs were first isolated by Arnold Caplan at Case
Western Reserve University from small bone marrow samples (Caplan 1991;
Haynesworth et al. 1992), demonstrating the clinical feasibility of harvesting
and expanding these cells ex vivo. Caplan suggested that the actual MSC is an
adherent fibroblastic cell (see Fig. 1) isolated by Percoll density centrifugation.
The disadvantage of this definition is that this isolation method is prone to
contamination with haematopoietic stem cells (HSCs), which leads to cellular
heterogeneity in the final cell preparation. However, the most current cell sep-
aration and culture techniques result in high levels of viable MSCs for research
and clinical use.

2.1
Definition of MSCs

There is noconsensuson thedefinitionofMSCs.Originally,MSCswere thought
to correspond to the marrow cells that self-renew and give rise to mesenchymal
tissues (Minguell et al. 2001). However, the marrow stromal cell population that
contains the MSC pool can also differentiate into tissues other than those that
originate in the embryonic mesoderm. Therefore, the term mesenchymal for
these stem cell has been questioned by some investigators (Vogel et al. 2003;
Woodbury et al. 2000).

MSCs are currently operationally defined by their ability to adhere to the
surface of cell culture dishes (see Fig. 1) and the absence of haematopoietic
markers. MSCs represent only 0.001–0.01% of the total population of nucleated
cells in the bone marrow (Pittenger et al. 1999). However, they can be easily
expanded in culture, and retain their growth and multilineage potential over
severalpassages, although they lack immortality (Muraglia et al. 2000;Pittenger
et al. 1999).

IndividualMSC isolateshave slightlydifferent cell characteristics depending
on the exact isolation method and culturing conditions used. To date, three
different subpopulations of MSCs are described:

1. The smallest,most rapidlydividingcellshavebeen labelledas recycling stem
(RS) cells and are considered the most primitive form of MSCs (Prockop
et al. 2001). They have a different multi-lineage differentiation potential.
By definition, RS cells lack the expression of haematopoietic cell surface
markers, but in contrast to other MSC populations, RS cells do not express
c-kit (CD117).

2. Another cell subpopulation is the so-called multipotent adult progenitor
cells (MAPCs). These cells, unlike other MSC populations, are immortal in
culture and show in vitro capacity to differentiate in all three germ layer cell
types (Jiang et al. 2002a, b).

3. Humanbonemarrow-derivedmultipotent stemcells (hBMSCs)are the latest
subpopulation described to date. Like MAPCs, they can give rise to all three
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germ layers and share the ability with MSCs to engraft and differentiate to
multiple lineages in a rat model of acute infarction (Yoon et al. 2005).

In humans, MSCs are found in bone marrow, muscle, skin and adipose
tissue, and are known to differentiate into muscle, fibroblasts, bone, tendon,
ligament and adipose tissue (Caplan 1991). For cardiovascular research MSCs
have been harvested from bone marrow and adipose tissue, and successfully
expanded in culture.

2.2
Secreted Factors from MSCs

Early experiments focusing on cartilaginous and osseous tissue showed that
cultured MSCs participated in new tissue formation, rather than inducing en-
dogenous cells to differentiate by paracrine signalling. However, from the early
days MSCs were studied for their ability to function as a stromal network and
support haematopoietic stem cells. MSCs indeed produce an array of growth
factors and cytokines, including macrophage, granulocyte and granulocyte-
macrophage colony stimulating factors (M-, G-, and GM-CSF), stem cell factor
(SCF-1), leukaemia inhibitory factor (LIF), stromal cell-derived factor (SDF-1),
Flt-3 ligand, and interleukin-1, -6, -7, -8, -11, -14 and-15 (Haynesworth et al.
1996; Majumdar et al. 1998). Most of these cytokines are known to be important
signalling molecules in modulating acute and chronic immune responses.

More recently, Kinnaird et al. analysed conditioned medium from cultured
MSCs and added vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), placental growth factor (PIGF) and monocyte chemo-
attractant protein (MCP-1) to the list of secreted cytokines. Notably, these cy-
tokines are involved invasculogenesis andangiogenesis (Kinnairdet al. 2004b).
Subsequent experiments demonstrated that injection of cell-free conditioned
medium from MSC cultures is able to enhance angiogenesis, suggesting that
MSCs exert their effects, at least in part, by paracrine actions. Beneficial ef-
fects on blood flow and limb function have been demonstrated in a hindlimb
ischaemia model (Kinnaird et al. 2004a). Improved neovascularisation and
cardiac function have been shown in mice following MI after intra-myocardial
application of this cell-free medium (Gnecchi et al. 2005). It therefore appears
that MSCs are capable of releasing a variety cytokines and may act via the
release of these soluble factors to enhance angiogenesis.

2.3
Immunology of MSCs

One of the most exciting aspects of MSC biology is their apparent immuno-
privilege. While expressing major histocompatibility complex I (MHC I), MSCs
have low levels of MHC II, suggesting they may be able to avoid the initiation
of an allogeneic immune response. The unique immunologic characteristics
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of MSCs were first demonstrated in sheep, where human MSCs were shown to
evade rejection, persist long-term at the transplantation sites, and exhibit mul-
tipotential, site-specific differentiation (Liechty et al. 2000). Experiments in
non-human primates have evaluated the homing, immunologic reaction, and
long-term cell fate of autologous and allogeneic MSCs. These studies demon-
strated that allogenic MSCs were not rejected, showed similar effects to the au-
tologous MSCs and could be detected in the recipient 9 months after transplan-
tation (Bartholomew et al. 2002; Devine et al. 2001, 2003; see also Fig. 3 below).

In vitro experiments elucidated the unique immunologic properties of
MSCs. After interferon-γ incubation, the expression of MHC II, a classical
stimulator for the T cell response, is upregulated; however, the lack of co-
stimulatory molecules B7–1 (CD80), B7–2 (CD86) and CD40 prevents T cell
proliferation (Bartholomew et al. 2002; Tse et al. 2003). In fact, allogeneic MSCs
inhibit T cell interaction in a local fashion, but T cell viability is not affected
after transplantation (Di et al. 2002).

Aggarwal and Pittenger investigated the lack of T cell response to allogeneic
MSC transplantation by exposing MSCs to isolated subpopulations of immune
cells, such as THelper -1( TH1), THelper -2 (TH2), T regulatory (TR) and natural
killer (NK) cells. Their results indicate that MSCs interact with these immune
cells and alter their cytokine profile. Pro-inflammatory TH1 cells and NK cells
decreased the secretion of interferon-γ. Anti-inflammatory TH2 cells increased
the immuno-protective secretion of interleukin (IL)-4, and furthermore MSCs
caused an increase in the number of TR cells and the associated secretion of
anti-inflammatory IL-10 (Aggarwal and Pittenger 2005).

Overall, these experiments indicate that allogeneic MSCs can modify im-
mune response in a dose-dependent manner and can reduce the inflammatory
response when present in appropriate amounts. Currently, phase III clinical
trials are evaluating the optimal MSC dose and frequency of administration to
prevent or treat graft-vs-host disease during allogeneic HSC transplantation.

3
MSCs for Gene Therapy, Transplantation and Tissue Engineering

For several reasons, MSCs are attractive as a cellular vehicle for gene delivery,
cell transplantation and tissue engineering applications. They can be obtained
in relatively large quantities through standard clinical procedures, such as bone
marrow harvest or liposuction. MSC are easily expanded in culture to num-
bers that make clinical application practical. Their unique immune-privileged
status may allow them to be used as an allogeneic pre-prepared “off-the-shelf”
product; therefore theycanbeadministered immediatelywhenrequired, rather
than waiting weeks or months for adequate numbers of cells to be achieved by
cell culture.
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3.1
Genetic Modification and MSCs

MSCs are capable of long-term transgene expression (Zhang et al. 2002). Genet-
ically modified MSCs were first successfully used to deliver pacemaker genes
into the heart in an attempt to develop biological pacemakers (Potapova et al.
2004; Valiunas et al. 2004). These studies demonstrated that MSCs can be used
to deliver a variety of genes and influence the function of syncytial tissues by
expressing gap junction proteins.

Recently, genetic modification of MSCs has been used to overcome the
problem of limited viability and engraftment of the transplanted cells in the
myocardium. Indeed, genetic modification can improve survival, metabolic
characteristics, proliferative capacity or differentiation of MSCs. In addition,
cells can be engineered to be a vehicle for gene therapy whose secreted product
can exert paracrine or endocrine actions that may results in further therapeutic
benefits. This approach was first conceptualised by Mangi and colleagues.
MSCs over-expressing the anti-apoptotic gene Akt-1 became more resistant to
apoptosis in vitro and in vivo, and showed a dramatic improvement in cardiac
function in a rodent MI model, with almost complete replacement of the infarct
scar with functioning myocardium (Mangi et al. 2003).

Subsequently,Tangetal.demonstrated thatMSCs transducedwithhaemoxy-
genase, an enzyme preventing oxidative damage, showed both better engraft-
ment and enhanced cell survival following intra-myocardial delivery relative
to non-transduced MSCs (Tang et al. 2005). In a recent study, myocardial
transplantation of VEGF gene-transfected MSCs demonstrated a better im-
provement in myocardial perfusion and in restoration of heart function than
either cellular or gene therapy alone (Yang et al. 2006).

Though the function of MSCs might be further enhanced by genetic manip-
ulation, this approach is currently restricted to basic and translational research
because of the limited clinical experience with gene therapy and genetically
modified cell products in the setting. However, these approaches will help to
further elucidate thebiologyof stemcell functionand improveourunderstand-
ing of the mechanisms of repair. It is possible that in the future, genetically
modified MSCs may be of value for clinical therapy.

3.2
MSC Transplantation and Routes of Application

In animal studies and human trials MSCs have been delivered using four routes:
(1) intra-coronary infusion, (2) intra-venous infusions, (3) direct injection into
the myocardium via percutaneous endomyocardial approaches, and (4) sur-
gical epicardial administration. Each approach offers unique advantages and
disadvantages.
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The advantage of intra-coronary infusion is that cells can travel directly
into myocardial regions in which nutrient blood flow and oxygen supply are
abundant, providing a favourable environment for stem cell survival and en-
graftment. However, the timing of delivery is crucial. In the setting of an acute
MI with damaged endothelium, cells may traverse the endothelial barrier more
easily and cross the vessel wall from the vascular lumen into the tissue where
they are needed. If this proves to be the case, early delivery of MSCs may re-
sult in the optimal repair of tissue damage. However, the acute inflammatory
process and the local oedema following MI might limit the engraftment and
survival of transplanted cells. If this proves to be the case, then application of
MSC therapy at later time points may result in more effective repair. Thus, the
most appropriate time point for cell transplantation after an acute MI remains
to be determined.

Recent in vitro and in vivo experiments confirm that MSCs can easily tra-
verse endothelial barriers, and that the majority of cells migrate within 30 min
(Schmidt et al. 2006). Conversely, homing of intra-arterially injected MSCs
requires migration out of the vessel into the surrounding tissue, so that inad-
equately perfused areas of the myocardium could be targeted less efficiently.
Mitigating this, however, is the demonstration that MSCs home specifically to
the site of an acute ischaemic injury in animal models after systemic delivery
(Barbash et al. 2003; Nagaya et al. 2004; Saito et al. 2002). Similar homing-to-
injury results have been obtained from a clinically relevant porcine model of
an acutely reperfused myocardial infarct (Price et al. 2005).

Theunderlyingmechanismforcellhomingrelates to ischaemiaandhypoxia-
induced release of cytokines and the induced expression of adhesion molecules
into the injured myocardium. SDF1 and its cognate receptor CXCR4 are well
known to be necessary for stem cell homing to the bone marrow (Peled
et al. 1999). In ischaemically damaged myocardium, SDF-1 expression is up-
regulated and remains elevated for days (Abbott et al. 2004; Ma et al. 2005).
Studieshave shownthatMSCsexpress theCXCR4receptorandmigrate towards
a SDF-1 gradient in vitro and across endothelium in vivo (Peled et al. 1999).

Matrix metalloproteinases, especially MMP-9 which is highly activated in
the post-infarcted myocardium (Wilson et al. 2003), are also implicated in this
process. MMP-9 induces the soluble kit ligand, which facilitates stem cell mo-
bilisation from the bone marrow (Heissig et al. 2002). The notion of a stem cell
homing signal from the ischaemic-injured myocardium provides the rationale
for using intravenous infusions in patients with acute myocardial infarction.

Safety issues have been raised about the intra-coronary delivery route for
MSCs. The fear is that cells administered this way may result in blockage of
the coronary arteries and further damage to the myocardium. One study using
autologous mesenchymal stem cells from dog bone marrow injected into nor-
mal coronary arteries demonstrated micro-infarction in the region supplied
by that artery, suggesting that these cells aggregate in vivo leading to arterial or
arteriolar obstruction (Vulliet et al. 2004). Nevertheless, intra-coronary mes-
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enchymal stem cell therapy in one human trial resulted in improved cardiac
function and was safe (Chen et al. 2004b).

Although intra-coronary infusion of bone marrow-derived stem cells is cur-
rently the preferred method of cell delivery in clinical trials, and it seems to be
an attractive option for MSC application in patients with acute myocardial in-
farction as well, intra-myocardial injections are an emerging option especially
in patients with old infarcts or chronic heart failure, where the homing signal
released from acutely damaged tissue are likely to be less intense.

Open heart surgery offers the advantage that cells can be placed under di-
rect vision. Especially in patients with ischaemic cardiomyopathy and chronic
infarct scars, this can be a valuable approach to deliver cells directly to the
areas where they are needed the most. Because of its invasive nature, this kind
of procedure is likely to be performed only in patients with existing clinical
indications for cardiac surgery. Taken together, intra-myocardial cell delivery
during coronary bypass grafting and catheter-based delivery systems appear
to be safe and feasible.

Recently, Miyahara et al. reported a novel tissue engineering approach of
MSC grafting into the myocardium (Miyahara et al. 2006). MSCs were cultured
from adipose tissue, and grown as a monolayer on cell sheets. After myocardial
transplantation, the engrafted MSC sheets gradually grew to form a thick
stratum that included newly formed vessels, undifferentiated cells and a few
cardiomyocytes. Compared to fibroblast cell sheets, the monolayered MSCs
reversed wall thinning in the scar area and improved cardiac function in rats
with myocardial infarction.

The ideal method of MSC transplantation still remains to be determined,
but it is already apparent that MSCs can be safely administered via several
different modes of delivery to treat cardiovascular diseases. Cell delivery may
have to be specifically tailored to different disease states and conditions.

4
Mechanism of Repair

The equilibrium between myocyte death and formation of new myocytes sug-
gests that the cardiac stem cell pool receives signals from cells undergoing
apoptosis or necrosis, which induce resident progenitor cells to grow and
functionally replace lost myocytes. Although myocardial infarct scars do not
regenerate spontaneously, the endogenous repair mechanisms of the mam-
malian heart may be manipulated and exploited to achieve a restitutio ad
integrum after ischaemic damage. Whether the stem cell reserve in the adult
heart suffices to reconstitute acute and massive loss of myocardium needs to
be resolved. Experimental animal studies have demonstrated the ability of car-
diac stem cells to translocate to the site of injury (Beltrami et al. 2001; Oh et al.
2003). Therefore, we have to distinguish between the regenerative capacity
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Fig. 2 Mechanisms of cardiac repair. (Modified from Boyle et al. 2006, with permission)

of the damaged and the non-damaged myocardium. Anversa and co-workers
showed that myocyte formation is enhanced in patients with acute and chronic
heart failure (Beltrami et al. 2001; Urbanek et al. 2005b).

This theory lays the foundationonwhich stemcell therapy isbuilt.Anumber
of different mechanisms operating alone or in concert are proposed to underlie
successful cardiac cell therapy (see Fig. 2):

1. Restitution of the depleted stem cell pool at the site of injury for cardiac
myogenesis

2. Induction of vasculo- and angiogenesis for adequate oxygen and blood
supply, which may enhance myocyte survival and limit apoptosis

3. Enhancement of the signalling from the injury site to attract more endoge-
nous cardiac stem cells

4. Mechanical strengthening of the infarct scar, preventing on-going left ven-
tricular (LV) remodelling and allowing endogenous repair mechanisms to
improve LV function

5. Modulation the inflammatory response to acute MI, thereby limiting the
amount of initial tissue damage

6. Stimulation of endogenous cardiomyocytes to re-enter the cell cycle and
proliferate

7. Direct trans-differentiation into cardiomyocytes, endothelial cells and vas-
cular smooth muscle cells

This list of putative mechanisms is by no means exhaustive. Indeed, any
numberof theseproposedmechanisms, or another as-yet-unrecognisedmeans
of repair, may be acting in concert to achieve cardiac regeneration.
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Human and animal data suggest that bone marrow-derived cells play a role
in the repair process after injury, but the precise means by which the repair
process occur remains incompletely defined. Whether circulating and resident
progenitor cells repair the damaged heart by trans-differentiation into new
cardiac muscle, or by any of the other mechanisms listed above continues to
be debated (Mouquet et al. 2005; Urbanek et al. 2005a, b).

MSCs have the ability to trans-differentiate into cardiac myocytes. While
in vitro observations after MSC treatment with DNA demethylating agent 5-
azacytidine supportdifferentiation (Makinoet al. 1999), invivostudiesdemon-
strate incomplete differentiation with MSCs harbouring myocyte-specific pro-
teinsbut lacking full cardiomyocytephenotypes (Amadoet al. 2005; Shake et al.
2002). MSCs are reported to produce cardiac connexin 43 (Valiunas et al. 2004)
and therefore could in theory electromechanically couple to host myocardium.

We have demonstrated the presence of proliferating cardiomyocytes in the
scar regionafterMSCtransplantation in the settingof anacuteMI (Amadoet al.
2005; see Fig. 4). Furthermore, our recent data suggest growth of new tissue
replacing areas of scar tissue with viable and functional myocardium. However,
whether this occurs due to MSC differentiation into cardiomyocytes, prolif-
eration of endogenous cardiomyocytes or their precursors, or other currently
unappreciated mechanisms remains to be determined (see Fig. 2). Indeed, it
has been shown that exogenous signals introduced following MI can cause
proliferation and differentiation of endogenous cardiac stem cells, resulting in
myocardial regeneration and improved LV function (Limana et al. 2005). MSC
transplantation may act in a paracrine or cell-to-cell signalling fashion to effect
cardiac repair via cytokine-induced enhancement of endogenous cardiac stem
cell function.

Other actions of MSC therapies include immunomodulatory effects on in-
flammatory cells as discussed, which might be beneficial in the setting of an
acute MI, and signalling to modulate direct scar healing and remodelling.
There is strong evidence that MSCs participate in the regulation of collagen
formation. Xu et al. have reported that MSCs influence the composition of
extracellular matrix at the scar, altering the expression of MMP-1 and tissue
inhibitor of matrix metalloproteinases (TIMPS), among other components (Xu
et al. 2005a, b). Others have demonstrated improved ventricular compliance
after MSC therapy and suggested that this, in concert with reduced scar forma-
tion, may contribute to the improvements in LV function (Berry et al. 2006).

Furthermore, MSCs are also reported to participate in vasculogenesis and
angiogenesis by paracrine signalling and incorporation into newly formed
vessels (Silva et al. 2005). Kinnaird et al. first reported a beneficial effect of
MSCs on collateral remodelling and perfusion in a mouse model of hindlimb
ischaemia (Kinnaird et al. 2004a). With regard to the heart, there are reports in
small and large animal models (Silva et al. 2005; Tang et al. 2004; Tomita et al.
2002; Zhang et al. 2004) that implanted MSCs differentiate into endothelial
cells and enhance vascular density.



206 K. H. Schuleri et al.

4.1
Cell Tracking and Evaluation of MSC Therapy

A variety of methods to label and track MSCs have been used in order to follow
the engraftment, distribution and bioactivity in the recipients. However, each
cell-labelling method has its limitation, and caution is necessary in interpreting
and combining results from different experimental studies.

Both invasive and non-invasive cellular imaging requires labelling of the
target cells. The techniques used so far include:

1. Dye labelling of membrane or surface proteins markers such as DiI (1,1′′-
dioleyl-3,3,3′′,3′′-tetramethylindocarbocyanine methanesulphonate)

2. Labelling of DNA with intercalating fluors such as DAPI (4′,6-diamidino-2-
phenylindole) or the false nucleotide BrdU (bromodeoxyuridine)

3. Gene taggingofcellsby transfectionsuchas thereportergeneβ-galactosidase
(lacZ) or green fluorescent protein (GFP)

4. In situ hybridisation for Y-chromosome in female recipients of male cells

5. PCR for a transgene or Y-chromosome

6. Iron labelling for magnetic resonance imaging (MRI)

7. Radiolabelling with 111indium for γ-imaging (SPECT)

8. Iridium labelling of MSCs for detection by neutron activation analysis
(NAA)

9. PET imaging of transfected cells carrying an emitting reporter gene

4.1.1
Invasive Imaging of MSC Therapy

Identification, localisation and evaluation of the fate of transplanted MSCs are
mandatory to understand cell function and elucidate the mechanisms of repair
of MSC therapy. This can be best achieved by evaluation of MSC distribution
in tissue specimens.

To date, gender mismatch-labelling seems to be the best approach for cell
tracking, because the native properties of cells are used without affecting cell
function. This approach is particularly interesting for the evaluation of MSC
therapy, where allogeneic cell delivery is possible without immunosuppression.
The advantages of male-to-female transplantation are that the Y-chromosome
is present in virtually every intact donor cell, and that current paint probes
make it relatively easy to image the Y-chromosome in situ. Quaini et al. used
this technique to demonstrate the presence of male cells after orthotopic trans-
plantation of female hearts into male patients (Quaini et al. 2002). However,
the Y-chromosome can only be visualised in tissue sections that sample the
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Fig. 3a,b Engraftment of allogeneic porcine mesenchymal stem cells assessed with magnetic
resonance imaging. a Pseudo-long axis image obtained after MSC injection. Magnetically
iron-labelled (Feridex) MSCs appear as hypo-enhanced areas (arrows) visible 2 days, 1 week,
4 weeks and 8 weeks after injection. Bar graph (right) illustrating Feridex retention over
8 weeks. b Histologic evaluation of post-infarct myocardium. H&E stains (left) obtained
fromnon-injected infarctedarea, demonstratinganabundanceof inflammatory cells (closed
arrows) surrounding thenecrotic region(160×magnification).H&EandPrussianbluestains
(PB) of MSC injection sites (right) demonstrating the absence of inflammatory cells. Open
arrows indicate iron-labelled MSCs. (Reprinted from Amado et al. 2005, with permission)

nuclei, and many of the transplanted cells will not be detected. This is a prob-
lem with all nuclear stains, and it can cause a problem when the abundance of
transplanted cells is low to begin with, or diminishes over time (see Fig. 3).

In preclinical studies, MSCs have been either labelled with iron oxide
(Amado et al. 2005; Kraitchman et al. 2005; see Fig. 3), DiI/DAPI (Amado
et al. 2005; Silva et al. 2005), BrdU (Tomita et al. 2002), or have been transfected
with lacZ (Toma et al. 2002). Immuno double labelling for proteins expressed
early in cardiac myocyte development has been used to determine the fate of
transplanted cells. However, each technique has its own strengths and limi-
tations, requiring caution with data interpretation. Further experiments and
novel approaches, such as promoter-driven expression of labelled cardiomy-
ocytes and endothelial markers, are needed to ascertain with certainty the fate
of cells after transplantation.

4.1.2
Non-invasive Imaging of MSC Therapy

Non-invasive imaging is playing an important role in assessing the myocardial
response to MSC therapy. The correlation of tissue specimen, allowing cellu-
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Fig. 4a–d Cardiac regeneration after intramyocardial MSC injection. MDCT scan of the
same MSC-treated animal at 5 days (a) and 8 weeks (b) following MSC injection. There
is a time-dependent reduction in the thickness of the infarct scar and a corresponding
increase in the thickness of the sub-endocardial rim of tissue at 8 weeks. c Representative
pathology specimen of a MSC-treated animal showing a patchy scar pattern, and a thick
endomyocardial rim. d Ki67-positive myocytes (white nuclear stain) in the endomyocardial
rim, demonstrating the regenerative capacity of the heart (red: α-sarcomeric actin). (Parts
a and b reprinted from Amado et al. 2006, with permission)

lar and molecular characterisation, with non-invasive imaging of myocardial
function, viability, perfusion and cell tracking is the basis to elucidate the
effects of cell therapy.

MRIandcontrast-enhancedmulti-detector computed tomography (MDCT)
have been used to serially monitor the regional and global function and my-
ocardial structure in MSC-treated hearts, demonstrating in vivo that the reap-
pearanceofmyocardial tissue is accompaniedby time-dependent restorationof
contractile function, consistent with a regenerative process (see Fig. 4; Amado
et al. 2006).

Most current MRI in vivo-labelling strategies for MSCs have applied iron
oxide particles—so-called ultra-small superparamagnetic iron oxide (SPIO)
compounds. The compound is internalised into the living cell because surface
labels may become detached and transferred to other cells. Another advantage
ofSPIO labelling is thatwhen thecells are lysed the ironoxide isonly takenupby
phagocytic cells and ultimately recycled in the iron pool, thereby preventing
damage to tissue at the injection side. On the other hand, this is also the
biggest problem of SPIO labelling because iron particles from degraded cells
are incorporated by adjacent phagocytic cells. Thus, hypo-intense artefacts in
images at later time points after cell delivery may represent cells other than the
originally labelled ones. Therefore strict quantification of cell numbers based
on the change in volume of the hypo-intense signal is difficult to determine.

In a hybrid approach, Kraitchman et al. added the radiotracer 111indium-
oxime as a cell surface label to the internalised SPIO label, thereby providing
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two independent cell labels for in vivo imaging (Kraitchman et al. 2005).
111Indium-oxime can be used to obtain semi-quantitative information about
MSC abundance in different tissues. After intravenous infusion in a dog model
of myocardial infarction, MSCs were seen first to deposit in the lung at 24 h.
Subsequently, the MSCs migrated to the infarcted areas of the heart and per-
sisted for at least a week.

Furthermore, it is possible to label human MSCs with 111indium-oxime
without affecting the viability and differentiation capacity of the MSCs (Bind-
slev et al. 2006). This could be a tool for the control of stem cell delivery and
dose response in clinical cardiovascular trials.

5
Clinical Trials and MSCs

Mesenchymal stem cells have been used in a number of phase I and II clinical
trials to treat several different conditions (see Table 1). These clinical trials
demonstrate the safety and feasibility of both autologous and allogeneic MSC
therapy in a variety of clinical settings and set the scene for future large-scale
trials of MSC therapy for cardiac repair.

In an early study of MSC therapy, Koc and colleagues (2000) used autologous
culture-expanded MSCs as an adjunct to peripheral blood progenitor cell
transplant in 28 breast cancer patients. They demonstrated the feasibility of ex

Table 1 Clinical studies using mesenchymal stem cells for non-cardiac applications

Study Number
treated

Autologous/
allogeneic

Indication Randomised

Lazarus
et al. 2005

46 Allogeneic Allogeneic BM transplant –

Koc
et al. 2002

11 Allogeneic Hurler’s syndrome or MLD –

Koc
et al. 2000

28 Autologous PBPC transplant for breast
cancer

–

Bang
et al. 2005

5 Autologous Stroke –

Garcia-Olmo
et al. 2005

5 Autologous Crohn’s disease fistula –

Horwitz
et al. 2002

6 Allogeneic Osteogenesis Imperfecta –

Le
et al. 2004

1 Allogeneic GVHD –

BM, bone marrow; GVHD, graft-vs-host disease; MI, myocardial infarction; MLD,
metachromatic leukodystrophy; PBPC, peripheral blood progenitor cell
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vivo culture to expand MSC numbers and the safety of intravenous infusion
of these expanded autologous MSCs. Subsequently, the same researchers have
used allogeneic MSCs as adjunctive therapy for various diseases (Koc et al.
2002; Lazarus et al. 2005), and have demonstrated the safety and feasibility of
this allogeneic cell therapy approach.

5.1
Clinical Studies Using MSCs for Cardiac Applications

There are currently two published studies utilising MSC therapy for cardiac re-
pair, as well as two studies registered with clinicaltrials.gov (see Table 2). In the
first published trial, Chen and colleagues (2004a, b) randomised 69 patients af-
ter primary angioplasty within 12 h of the onset of MI to receive intra-coronary
autologous MSCs or saline 18 days following MI. Bone marrow was harvested
from all patients on day 8 following the infarct, and MSCs were purified from
the marrow by the Percoll density gradient centrifugation method. No differ-
ence in arrhythmias or mortality was reported. This demonstrated the safety
and feasibility of intra-coronary MSC infusion in post-MI patients, as well as
a reduction in the size of the perfusion defect and an improvement in overall
LV function. Katritsis and co-workers (2005) also tested intra-coronary MSCs
after MI. They also showed safety of intra-coronary autologous MSCs, and
their results suggested that MSC therapy may lead to a reduction in infarct scar
size compared to a non-randomised untreated control group.

Just as the clinical trials using MSC therapy for non-cardiac applications
advanced from autologous to allogeneic therapy, so the clinical trials of MSC
therapy for cardiac repair are evolving to utilise allogeneic cells. The first clini-
cal phase I trial using allogeneic human MSC therapy following MI (see Table 2)
has finished enrolling patients. The results, however, have not been published
to date. This transition from autologous to allogeneic cell therapy may repre-
sent the most exciting breakthrough in cell therapy to date, for two reasons.
First, it obviates the need for painful bone-marrow aspirate on post-infarction
cardiac patients, who are generally receiving both anti-platelet agents and anti-
coagulants and are therefore at risk for haemorrhagic complications from this
invasive procedure. Second, it allows for administration of an “off-the-shelf”
product to MI patients. This has several distinct advantages, as there is no
need for ex vivo expansion of cells from patients and thus the attendant risk of
contamination is prevented. Additionally, the cells can be administered imme-
diately without the need for expansion over several weeks to achieve adequate
numbers to effect clinically meaningful results. This delay in treatment may
reduce the clinical efficacy of the cellular transplantation. Finally, there is also
the ability to administer stem cells from young healthy donors, which may have
more therapeutic potential than those from older adults. On-going and future
clinical trials are investigating both autologous and allogeneic MSC therapy
for cardiac repair and the results are eagerly anticipated.
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5.2
Translational Research and Future Directions

At present, there is an abundance of safety and feasibility data supporting the
advancement of MSC therapy into larger phase II and III clinical trials (Boyle
et al. 2006).However, there remainmanyquestions that canonlybeansweredby
rigorously controlled clinical trials. Inparticular, howmanycells areneeded for
myocardial regeneration in cardiac patients and what kind of cell preparations
are optimal to obtain a clinically meaningful result? Also, the preferred delivery
method for MSC therapy in each type of cardiac disease must be tested in
clinical trials. It is likely that different diseases, and even different stages of the
same disease process, such as acute vs chronic myocardial infarct scaring, will
require different delivery and dosing approaches. In fact, multiple treatments
at different time-points may even be required. Only clinical trials conducted in
parallel with basic research of MSC biology and pre-clinical translation studies
will elucidate the understanding of cellular repair mechanisms and guide this
emerging therapy into a clinical reality.

6
Conclusion

Although at this time there are no data to support MSC therapy as standard
clinical practice for cardiac applications, there is a wealth of preclinical and
early clinical data showing safety, feasibility and early efficacy of MSC ther-
apy. MSC cell therapies for cardiac diseases are appropriately poised to enter
randomised placebo-controlled clinical trials.
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Abstract Neurodegenerative diseases are characterized by a progressive degeneration of
selective neural populations. This selective hallmark pathology and the lack of effective
treatment modalities make these diseases appropriate candidates for cell therapy. Bone
marrow-derived mesenchymal stem cells (MSCs) are self-renewing precursors that reside
in the bone marrow and may further be exploited for autologous transplantation. Autolo-
gous transplantation of MSCs entirely circumvents the problem of immune rejection, does
not cause the formation of teratomas, and raises very few ethical or political concerns.
More than a few studies showed that transplantation of MSCs resulted in clinical improve-
ment. However, the exact mechanisms responsible for the beneficial outcome have yet
to be defined. Possible rationalizations include cell replacement, trophic factors delivery,
and immunomodulation. Cell replacement theory is based on the idea that replacement
of degenerated neural cells with alternative functioning cells induces long-lasting clinical
improvement. It is reasoned that the transplanted cells survive, integrate into the endoge-
nous neural network, and lead to functional improvement. Trophic factor delivery presents
a more practical short-term approach. According to this approach, MSC effectiveness may
be credited to the production of neurotrophic factors that support neuronal cell survival,
induce endogenous cell proliferation, and promote nerve fiber regeneration at sites of injury.
The third potential mechanism of action is supported by the recent reports claiming that
neuroinflammatory mechanisms play an important role in the pathogenesis of neurodegen-
erative disorders. Thus, inhibiting chronic inflammatory stress might explain the beneficial
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effects induced by MSC transplantation. Here, we assemble evidence that supports each
theory and review the latest studies that have placed MSC transplantation into the spotlight
of biomedical research.

Keywords Neurodegenerative disease · Autologous transplantation · Adult stem cells ·
Mesenchymal stem cells

1
Introduction

Many of the neurodegenerative disorders are attributed to the degeneration of
specific neurons with subsequent functional loss. The susceptibility of specific
neuronal populations has yet to be solved. The same uncertainty applies to the
underling causes of progressive neurodegeneration. Nevertheless, the sporadic
occurrence of these disorders counters the theory of programmed cell degener-
ation and supports the existence of multifactorial stimulating factors. Accumu-
lating evidence implies that the physiological process of aging has an important
role in the occurrence of such diseases (Mattson and Magnus 2006). During the
process of aging the occurrence of neurodegenerative disorder is determined
by genetic and environmental factors that counteract or facilitate fundamental
mechanisms of aging. Therapeutic modalities of neurodegenerative diseases
are limited, and although several treatments have been shown to modify the
course of the disease, no treatments have proved to halt the degeneration.

Mounting evidence now suggests that cell therapy may be of functional ben-
efit in many neurodegenerative diseases. Each condition has specific require-
ments for the phenotype, developmental stage, and number of cells required.
The ideal cells for universal application in cell therapy would possess several
key properties. First, they have to be highly proliferative, allowing optimal
exploitation of donor material. Second, the cells must have wide differentia-
tion potential, allowing differentiation into appropriate neural and glial cell
types. Importantly, both proliferation and differentiation would be control-
lable. Stem cells are feasible candidates for cell therapy of neurodegenerative
diseases. Different therapeutic strategies based on stem cells have been devel-
oped and studied. Several strategies support cell replacement of the damaged
tissue while others rely on therapeutic effects induced by cell transplantation.

The most primitive of all stem cell populations, offering the most potential,
are embryonic stem cells (ESCs) obtained from the inner cell mass of devel-
oping blastocysts. ESCs are pluripotent stem cells that can give rise to cells
of the three germ layers found in the implanted embryo, fetus, or developed
organism, but not to embryonic components of the trophoblast and placenta.
Application of the embryonic pluripotent stem cells to clinical studies have
been impeded due to: potential immune rejection in allogeneic transplanta-
tion (Vogel 2002), formation of teratomas (Reubinoff et al. 2000), lack of their
availability, and serious ethical and political issues (Perin et al. 2003). In view
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of the latter, autologous cell sources may prove to be more beneficial and
acceptable as a therapeutic tool in the future.

Adult stem cells remain in an undifferentiated, or unspecialized, state in
different tissues of the adult organism and may be exploited in autologous
transplantation. They possess the ability to self-renew, and can differentiate
into at least one mature, specialized cell type. In the traditional developmental
paradigm, adult stem cells are able to differentiate only to the tissue in which
they reside. Recent data challenge the committed fate of the adult stem cells
and present evidence for their plasticity. Thus, adult stem cell therapy may
offer an accessible, therapeutic tool for damaged tissue replacement and tissue
engineering that is free of ethical debate. Stem cell therapy in general and adult
stem cell exploitation in particular are predominantly relevant in tissues and
organs that have little capacity for self-repair. One such organ is the brain.

Traditionally, the mammalian central nervous system (CNS) was considered
to be a nonrenewable tissue, but this principle has been challenged in the past
decade. Studies have demonstrated that neural stem cells (NSCs) exist not only
in the developing mammalian nervous system but also in the adult nervous sys-
tem of all mammalian organisms, including humans (Gage 2000; Rakic 2002).
NSCs are capable of undergoing expansion and differentiation into neurons,
astrocytes, and oligodendrocytes in vitro (Reynolds and Weiss 1992; Gage et al.
1995) and after transplantation in vivo (Svendsen et al. 1997). These studies
imply that NSCs may further be utilized for treatment of severe brain disor-
ders. However, because of the inaccessibility of NSC sources deep in the brain,
stimulation of endogenous neurogenesis may provide a more applicable treat-
ment modality. During the past few years several groups studied the ongoing
process of neurogenesis in the intact and diseased adult nervous system. Zhao
et al. (2003) have provided evidence for the continuous turnover of dopaminer-
gic cells in the adult substantia nigra pars compacta (SNpc). Moreover, several
studies showed a selective increase in the production of dopaminergic neurons
in the adult olfactory bulb in response to dopaminergic deficiency (Yamada
et al. 2004; Winner et al. 2006). A recent report of Tande et al. (2006), however,
was unable to obtain evidence for the existence of neurogenesis in the stria-
tum of normal or the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced monkey model of Parkinson’s disease (PD). The process of augmented
neurogenesis has also been observed in animal models of Alzheimer’s disease
(AD) (Jin et al. 2004a) and in patients with AD (Jin et al. 2004b). Chi et al.
(2006) showed that motor neuron degeneration promotes neural progenitor
cell proliferation, migration, and neuronal differentiation in the spinal cords
of amyotrophic lateral sclerosis (ALS) mice. However, the amount of neuronal
cell replacement by endogenous stem cells without additional manipulation
is minimal and does not allow significant functional recovery of the damaged
tissue. Nevertheless, stimulation with molecules that govern proliferation and
differentiation might dramatically change the therapeutic spectrum of neu-
rodegenerative diseases (Lie et al. 2004).
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2
Selective Pattern of Neurodegeneration

Selective vulnerability is most readily appreciated in the context of neurode-
generative disorders such as PD, AD, and ALS. Each disease is characterized
by its own, unique pattern of degeneration.

In PD, whether sporadic or inherited, dopaminergic neurons of the SNpc
(A9) progressively degenerate. Interestingly, other dopaminergic populations
are relatively spared, including the adjacent ventral tegmental area (VTA or
A10) neurons (Chung et al. 2005).

In AD the earliest and the most consistent degeneration occurs in the fore-
brain cholinergic projection system particularly in a structure called nucleus
basalis of Meynert (Whitehouse et al. 1981, 1982). West et al. (1994) showed
that although neuronal and synaptic loss occurs diffusely across the brain,
neurons in layer II of the entorhinal cortex and hippocampal CA1 neurons are
particularly vulnerable.

ALS (or Lou Gehrig’s disease) involves the loss of upper and lower motor
neurons.However, inALSmotorneuronsdonotdisplayuniversal vulnerability.
Some motor nuclei (III, IV, VI, and Onuf ’s nucleus) remain relatively intact
during terminal stages of the disease, while others (V, VII, XII, and most of the
spinal nuclei) usually degenerate (Laslo et al. 2000).

Understanding the basis of the selective vulnerability that characterizes
many neurodegenerative diseases might generate a more refined therapeutic
approaches in which transplanted cells more closely reflect a lost neuronal
subtype.

3
Bone Marrow Stem Cells: Cell Candidates for Autologous Transplantation

Autologous cell transplantation is a promising strategy for treatment of sev-
eral CNS pathologies and offers the prospect of permanent cure. Deriving cells
from an adult patient’s own tissues entirely circumvents the problem of im-
mune rejection. In addition, adult stem cells do not form teratomas, and their
application raises very few ethical or political issues associated with the use of
human embryos.

Postnatal bone marrow (BM) is a readily accessible source of adult stem cells
for autologous transplantation and contains two major stem cell populations—
hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs).

3.1
Hematopoietic Stem Cells

HumanHSCs—characterizedasbeingCD34+, c-Kit+,Thy-1low,CD10−,CD14−,
CD15−, CD16−, CD19−, and CD20− (Shizuru et al. 2005)—differentiate into
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progenitor cells and mature blood cells of all hematopoietic lineages. Krause
et al. (2001) demonstrated that a single HSCs was not only able to repopulate the
hematopoietic system in irradiated mice, but differentiated into lung epithe-
lium, skin, liver, and the gastrointestinal tract. In addition, several studies have
reported that HSCs may give rise to neurons in vitro and in vivo (Koshizuka
et al. 2004; Sigurjonsson et al. 2005; Reali et al. 2006). These studies suggest
that transdifferentiation of HSCs into neurons is a rare event in the intact
adult brain, but can be induced by a particular microenvironment present in
the injured tissues. Other experiments dispute these findings and claim that
HSCs and their progeny maintain lineage fidelity in the brain and do not adopt
neural cell fates with any measurable frequency (Massengale et al. 2005).

3.2
Mesenchymal Stem Cells

Over 30 years ago Friedenstein et al. (1966, 1974, 1976) defined another BM cell
population, fibroblast-colony-forming cells, which adhere to cell culture plastic
surfaces andcandifferentiate intoosteoblasts, adipocytes, andchondrocytes—
mesenchymal cell types, ex vivo and in vivo. In later experiments, fibroblast-
colony forming-cells were termed MSCs or BM stromal cells (BMSC) (Prockop
1997; Pittenger et al. 1999). Subsequently, most of the research concentrated on
the BMSC-created microenvironment, which is essential for lineage commit-
ment and differentiation of HSCs and has regulatory roles in hematopoiesis
(Cherry et al. 1994; Moreau et al. 1993). MSCs represent a very small frac-
tion of BM cells, only 0.001%–0.01% of the total population of nucleated cells
in the BM. Although millions of cells could be harvested after several pas-
sages of the cells in culture (Pittenger et al. 1999), prolonged culture might
change MSC characteristics, thus reducing their therapeutic potential. Previ-
ous studies revealed that during culture expansion MSCs undergo an aging
process in which their early progenitor properties, proliferation, and homing
capability are gradually lost (Banfi et al. 2000; DiGirolamo et al. 1999; Rom-
bouts and Ploemacher 2003). This negative effect of in vitro expansion has
been correlated with the rate of their telomere loss. Current culture proto-
cols that involve population expansion stimulate rapid aging of MSCs, with
large telomere shortening and little remaining proliferative capacity. Surpris-
ingly, some MSC cultures were able to maintain telomere length for over 40
population doublings after an initial telomere shortening. Telomere length
preservation may point toward a selection of more primitive MSCs, a small
population that may not always present in all samples due to the small vol-
ume of the BM primary sample (Baxter et al. 2004). Several studies report
the existence of rare BM-derived multipotent adult progenitor cells (MAPCs)
that can be cultured for more than 70 doublings and have long telomeres that
do not shorten during culture (Jiang et al. 2002; Reyes and Verfaillie 2001).
MAPCs, selected from the BM mononuclear cells by depletion of CD45 and
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glycophorin-A (Gly-A) cells, can be identified in the adherent cultured MSCs
only after the cells undergo approximately 30 or more population doublings.
The MAPC population is characterized by rapid replication and can differ-
entiate into multiple mesenchymal cell types as well as hematopoietic lines,
representing a primitive progenitor cell. To date, no research has determined
whether MAPCs constitute a small rare subpopulation of MSCs or a new cell
population developed under unique in vitro cell culture conditions. Several re-
searchers have tried to characterize MSCs. Minguell et al. (2001) reviewed these
studies and concluded that the antigenic phenotype of MSCs is not unique,
but borrows features of mesenchymal, endothelial, epithelial, and muscle cells,
and does not include the typical hematopoietic antigens CD45, CD34, and
CD14. In addition, the constitutive or stimulated production of growth factors,
interleukins, chemokines, matrix molecules, and the expression of their recep-
tors provide evidence that MSCs contribute to the formation and function of
a stromal microenvironment, responsible for the inductive/regulatory signals
for MSCs, hematopoietic progenitor cells, and other nonmesenchymal stromal
cells present in the BM.

In this chapter we will assess the reported benefits and mechanisms of
action of MSC transplantation for treatment of neurodegenerative diseases
concentrating on AD, PD and ALS.

4
Autologous Transplantation: Mechanisms of Action

4.1
Neuroregeneration: Cell Replacement

Cell replacement is a single application of cell therapy for the treatment of
neurodegenerative diseases. It aims to replace the degenerated neural cells
with alternative functioning cells. It is reasoned that these cells will survive,
integrate into the endogenous neural network, and lead to significant clinical
improvement.

4.1.1
The Concept of Cell Replacement

The clinical trials with cell therapy in PD patients are based on the idea that
restoration of striatal dopaminergic transmission by grafted dopaminergic
neurons will induce long-lasting clinical improvement in PD symptoms. In
support, open-label clinical transplantation trials of embryonic dopaminergic
neurons show that intrastriatal transplantation can give substantial symp-
tomatic relief in advanced PD patients and provide the proof-of-principle for
the cell replacement strategy in PD (Freed et al. 1992; Lindvall et al. 1990).
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In these studies clinical improvement correlated with graft survival and host
reinnervation. Two recent NIH-sponsored placebo-controlled trials, however,
have given disappointing results, which included the development of graft-
induced dyskinesias (Freed et al. 2001; Olanow et al. 2003). These studies
stressed that issues such as graft standardization, slowly developing inflam-
matory responses, and dyskinesias need to be addressed before the application
of fetal dopaminergic tissues for treatment of PD. In addition, ethical issues
associated with the use of tissue from aborted fetuses make it necessary to
develop alternative sources of cells for transplantation.

In AD, long projections and the expression of nerve growth factor receptors
led some researchers to declare basal forebrain cholinergic neurons irreplace-
able (Sugaya 2003). Although there are no reports at the moment of clinical
use of embryonic transplants in AD patients, several works have demonstrated
that cholinergic-rich cells of fetal origin can improve the performance in ani-
mal models of cholinergic depletion (Gage and Bjorklund 1986; Hodges et al.
1991a, b; Muir et al. 1992; Grigoryan et al. 2000).

In ALS, if stem cells could be used to generate large projection neurons that
would appropriately connect to their targets upon transplantation, there is
a prospect for replacement and a possible cure. Wichterle et al. (2002) reported
that motor neurons derived from mouse embryonic stem cells could populate
the embryonic spinal cord, extend axons, and form synapses with target mus-
cles. A later study by Deshpande et al. (2006) administered ESC-derived motor
neurons along with phosphodiesterase type 4 inhibitor and dibutyryl cyclic
AMP (dbcAMP) to overcome myelin-mediated repulsion into paralyzed adult
rats. In addition, the researchers applied a focal attractant, glial cell-derived
neurotrophic factor (GDNF), within the peripheral nervous system (PNS) to
direct the transplanted embryonic stem cell-derived axons toward skeletal
muscle targets. This well-designed study showed that transplant-derived ax-
ons reached muscle, formed neuromuscular junctions, were physiologically
active and mediated partial recovery from paralysis. In animal models of ALS,
several studies showed that transplantation of cells derived from the human
teratocarcinoma cell line or human umbilical cord blood resulted in beneficial
effects. However, neuroprotection was suggested to be the main cause of the
observed benefits rather than the direct motor neuron replacement (Ende et al.
2000; Garbuzova-Davis et al. 2002, 2003).

4.1.2
Mesenchymal Stem Cell Transplantation

Several recent studies report the generation of dopaminergic neurons from
BM-derived MSCs. Woodbury et al. (2002) reported that rat MSCs might be
induced to differentiate into neuron-like cells expressing neurotransmission-
related genes. Moreover, a small portion of the differentiated cells expressed ty-
rosine hydroxylase (TH), a rate-limiting enzyme in the synthesis of dopamine.
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Hermann et al. (2004) showed that human MSCs could be converted into
a clonogenic neural stem cell-like population growing in neurosphere-like
structures. In addition, following neuronal differentiation, these cells demon-
strated dopamine production and potassium-dependent release. Our lab-
oratory demonstrated that following induced neuronal differentiation, hu-
man MSCs displayed neuron-like morphology, neuronal markers, and tran-
scription factors that characterize midbrain dopaminergic neurons and se-
creted dopamine in response to depolarization (Blondheim et al. 2006; I. Kan,
Y. Barhum, T. Ben-Zur, T. Charlow, Y. Levy, A. Burstein, B. Bulvik, E. Melamed,
and D. Offen, submitted).

Schwarz et al. (1999, 2001) utilized rat MSCs, genetically engineered by
transgene to express human TH and guanosine triphosphate cyclohydrolase I
(GTPCH), an enzyme required for the biosynthesis of tetrahydropterin co-
factor for TH (BH4). These cells released l-3,4-dihydroxyphenylalanine (l-
DOPA), a precursor of dopamine, and induced behavioral recovery following
the transplantation into the rat model of PD. However, the ameliorative effect
of the transplanted rat MSCs was short-lived (up to 9 days), presumably due
to inactivation of the transgenes. Recently, Dezawa et al. (2004) demonstrated
a highly efficient and specific induction of rat and human MSCs using gene
transfer of Notch intracellular domain (NICD) and subsequent treatment with
basic fibroblast growth factor (bFGF), forskolin, ciliary neurotrophic factor
(CNF), brain-derived growth factor (BDNF) and nerve growth factor (NGF).
Following the transfection, MSCs expressed neural stem cell markers such
as microtubule-associated protein 2 (MAP-2), neurofilament M (NF-M) and
β-tubulin III. Following subsequent trophic factor administration, action po-
tentials, compatible with characteristics of functional neurons, were recorded.
Further treatment of the induced neuronal cells with GDNF increased the
proportion of TH-positive and dopamine-producing cells. Transplantation of
these GDNF-treated cells showed functional improvement when grafted into a
6-hydroxydopamine (6-OHDA) rat model of PD. Li et al. (2001) showed in vivo
differentiation of mouse MSCs, prelabeled with bromo-deoxyuridine (BrdU)
andgrafted into the striatumof theMPTPmousemodelofPD.The transplanted
mice exhibited significant motor improvement 35 days after transplantation.
At least 4 weeks after the transplantation BrdU-reactive cells were revealed
in the grafted mice striatum and approximately 0.8% of these cells expressed
TH. These studies show that engraftment of MSCs, naive or following in vitro
induction, may result in a significant clinical improvement in animal mod-
els of PD. However, whether or not cell replacement underlies the recovery
mechanism has yet to be determined.

The evidence for cholinergic-induced differentiation of MSCs is limited.
As mentioned, Woodbury et al. (2002) showed that MSCs were induced into
neuron-like cells and expressed neurotransmitter-related genes. Precise analy-
sis showed that a large population of MSC-derived neurons expressed choline
acetyltransferase (ChAT), which catalyzes the synthesis of the excitatory trans-
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mitter acetylcholine and a smaller subpopulation expressed TH. Chen et al.
(2006) demonstrated that the α-secretase-cleaved fragment of the amyloid pre-
cursor protein (sAPPα), a potent neurotrophic factor, potentiates the NGF/reti-
noic acid (RA)-induced transdifferentiation of MAPCs into neural progen-
itor cells and, more specifically, enhances their terminal differentiation into
a cholinergic-like neuronal phenotype. In addition, after the intravenous trans-
plantation of sAPPα-transfected MAPCs into transgenic PS/APP mice, sAPPα-
immunopositive MAPCs were identified within the septohippocampal system
and found in close proximity to the cerebral vasculature.

In ALS, Mazzini et al. (2003, 2004) have evaluated the feasibility and safety
of intraspinal cord implantation of autologous MSCs in 7 patients affected by
ALS. Following in vitro expansion, the cells were suspended in the autologous
cerebrospinal fluid and directly injected into the surgically exposed spinal
cord at the T7–T9 levels. No patients manifested severe adverse effects and
the researchers noticed a significant slowing down in the linear decline of the
forced vital capacity of 4 out of 7 patients 24 months after transplantation of
MSCs. This effect was correlated with the number of implanted cells. To date,
the specific replacement of motor neurons poses a formidable challenge that
might require multisegmental delivery to sites of need, reestablishment of ap-
propriate afferent innervations, and the long-distance extension of their axons
through often degenerating nerve roots to specific loci in the distant mus-
culature. Our poor understanding of the biology underlying these processes
suggests that despite the recent progress described in generating and isolating
motor neurons, cell replacement treatment of the motor neuronopathies re-
mains a difficult goal. Clement et al. (2003) showed that in SOD1G93A chimeric
mice, motor neuron degeneration requires damage from mutant SOD1 act-
ing in nonneuronal cells. Wild-type nonneuronal (glial) cells could delay de-
generation and extend survival of mutant-expressing motor neurons. This
theory implies that replacing the degenerated neurons might be insufficient
and the administration of supportive nonneuronal cells might be required.
These nonneuronal cells might protect the grafted cells from the progressive
damage and might even prolong the survival of endogenous degenerating
neural cells.

4.2
Trophic Factor Delivery

Using stem cells to generate new neurons and replace those lost in neurode-
generative diseases would be a major breakthrough. A more practical short-
term approach may be to use stem cells to protect neurons dying in these
diseases.
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4.2.1
The Concept of Trophic Factor Delivery

Trophic factors are believed to have the capability of providing neuroprotective
or restorative effects in PD. Collier and Sortwell (1999) summarized the effects
of 29 molecules that promote survival and growth of dopaminergic neurons.
These molecules are either naturally occurring factors or synthetic molecules
that access endogenous receptors. The authors concluded that the single great-
est challenge to neurotrophic therapies is the development of techniques for
targeted delivery of these potential materials. Among these factors GDNF,
a powerful neuroprotective agent, became the subject of extensive studies. Its
neuroprotective properties coupled to its reduced levels in the basal ganglia
in PD (Chauhan et al. 2001) made it the first trophic factor to be tested in
PD patients. The research of Nutt et al. (2003) revealed that the drug was not
efficacious when given via an intracerebroventricular catheter. Researchers
speculated that GDNF did not reach the target tissues—namely putamen and
substantia nigra—and therefore did not improve Parkinsonism. In later tri-
als GDNF was administered directly into the site of greatest dopamine loss
in PD—the posterior putamen. In a small open-label study GDNF delivery
showed clear positive clinical effects, with evidence of dopaminergic-fiber
sprouting at the site of GDNF delivery, using both fluorine-18-labeled-dopa
positron emission tomography (PET) scanning and postmortem analysis of
a single case (Love et al. 2005; Gill et al. 2003). By contrast, Lang and col-
leagues’ (2006) double-blind, placebo-controlled trial showed no beneficial
clinical effect. In this study, 34 patients with moderately advanced PD were
randomly assigned intraputaminal placebo or GDNF, in equal numbers, with
the primary endpoint being the unified PD rating scale (UPDRS) “off” mo-
tor score at 6 months. No significant difference was seen in this or any other
measures, apart from 18F-dopa scanning of the posterior putamen, but not of
the whole striatum. Additionally, device-related adverse events (infection and
catheter misplacement) and anti-GDNF antibodies were reported in 3 patients.
However, the change in the outcome of open-label and double-blind, placebo-
controlled studies should not discourage further research but set a challenge to
researchers to improveandrefine theGDNFdeliverymode.Otherneurotrophic
factors that have been extensively studied in PD are neurturin (NTN), BDNF,
and sonic hedgehog (SHH). Several studies showed the protective effect of
NTN, a trophic factor of the GDNF family of ligands, on dopaminergic neu-
rons in substantia nigra (Fjord-Larsen et al. 2005; Li et al. 2003; Oiwa et al.
2002). These neuroprotective effects have led to the initiation of a phase I
clinical study of NTN delivery via an adeno-associated viral vector deliv-
ery system. SHH has also displayed neuroprotective effects protecting nigral
dopaminergic neurons from 6-OHDA-induced toxicity following adenoviral
delivery (Dass et al. 2005; Hurtado-Lorenzo et al. 2004). BDNF, however, failed
to protect dopaminergic neurons from 6-OHDA-induced death but did block



Autotransplantation for Therapy of Neurodegenerative Diseases 229

the amphetamine-induced, ipsiversive, turning-behavior caused by the partial
unilateral lesion of the nigrostriatal pathway (Klein et al. 1999). Researchers
suggested that exogenous BDNF exerts a modulatory influence on the remain-
ing dopaminergic or other types of neurons, perhaps leading to an enhanced
release of dopamine in the striatum.

InAD, the influenceofNGF,which specifically targets basal forebrain cholin-
ergic neurons, nociceptive dorsal root ganglion neurons, and some third-order
sympathetic neurons (Levi-Montalcini 1987) has been the subject of extensive
research. Various studies showed that NGF increases the synthesis of ChAT
and prevents basal forebrain cholinergic neurons atrophy caused by exper-
imental injury or associated with physiological aging, suggesting that NGF
might reduce cholinergic cell loss in AD (Hefti et al. 1984; Fischer et al. 1987;
Koliatsos et al. 1993; Tuszynski et al. 1991; Markowska et al. 1994, 1996). How-
ever, development of an effective NGF delivery mode to AD patients encounters
several challenges. First, NGF does not cross the blood–brain barrier when ad-
ministered peripherally. Second, adverse side effects were revealed following
direct infusion of NGF into the brain ventricular system (Tuszynski 2002).
Consequently, several alternative methods have been proposed for NGF deliv-
ery. Tuszynski et al. (2005) showed that autologous fibroblasts, obtained from
small skin biopsies, genetically modified to produce and secrete human NGF,
ameliorated cognitive deficits of AD patients after stereotaxic injections. Cap-
soni et al. (2002) proposed another way of NGF administration—intranasal
delivery. By using the intranasal route of administration, this group showed
that NGF could rescue all the histological hallmarks characterizing the AD-like
neurodegeneration in AD11 mice.

InALS, several growth factorshavebeenproposedandtested. Ina transgenic
mouse model of ALS, intrathecal infusion of insulin-like growth factor (IGF)-1
improved motor performance, delayed the onset of clinical disease, and ex-
tended survival (Nagano et al. 2005b). In order to evaluate the potential benefits
of intrathecal IGF-1 administration in ALS patients a double-blind clinical trial
was performed. However, only a modest beneficial effect was recorded (Nagano
et al. 2005a). Beck et al. (2005) explored the effects of intrathecal administered
BDNF on autonomic functions in patients with ALS. Unfortunately, the group
concluded that autonomic nervous system function deteriorated along with
motor performance independently from treatment with BDNF. In another
study, human neural progenitor cells (hNPC) were isolated from the cortex,
expanded in culture, and modified using lentivirus to secrete GDNF. These cells
were transplanted into the lumbar spinal cord of a rat model of ALS. The cells
survived up to 11 weeks following transplantation, integrated into both gray
and white matter, and secreted GDNF within the region of cell survival, but
not outside this area. However, no positive clinical effects were recorded (Klein
et al. 2005). Additional clinical trials in ALS are being carried by a Chinese
neurosurgeon Huang Hongyun. The procedure includes isolation of olfactory
ensheathing cells (OECs) from the glomerular layer of olfactory bulbs inside
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the noses of aborted fetuses, and in vitro expansion and injection into the at-
rophied area of the frontal lobes. The group claimed that this procedure could
stabilize ALS in about half the patients treated. The beneficial effects were
assigned to the secretion of growth factors, which encourage the regeneration
of nerve axons, rather than to the cell replacement (Watts 2005). To date no
double-blind, controlled studyhasbeenperformed that canverify these results.
As a final point, the safety issues of these procedures need to be addressed.

4.2.2
Mesenchymal Stem Cell Transplantation

Several recent studies suggest that MSC effectiveness may be credited to pro-
duction of neurotrophic factors that support neuronal cell survival, induce
endogenous cell proliferation, and promote nerve fiber regeneration at sites of
injury (Li et al. 2002; Mahmood et al. 2004). Indeed, Crigler et al. (2006) demon-
strated that MSCs express a variety of neuro-regulatory proteins in addition
to BDNF and β-NGF, which promote survival and induce neurite formation in
neuroblastoma cells and primary nerves from the lumbar spine. In addition,
Arnhold et al. (2006) showed that naive MSCs express BDNF, NGF, and GDNF
when cultivated in standard medium and elevate the expression levels after
exposure to neural precursor selection medium or to differentiation medium.
Synthesis and release of growth factors by the grafted cells or indirect stimu-
lation of neurotrophic release from the host tissue may be in part accountable
for the functional recovery induced by MSC transplantation. Moreover, MSCs
may be well suited as vehicles for treating neurological deficits due to their
propensity to home to sites of tissue injury (Ji et al. 2004), which may target
neuroprotective agents to brain or spinal cord lesions. Part of the recovery
mechanism may include elevated neurogenesis. Chopp and Li (2002) showed
that the presence of MSCs promoted induction and migration of new cells
from a primary source within the ventricular zone and the choroid plexus
into the injured brain. The authors claim that these cells may contribute to
functional repair after stroke, although the relation of the induction of neu-
rogenesis and the migration of these cells to the restoration of function has
not been directly tested. A recent study of Rivera et al. (2006) revealed that
the interactions between adult MSCs and NSCs in vitro, mediated by soluble
factors, induce oligodendrogenic fate decision in NSCs at the expense of as-
trogenesis. Thus, trophic factor delivery and/or elevated neurogenesis might
underlie the beneficial effects of MSC transplantation in neurodegenerative
diseases.
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4.3
Immunomodulation

4.3.1
The Concept of Immunomodulation

Recent evidence clearly indicates that neuroinflammatory mechanisms may
play an important role in the pathogenesis of PD (Hunot and Hirsch 2003;
McGeer and McGeer 2004; Marchetti et al. 2005). Under normal conditions, as-
trocytes exert a fundamental protective function against oxidative stress, and
the interaction between astrocytes and neurons has been variously demon-
strated to exert striking neurotrophic, differentiation, and neuroprotective
effects (Takeshima et al. 1994; McNaught and Jenner 1999; Marchetti et al.
2005). However, under conditions of chronic inflammatory stress, activated
astrocytes and microglia may become dysfunctional and overexpress a vari-
ety of cytotoxic mediators eventually resulting in dopaminergic neuron death
(Morale et al. 2006). Indeed, studies accumulated over the last two decades
have clearly indicated the activation of microglia and astroglia in the nigros-
triatal system of PD patients and animal models of PD (Hunot and Hirsch
2003; McGeer and McGeer 2004). Activated microglia release proinflammatory
and neurotoxic factors that are thought to contribute to neuronal damage.
These factors include proinflammatory cytokines such as tumor necrosis fac-
tor α (TNF-α) and interleukin 1 (IL-1), reactive nitrogen species, proteases,
reactive oxygen species (ROS), eicosanoids, and excitatory amino acids (Liu
and Hong 2003; Merrill and Benveniste 1996). The inflammatory process, in-
duced by proinflammatory agents, can result in the degeneration of dopamine-
containing neurons and may be an important contributor to the neuronal loss
in PD. Moreover, the experimental evidence that inhibition of the inflamma-
tory process correlates with less neuronal impairment supports the notion that
inflammation plays a deleterious role in the neurodegeneration in PD. Thus,
inflammatory inhibition might become a promising therapeutic intervention
for PD (Gao et al. 2003).

Activated astrocytes and microglia (gliosis) have been documented in stud-
ies of AD (Giulian et al. 1995; Sasaki et al. 1997). As mentioned already, when
activated, astrocytes and microglia produce several proinflammatory signal
molecules, including cytokines, growth factors, complement molecules, and
adhesionmolecules.Ofparticular interest inADare the cytokinesS100β,which
is mainly produced by astrocytes, and IL-10, which is mainly produced by ac-
tivated microglia. A review article by Griffin (2006) showed that inflammation
is a driving force in the neuropathology of AD, mediated by proinflammatory
cytokines and creating a chronic and self-sustaining inflammatory interaction
between activated microglia and astrocytes, stressed neurons and β-amyloid
plaques. The author brings evidence that the key initiating factor appears to be
overexpressionof IL-1,whichmaybea resultof anynumberof events, including
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disease, trauma, genetic polymorphisms, or simply age-related wearing away.
Through various pathways, IL-1 overexpression causes neuronal death, which
activates more microglia, which in turn release more IL-1 in a self-amplifying
fashion. Over the years, this inflammation destroys sufficient neurons to cause
the clinical signs of AD. Interestingly, nearly all the cytokines and chemokines
that have been studied in AD, including IL-1β, IL-6, TNF-α, IL-8, transforming
growth factor β (TGF-β), and macrophage inflammatory protein-1α (MIP-1α)
seem to be upregulated in AD compared with control individuals (Akiyama
et al. 2000). Epidemiological studies have documented a beneficial effect of
nonsteroidal antiinflammatory drugs (NSAIDs) in AD (McGeer et al. 1996;
Stewart et al. 1997; Akiyama et al. 2000; In ’t Veld et al. 2001; Szekely et al.
2004). Long-term NSAID therapy delayed the onset and the progression of
the disease, reduced symptomatic severity, and significantly slowed the rate of
cognitive impairment (Rich et al. 1995). The putative target of NSAID actions
is thought to be microglia associated with the senile plaques (Sastre et al. 2006).

The evidence for involvement of microglial cells in ALS pathology is abun-
dant and very strong. In a review of the inflammatory processes in ALS, McGeer
and McGeer (2002) presented extensive evidence that activated microglia, as-
trocytes, and infiltrating leukocytes are present in affected tissues in ALS.
These investigators noted that overreactive innate immune defenses, where
microglia play a major part, could generate a neuroinflammatory environment
that is harmful to the viable host tissue. This process, known as autotoxic-
ity, could evolve from a persistent stimulation of microglia. Accumulation of
microglia-activating signals next to the injured neurons in ALS could lead
to the initiation of autotoxicity. The Sargsyan et al. (2005) review brings evi-
dence that microglia are the likely glial cell type responsible for the secretion of
microglia-activating signals and for propagation of glial activation and inflam-
mation in ALS. Activated microglia and factors secreted by these cells appear to
play a direct role in ALS pathology, although it is still unclear whether they con-
tribute as initiators, propagators, or both initiators and propagators of motor
neuron injury. Further evidence of microglial involvement in ALS pathology
comes from studies with pharmacological suppression of microglial activation
using antibiotics, such as minocycline, which has been reported to reduce or
suppress microglial activation after neuronal injury (Kriz et al. 2002; Zhu et al.
2002; van den Bosch et al. 2002; Tikka et al. 2002; Zhang et al. 2003). These
results led to phase I/II studies of minocycline in ALS patients (Gordon et al.
2004). Although no difference was observed between treated and untreated
groups in these studies, pivotal phase III trials are ongoing. Cyclooxygenase-2
(COX-2) is a key molecule in the inflammatory pathway in ALS (Kiaei et al.
2005). Celecoxib (Celebrex) and rofecoxib are inhibitors of COX-2. Treatment
with these COX-2 inhibitors combined with creatine increased survival by up to
30% in SOD1 mutant mice (Drachman et al. 2002; Pompl et al. 2003; Klivenyi
et al. 2004). However, to date none of the COX inhibitors tested has shown
efficacy in human ALS patients (Moisse and Strong 2006).
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It seems that the brain’s immune response during the neurodegenerative
disease is a double-edged sword, simultaneously beneficial and detrimental.
Inflammation seems to start as a time- and site-specific defense mechanism
aimed at eliminating irreversibly damaged neurons and at favoring survival of
cells that retain a chance for recovery. However, at later stages, inflammation
can evolve as an uncontrolled chronic reaction. Therefore, inhibiting chronic
inflammatory stress and persistent microglial stimulation would be an effective
therapeutic approach to slow the progression of neurodegenerative diseases.

4.3.2
Mesenchymal Stem Cell Transplantation

Several studies have reported the in vitro and in vivo immunosuppressive
properties of BM-derived MSCs (Bartholomew et al. 2002; Djouad et al. 2003;
Le Blanc 2003; Zappia et al. 2005; Corcione et al. 2006). It is reasoned that
the transplanted MSCs face a foreign, inflammatory environment and may
induce immunomodulating processes that limit local inflammation in order to
enhance their survival. The underling mechanism of action may include the
secretion of soluble factors that create an immunosuppressive milieu (Ryan
et al. 2005). An additional mechanism may be a reduction in infiltration of
blood-borne inflammatory cells. This mechanism of action has been associ-
ated with the beneficial effect of MSC transplantation in the animal model of
multiple sclerosis (MS) (Zhang et al. 2005). The proposed processes may pro-
foundly change the inflammatory environment and promote partial recovery.
However, additional studies are needed to determine the precise influence of
MSC transplantation on innate chronic inflammation.

5
Conclusions

Several studies have demonstrated the neuroprotective and neuroregenera-
tive effects that were associated with functional improvements following MSC
transplantation. Functional recovery may be due to the replacement of de-
generated neurons, neurotrophic factors delivery, and/or immunomodulation
of the ongoing inflammatory reaction. These beneficial effects and the lack
of ethical issues or immune rejections involved in autologous transplantation
of MSCs have drawn the attention of biomedical research to this therapeutic
approach. There are, however, many unresolved questions and problems re-
garding the safety and the feasibility of this approach. These issues are not
obstacles but challenges to overcome in order to develop a permanent cure for
neurodegenerative diseases.
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Abstract Advances in stem cell biology and the discovery of pluripotent stem cells have
made the prospect of cell therapy and tissue regeneration a clinical reality. Cell therapies
hold great promise to repair, restore, replace or regenerate affected organs and may perform
better than any pharmacological or mechanical device. There is an accumulating body of
evidence supporting the contribution of adult stem cells, in particular those of bone marrow
origin, to liver and pancreatic islet cell regeneration. In this review, we will focus on the
cell therapy for the diseased liver and pancreas by adult haematopoietic stem cells, as well
as their possible contribution and application to tissue regeneration. Furthermore, recent
progress in the generation, culture and targeted differentiation of human haematopoietic
stem cells to hepatic and pancreatic lineages will be discussed. We will also explore the
possibility that stem cell technology may lead to the development of clinical modalities for
human liver disease and diabetes.
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1
Cell Therapy

Cell therapy has emerged as a novel approach for the treatment of many human
degenerative diseases. Cell-based regenerative strategies aim to replace, repair
or enhance the biological function of damaged tissues or organs by utilising
cells and bioactive molecules to trigger, enhance, support and complement
the residual capacity for repair. This can be achieved by the transplantation of
cells, which are typically manipulated ex vivo, into a target organ in sufficient
numbers for them to survive long enough to restore the normal function of
organs and tissues. Possible candidate cells to be used include autologous
primary cells, cell lines, various stem cells including bone marrow stem cells,
cord blood stem cells and embryonic stem (ES) cells (Fodor 2003).

In recent years, advances in stem cell biology, including embryonic and
somatic stem cells, have made the prospect of tissue regeneration a potential
clinical reality, and several studies have shown the great promise that stem
cells hold for therapy (Assmus et al. 2002; Wollert et al. 2004). Despite the un-
questioned totipotency of ES cells, there are numerous unanswered biological
questions as to the regulation of their growth and differentiation. The safety
profile of unselected ES cells for transplantation early on demonstrated dys-
regulated cell growth resulting in teratoma formation (Reubinoff et al. 2000).
Moreover, the ethical and legal issues associated with ES cells have shifted
the focus to adult stem cells, and their regenerative potential has been under
intense investigation.

The main role of adult stem cells, which are present in approximately
1%–2% of the total cell population within a specific tissue, is to replenish
of the tissue’s functional cells in appropriate proportions and numbers in re-
sponse to ‘wear and tear’ loss or direct organ damage (Fang et al. 2004). They
are vital in the maintenance of tissue homeostasis by continuously contribut-
ing to tissue regeneration and replacing cell lost during apoptosis or direct
injury (Li and Xie 2005). Adult stem and progenitor cells possess the capacity
of self-renewal and differentiation into one or more mature cell types. They
are able to maintain their populations within the human body through asym-
metric and symmetric divisions, resulting in the creation of differentiated and
undifferentiated progeny (Preston et al. 2003). These properties make them
ideal candidates for stem cell-based therapies and tissue engineering.

2
Haematopoietic Stem Cells

Haematopoietic stem cells (HSC) are multipotent bone marrow cells that sus-
tain the formation of the blood and immune system throughout life. First
identified in 1961, HSC have been by far the best characterised and most stud-
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ied example of adult stem cells (Till and McCulloch 1961). The bone marrow
compartment is largelymadeupof committedprogenitor cells, non-circulating
stromal cells [called mesenchymal stem cells (MSC)] that have the ability to
develop into mesenchymal lineages and HSC (Pittenger et al. 1999; Bianco et al.
2001). It was previously thought that adult stem cells were lineage restricted,
but recent studies demonstrated that bone marrow-derived progenitors in
addition to haematopoiesis also participate in regeneration of ischaemic my-
ocardium (Orlic et al. 2001), damaged skeletal muscle (Gussoni et al. 1999) and
neurogenesis (Mezey et al. 2000).

MSC are the second major population of stem cells residing in bone marrow.
MSC can be isolated as a growing adherent cell population and can differentiate
into osteoblasts, adipocytes and chondrocytes (Pittenger et al. 1999).

3
Injured Liver

Liver diseases impose a heavy burden on society and affect approximately
17% of the population. Cirrhosis, the end result of long-term liver damage,
has long been an important cause of death in UK and showed large rises
in death rates over the past 20 years (Ministry of Health 2001). The main
causes of cirrhosis globally are hepatitis B and C and alcohol abuse. Changing
patterns of alcohol consumption and the increasing incidence of obesity and
diabetes suggest that the burden of fibrosis and cirrhosis related to alcohol and
non-alcohol steatohepatitis (NASH) will continue to increase (Fallowfield and
Iredale 2004).

Cirrhosis is a progressive liver disease and is marked by the gradual de-
struction of liver tissue over time. Persistent injuries lead to hepatic scarring
(fibrosis), which, if unopposed, leads to cirrhosis and demise of liver function.
End-stage liver fibrosis is cirrhosis, whereby normal liver architecture is dis-
rupted by fibrotic bands, parenchymal nodules and vascular distortion. Portal
hypertension and hepatocyte dysfunction are the end results and give rise to
major systemic complications and premature death. At the cirrhotic stage, liver
disease is considered irreversible and the only solution is orthotopic liver trans-
plantation (OLT). However, the increasing shortage of donor organs restricts
liver transplantation. With the widening donor-recipient gap, the increasing
incidence of liver disease, life-long dependence on immunosuppression and
the poor outcome in patients not supported by liver transplantation, there is
obviously a demand for new strategies to supplement OLT.

According to current concepts of liver regeneration, the liver has three levels
of cells that can respond to liver injury and loss of hepatocytes (Sell 2001).
First, mature hepatocytes, which are numerous, respond to mild liver injury
by 1 to 2 cell cycles. Second, intra-organ ductal progenitor cells, which are
less numerous, respond by longer and limited proliferation. Third, stem cells



246 N. Levičar et al.

entering from the circulation participate in liver regeneration. These cells, in
part of bone marrow origin, enter the liver in a seemingly random distribution,
as isolated cells, or in a portal and periportal distribution when there is marked
injury (Petersen et al. 1999). In this latter mode, responding to severe injury,
they enter first as an intermediate cell population, which then mature into
hepatocytes.

New strategies for generating a viable source of healthy hepatocytes for
treating hepatic disorders are under investigation. Potential sources include
the expansion of existing hepatocytes, ES cells, progenitor/stem cells in the
liver, and bone marrow stem cells. Direct transplantation of hepatocytes has
already been successfully tried in a small number of patients as a bridge to
OLT or as a therapeutic alternative but there remain several limitations, which
mainly include limited hepatocyte amplification, the fact that replacement of
less than 10% of the liver mass is achieved, the short duration of the functioning
replacement cells and the need for immunosuppression (Ohashi et al. 2001; Na-
jimi and Sokal 2005). Additionally, the number of patients that can be treated in
thismanner is severely limiteddue to thepaucityofhealthydonors.This limited
success fuelled the interest in haematopoietic stem cells for hepatic disorders.

3.1
Generation of Hepatocytes by Haematopoietic Stem Cells

In vitro studies have demonstrated the potential of bone marrow stem cells
to differentiate towards the hepatic lineage. Oh et al. (2000) and Miyazaki
et al. (2002) have shown that rat bone marrow contains a subpopulation (3%)
of cells co-expressing haematopoietic stem cell markers (CD34, c-kit, Thy-1),
α-fetoprotein (AFP) and c-met. They have also demonstrated the expression
of albumin, a marker of terminally differentiated hepatocytes, after culturing
crude bone marrow in the presence of hepatocyte growth factor (HGF) and
epidermal growth factor (EGF). Similar observations were made by Okumoto
et al. (2003), where rat bone marrow cells enriched for Sca-1 began expressing
liver-enriched transcription factor HNF1α and cytokeratin 8 (CK8) after being
cultured in thepresenceofHGF.Moreover,Ratajczaket al. (2004)demonstrated
that a subpopulation of murine mononuclear bone marrow cells isolated by
chemotaxis in response to the α-chemokine stromal-derived factor-1 (SDF-1)
expressed messenger RNA (mRNA) for AFP and a population enriched for
Sca-1 expressed mRNA for AFP, c-met and CK19. Purified murine HSC were
able to differentiate into liver-like cells expressing (AFP, GATA4, HNF4, HNF3β,
HNF1α) and mature hepatocyte markers (CK18, albumin, transferrin) when
co-culturedwith injured liver tissue, suggesting thatmicro-environmental cues
are responsible for conversion (Jang et al. 2004).

Studies on human bone marrow confirmed observations from rodent mod-
els and showed thathumanbonemarrowcells have thepotential todifferentiate
into liver-like cells. When cultured on collagen matrix and in the presence of
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HGF they expressed liver-specific genes, albumin and CK19 (Fiegel et al. 2003).
Furthermore, when selected by SDF-1 chemotaxis they appear to be multi-
potent and express AFP (Kucia et al. 2004). Numerous cytokines and growth
factorshavebeenshowntohavepotent effectsonhepatic growthanddifferenti-
ation under in vitro culture conditions (Heng et al. 2005). HGF, EGF, transform-
ing growth factor (TGF), and acid fibroblast growth factor (aFGF) are the most
commonly used in the majority of studies and have been shown to promote
hepatic differentiation in vitro (Block et al. 1996; Michalopoulos et al. 2003).

Like HSC, a subpopulation of human MSC known as multipotent adult pro-
genitor cells (MAPC) has the potential to differentiate into hepatocyte-like
cells in the presence of HGF and fibroblast growth factor-4 (FGF-4) (Schwartz
et al. 2002). However, the MAPC culture is fastidious, with a substantial delay
between the isolation and the appearance of hepatocyte-like cells, which calls
into question their use in the clinic. In vitro hepatic differentiation of MSC in
the presence of HGF and oncostatin M was confirmed by another group (Lee
et al. 2004). Again, the differentiation process was lengthy but they demon-
strated the expression of liver-specific genes in differentiated cells and other
characteristics of liver cells, including albumin production, glycogen storage,
urea secretion, uptake of low-density lipoprotein, and phenobarbital-inducible
cytochrome P450 activity.

3.2
Haematopoietic Stem Cell Therapy for Liver Diseases

3.2.1
Animal Studies

Liver has long been known to exhibit considerable regenerative potential,
but it has been only recently that we began to understand the implication of
stem/progenitor cells in this process. The extrahepatic stem cells such as HSC
are of particular interest since they are easily accessible.

Petersen et al. (1999) were first to show that bone marrow stem cells could
be a potential source of hepatic oval cells. The liver injury was induced with
2-AAF-CCl4, followed by cross-sex bone marrow transplantation. Regenerated
hepatic cells were shown to be of bone marrow origin, demonstrated by using
markers for the Y chromosome, dipeptidyl peptidase IV enzyme, and L21-6
antigen to identify donor-derived cells.

The other demonstration of hepatocyte regeneration from bone marrow
cells is the extensive repopulation of damaged livers of fumarylacetoacetate hy-
drolase (FAH) mice, an inducible animal model of tyrosinemia type 1 (Grompe
et al. 1995), a lethal hereditary liver disease (Lagasse et al. 2000). Intravenous
injection of adult bone marrow cells in the FAH(−/−) mouse rescued the mouse
and restored the biochemical function of its liver. The liver repopulation by
bone marrow cells was slow, although significant. The first hepatocytes of



248 N. Levičar et al.

bone marrow origin appeared 7 weeks after transplantation. However, later
on, at 22 weeks, one-third of the liver comprised bone marrow-derived cells.
This suggested that bone marrow stem cells contribute to hepatocyte genera-
tion in the presence of injury, where the regenerative potential of hepatocytes
is impaired. Furthermore, recent data have demonstrated that bone marrow
stem cells injected during liver injury can reduce the resulting liver fibrosis
(Sakaida et al. 2004). The exact mechanism of this therapeutic effect is not
fully understood yet, but it may be facilitated by the matrix metalloproteases,
which enable degradation of hepatic scars and are expressed by bone marrow
stem cells. More studies have shown that HSC engraft, repopulate and have
survival advantage when transplanted into injured liver. Mallet et al. (2002)
used JO2 antibody, the murine anti-Fas agonist, to induce hepatic apopto-
sis. Unfractionated bone marrow cells expressing Bcl-2 under the control of
a liver-specific promoter were transplanted into normal mice. Some mice re-
ceived repeated weekly injections of JO2 antibody to induce liver injury. Bone
marrow-derived hepatocytes expressing Bcl-2 were only seen in the liver of the
mice, which received JO2 antibody injections. Moreover, in mice with induced
liver cirrhosis, 25% of the recipient liver was repopulated in 4 weeks by bone
marrow-derived hepatocytes (Terai et al. 2003). Jang et al. (2004) reported that
murine HSC converted into viable hepatocytes with increasing liver injury.
They noticed that liver function was restored 2–7 days after transplantation of
murine Fr25lin− cells into irradiated and CCl4 injured murine liver, suggesting
that HSC contribute to the regeneration of injured liver by differentiating into
functional hepatocytes. Misawa et al. (2006) used desialylated bone marrow
cells in order to increase their accumulation in rat livers in a rodent model
of human hepatic Wilson’s disease. They demonstrated that direct accumula-
tion of desialylated bone marrow cells into liver increased the proportion of
functional bone marrow cell-derived hepatocytes. However, some studies have
shown that bone marrow stem cells can repopulate liver even in the absence
of liver injury. In one study, Theise et al. (2000a) transplanted unfractionated
male bone marrow or CD34+lin− cells into irradiated female mice and looked
for bone marrow-derived hepatocytes. They identified up to 2.2% Y-positive
hepatocytes at 7 days and 2 months or longer post-transplantation. More-
over, positive fluorescent in situ hybridization (FISH) for the Y-chromosome
and albumin mRNA confirmed male-derived cells were mature hepatocytes,
suggesting that hepatocytes can be derived from bone marrow cells in the
absence of severe acute injury. Krause et al. (2001) injected single male HSC
into irradiated mice and obtained engraftment in several organs, including
liver, gastrointestinal tract, bronchus and skin of recipient animals. In support
of the findings, Wang et al. (2003) found albumin-expressing hepatocyte-like
cells in the livers of mice transplanted with highly purified HSC.

In contrast, several other studies failed to show trans-differentiation of bone
marrow stem cells into liver parenchyma. Wagers et al. (2002) transplanted sin-
gle HSC into lethally irradiated mice and showed that HSC reconstituted blood
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leukocytes of irradiated mice, but did not contribute to non-haematopoietic
tissues, including liver, brain, kidney, gut, and muscle. Kanazawa and Verma
(2003) used various liver injury models to assess hepatic regeneration by bone
marrow stem cells. By using three different models—CCl4 treatment, albumin-
urokinase transgenic mouse [TgN(Alb1Plau)], or hepatitis B transgenic mouse
[TgN(Alb1HBV)]—they concluded there was little or no contribution of bone
marrow cells to the replacement of injured livers. Similarly, Dahlke et al. (2003)
concluded that bone marrow cell infusion was not able to enhance liver regen-
eration in a retrorsine/CCl4 model of acute liver injury. It was shown that there
is only a small contribution of bone marrow stem cell to liver regeneration
after chronic liver injury. Vig et al. (2006) have found only 4.7% bone marrow-
derived hepatocytes at 3 months after transplantation and even less (1.6%) at
6 months after bone marrow transplantation.

Although views concerning the contribution of HSC to hepatocyte lineages
in vivo still remain divided, the differences between the studies may in part
reflect the types of cells used, different injury models used and the method
used to detect engrafted stem cells.

3.2.2
Human Studies

Several studies have also shown the presence of cells of bone marrow origin in
the human liver. Alison et al. (2000) showed that adult human liver cells can be
derived from the stem cells originated in bone marrow. They examined livers
derived from female patients who received bone marrow transplantation from
a male donor and have found Y-chromosome and CK8-positive hepatocytes,
suggesting that extrahepatic stem cells can colonise the liver. Similarly, Theise
et al. (2000b) investigated archival autopsy and biopsy liver specimens from
recipients of sex-mismatched therapeutic bone marrow transplantation and
orthotopic liver transplantations. They identified hepatocytes and cholangio-
cytes of bone marrow origin by immunocytochemistry staining for CK8, CK18
and CK19 and FISH analysis for the Y-chromosome. Using double staining
analysis, they found a large number of engrafted hepatocytes (4%–43%) and
cholangiocytes (4%–38%), showing that they can be derived and differenti-
ated from bone marrow and replenish hepatic parenchymal cells. Although
Korbling et al. (2002) confirmed bone marrow-derived hepatocytes in liver
biopsies of sex-mismatched bone marrow transplantation, they found less sig-
nificant numbers (4%–7%) than Theise et al. (2000b). Similarly, Ng et al. (2003)
showed that most of the recipient-derived cells in the liver allografts were
macrophages/Kupffer cells and only a small proportion of hepatocytes (1.6%)
was recipient derived. Two other studies of liver transplant patients did not
detect bone marrow-derived hepatocytes at all (Fogt et al. 2002; Wu et al. 2003).

The difference and inconsistent results of the published studies could be
due to use of different techniques to identify recipient-derived hepatocytes in



250 N. Levičar et al.

transplanted patients. Also, various markers can be used for hepatocyte iden-
tification, and the accuracy of the methods used for identification is variable.

Although studies have shown that bone marrow stem cells could give rise to
hepatocytes, the use of bone marrow stem cells as therapeutic agents is still in
its infancy. So far, only three studies have published the results from the clinical
use of bone marrow stem cells for liver insufficiency. The first clinical study
was performed by am Esch et al. (2005) who infused 3 patients with autologous
CD133+ cells subsequent to portal vein embolisation of right liver segments.
Computerised tomography scan volumetry showed a 2.5-fold increase in the
growth rate of the left lateral segments compared to the control group of 3 pa-
tients thathadbeensubjected toportal veinembolisationwithoutbonemarrow
stem cell administration. Despite the small number of patients and the lack of
an adequately sized randomised control group, these data suggested that cell
therapy enhances and accelerates liver regeneration. The second clinical study
using adult haematopoietic stem cells in treatment of liver diseases was carried
out by our group (Gordon et al. 2006). We have performed a phase I clinical
trial in which five patients with liver insufficiency were given granulocyte
colony-stimulating factor (G-CSF) to mobilise their stem cells for collection by
leukapheresis. Between 1×106 and 2×108 CD34+ cells were injected into either
the portal vein or hepatic artery. Of the 5 patients, 3 showed improvement in
serum bilirubin and 4 in serum albumin. Clinically, the procedure was well
tolerated with no observed procedure-related complications. The data clearly
suggested the contribution of stem cells to the regeneration of liver damage
and are encouraging for the future development of stem cell therapy for liver
diseases. A more recent study confirmed the observations from the previous
two studies. Terai et al. (2006) treated nine liver cirrhosis patients with autolo-
gous bone marrow. They infused 5.20+/−0.63×109 mononuclear cells (CD34+,
CD45+, c-kit+) via the peripheral vein and followed the patients for 24 weeks.
Significant improvements in serum albumin levels, total protein and improved
Child-Pugh scores were observed at 24 weeks after therapy, suggesting that
bone marrow cell therapy should be considered as a novel treatment for liver
cirrhosis patients.

4
Diabetes

Type 1 diabetes accounts for only 5%–10% of all diabetes cases worldwide
but its incidence is increasing with current estimates of those affected at
approximately 105 in the UK and 106 in the USA (Burns et al. 2004; Dane-
man 2006). Type 1 (insulin-dependent) diabetes is a chronic disease affecting
genetically predisposed individuals in which insulin-secreting β-cells within
pancreatic islets of Langerhans are selectively and irreversibly destroyed by
autoimmune assault. Once activated the continued destruction of β-cells leads
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to a progressive loss of insulin, then to clinical diabetes, and finally—in almost
all affected—to a state of absolute insulin deficiency (Devendra et al. 2004).
Type 2 diabetes was once considered a disease of wealthy nations but now it is
a global affliction. The incidence of type 2 (adult onset or insulin resistant) di-
abetes is increasing globally and has reached pandemic proportions (Petersen
and Shulman 2006). Estimates by the International Diabetes Federation (IDF)
anticipate that the worldwide incidence of diabetes among those 20–79 years
old will increase by around 70% in the next 20 years (International Diabetes
Federation 2006). Although the aetiology of type 2 diabetes remains obscure,
obesity and a sedentary lifestyle are the most common epidemiologic factors
associated with development of the disease.

The common denominator in both types 1 and 2 diabetes is a decrease in
β-cell mass resulting in an absolute or relative state of insulin insufficiency,
respectively. Long-term normalisation of glucose metabolism is a prerequisite
for prevention of secondary complications and to date has only been achieved
with transplantation of the whole organ or with a reasonable number of islets.
Recent success with the Edmonton protocol in 2000 (hepatic portal vein infu-
sion of organ donor islets of Langerhans) provided proof that the restoration of
a sufficient functional β-cell mass re-establishes euglycaemia (Ryan et al. 2002).
However, the chief limitation to transplantation, either whole gland or islets,
is the paucity of donors. Current protocols for islet transplantation require
up to 1×106 primary human islets per recipient the approximate equivalent
of 2–4×106 β-cells (Burns et al. 2004). Thus, such treatment can be offered
to only an estimated 0.5% of needy recipients (Lechner and Habener 2003).
Additionally, differentiated β-cells cannot be expanded efficiently in vitro and
senesce rapidly (Halvorsen et al. 2000).

Multiple approaches are now being investigated to generate insulin-produc-
ing cells in vitro either by genetic engineering of β-cells or by utilising various
β-cell precursor cells and stem/progenitor cells with the ability to grow in vitro
and to differentiate into insulin producing cells and ultimately into β-cells
(Hess et al. 2003). ES cell usage has been the subject of both ethical and scien-
tific debate (Frankel 2000). The demonstration of plasticity of haematopoietic
stem cells has been published and has led to their study in the treatment of
diabetes (Hess et al. 2003). Insulin secreting cells (β-cells or otherwise) could
be transplanted into patients to help maintain blood glucose homeostasis, re-
duce the burden of diabetes-related complications, overcome the limitation of
donor organs and provide benefit to millions of diabetics.

4.1
Haematopoietic Stem Cells for β-Cell Generation

In diabetics, 90% of insulin-secreting β-cells of the pancreatic islets of Langer-
hans are destroyed. Thus, the replacement of insulin-secreting β-cells would be
an ideal cure. Studies of the growth, development and differentiation of pan-
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creatic insulin-secreting cells have explored both embryonic and adult-derived
stem cells as candidates for β-cell differentiation. Little is known about the cel-
lular and molecular mechanisms of β-cell differentiation, but recent work has
begun to pose speculative hypotheses on pancreatic cell development.

Several investigators have isolated multipotent bone marrow-derived cell
populations which have been described as capable of trans-differentiating and
expressing a pancreatic β-cell phenotype under differentiation culture condi-
tions. Such populations include marrow-isolated adult multilineage-inducible
(MIAMI) cells (D’Ippolito et al. 2004) and bone marrow-derived stem (BMDS)
cells (Lee and Stoffel 2003; Tang et al. 2004), as well as a subpopulation of pe-
ripheral blood cells of monocytic origin which have been induced to express
characteristics of pancreatic cells (Ruhnke et al. 2005). In addition, a sub-
population of multipotent human mesenchymal stem cells (hMSC) has been
identified which constitutively expresses pancreatic islet transcription factors
(Moriscot et al. 2005). Below, we look at these cell populations derived from the
adult bone marrow, which have been successfully induced in vitro to genetically
and phenotypically resemble pancreatic islet β-cells.

MIAMI cells, derived from whole bone marrow after 14 days in culture, are
described as a homogeneous population expressing a unique set of markers.
Interestingly, these cells are negative for the haematopoietic stem cell marker
CD34, but express the hallmark embryonic markers Oct-4 and Rex-1, as well as
markers for cells of mesodermal, ectodermal and endodermal lineages. With
manipulationof culture conditions,MIAMIcells aredescribedasbeing capable
of undergoing neural, osteogenic, chondrogenic, adipogenic and endodermal
differentiation. To promote the expression of pancreatic islet genes, D’Ippolito
et al. (2004) treated MIAMI cells under conditions previously known to pro-
mote stem cell commitment to a pancreatic lineage which includes high glucose
culture medium supplemented with basic fibroblast growth factor (bFGF), fol-
lowed by exposure to butylated hydroxyanisole (BHA) and exendin-4. Nicoti-
namide, exendin-4 and activin-A were then added as factors known to induce
pancreatic islet differentiation. RT-PCR analysis detected the expression of the
β-cell transcription factors Beta2/NeuroD, Nkx6.1 and Isl1 in differentiation-
induced cells as compared to untreated MIAMI cells. This suggests that MIAMI
cells may have the potential for pancreatic β-cell differentiation and potential
use in vivo.

As with MIAMI cells, manipulation of BMDS cell culture medium with
high glucose, followed by treatments with nicotinamide and exendin, has
been shown to induce cells into expressing features of pancreatic islet cells
(Tang et al. 2004). Genetic analysis showed the upregulation of pancreatic
β-cell genes such as insulin I and II, Glut-2, nestin, Pdx-1, glucose kinase
and Pax-6 in differentiation-treated cells. Immunocytochemical analysis also
showed insulin and c-peptide synthesis in up to 20% of differentiation-treated
cells. Induced cells also responded to glucose challenge and secreted insulin
according to glucose concentration. These data imply that BMDS cells are
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capable of differentiating into pancreatic islet cells as evidenced by genetic and
phenotypic expression, as well as insulin-secreting function.

Monocytes derived from peripheral blood, known as programmable cells
of monocytic origin, have also been shown to express characteristics of pan-
creatic β-cells in the presence of islet cell-conditioned medium, which contains
EGF, HGF and nicotinamide (Ruhnke et al. 2005). After exposure to islet cell-
conditioned medium, these cells expressed transcription factors involved in
β-cell differentiation suchasNgn3,Nkx6.1 andNeuroD, aswell as transcription
factors involved in the regulation of the insulin gene. In terms of functionality,
monocytic cells which were differentiated into pancreatic neo-islet cells were
responsive to glucose challenge, as determined by insulin release pre- and
post-differentiation induction. Programmable cells of monocytic origin were
found to be genetically and functionally similar to pancreatic β-cells in vitro.
However, in vivo experiments have yet to validate cell engraftment and insulin
production in a diabetic model.

Moriscot et al. (2005) have identified plastic adherent hMSCs which have
an Oct-4+ pluripotent phenotype and which constitutively express Nkx6.1, an
islet-associated transcription factor. hMSCs were plated with adenoviruses en-
coding Ipf1, HlxB9 or FoxA2, and were then cultured alone, cultured with islet-
conditioned medium or co-cultured with human islets. Various culture condi-
tions revealed that infection with adenovirus expressing HlxB9 and FoxA2, and
co-culture with human islets led to insulin secretion as well as upregulation
of NeuroD and insulin I. Although the described combination of adenoviral
infection and co-culture led to insulin secretion, not all transcription factors
described in β-cell development were upregulated, suggesting that either these
hMSCs have not terminally differentiated into pancreatic cells, or that culture
conditions need to be further optimised for proper β-cell differentiation. hM-
SCs have the capacity of at least partial differentiation into β-cells and may
be a potential target for therapeutic purposes, as they are easily isolated from
adults.

In vitro work proves that adult BMDS cells are capable of differentiation
into pancreatic islet β-cells and allows for manipulation cell growth and devel-
opment. Several investigators have been able to induce bone marrow-derived
cells into cells which phenotypically express pancreatic β-cell characteristics
and respond to glucose challenge. However, cells manufactured in vitro have
not yet demonstrated insulin secretion to the same degree as endogenous β-
cells. Insulin-secreting cells generated in vitro have been found to secrete only
about 1% of the level insulin produced by endogenous β-cells (Bonner-Weir
and Weir 2005). This information supports the notion that in vitro cell cul-
ture may not adequately mimic the physiological microenvironment where
endogenous cells develop and regenerate in the body. Importantly, assessing
the engraftment and functionality of cultured cells in vivo is an important part
of the follow-up to ex vivo studies.



254 N. Levičar et al.

4.2
Haematopoietic Stem Cells for Diabetes

4.2.1
Animal Studies

Promising data regarding the potential of BMDS cells to reconstitute the β-cell
endocrineportionof thepancreashavebeenproducedby Ianusandco-workers
(2003). Irradiated female wild-type mice were injected with BMDS cells ex-
pressing enhanced green fluorescent protein (EGFP) via a Cre-LoxP system
controlled by the active transcription of the murine insulin gene. All donors
were male mice sharing the same C57BL/6 background with recipient ani-
mals. At 4–6 weeks post-transplantation, pancreatic islet tissue was harvested
and EGFP-positive cells were isolated by means of fluorescence-activated cell-
sorting (FACS) or manual picking under a fluorescence microscope for further
analysis. Up to 3% of total cells per islet were found to express EGFP in trans-
planted animals with no evident expression observed in peripheral blood and
bone marrow samples. RT-PCR analysis of sorted cells revealed besides in-
sulin I and insulin II, the expression of other β-cell markers including GLUT2,
IPF-1, HNF1α, HNF1β, HNF3β and Pax-6. At the same time, cells lacked the
common haematopoietic/leukocyte marker CD45. Finally, demonstration of
glucose-dependent and incretin-enhanced insulin secretion was reported as
proof of functionality.

Using the same experimental strategy as Ianus et al. (2003), another group
was unable to confirm their findings (Taneera et al. 2006). Whole BMDS cells
from transgenic mice in which green fluorescent protein (GFP) expression was
under the control of the murine insulin promoter failed to demonstrate any
signs of GFP expression within the pancreatic parenchyma of transplanted
animals. As this was not informative per se of pancreatic engraftment, another
series of experiments was conducted using BMDS cells expressing GFP under
the control β-actin promoter. Despite the large degree of engraftment, none of
the GFP-positive cells co-expressed insulin or the β-cell transcription factors
Pdx-1 or Nkx6.1, while more than 99.9% expressed the pan-haematopoietic
marker CD45 as well as myeloid antigens. The authors concluded that although
BMDS cells demonstrated efficient pancreatic engraftment, a haematopoietic
cell fate was almost exclusively adopted.

In order to study the regenerative potential of BMDS cells in diabetes melli-
tus, Hess et al. (2003) utilised a murine model of streptozotocin-induced pan-
creatic damage leading to hyperglycaemia. Hyperglycaemic mice were injected
intravenously with BMDS cells from GFP transgenic donor mice. Irradiation
status and c-kit expression served as intergroup comparison criteria. One of
the most interesting observations made was that pancreatic injury was a pre-
requisite for BMDS cells taking on an insulin-producing phenotype within
the pancreatic parenchyma, an observation also made by other researchers
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(Mathews et al. 2004). No improvement was witnessed in the c-kit− trans-
planted subgroup in comparison to the c-kit+ group or the subgroup using
whole bone marrow, which points to the c-kit+ stem cell population as the
potent subpopulation. The lack of any clinical improvement in the subgroup
transplanted with irradiated whole bone marrow revealed the unlikelihood
of paracrine factors being responsible for any observed improvement in the
non-irradiated groups. Even though 2.5% of insulin-positive cells from islets
of streptozotocin-treated animals were positive for GFP, there was no expres-
sion of Pdx-1 in these cells. In addition to their low frequency, these cells were
noticed to be absent during the onset of hyperglycaemic reduction. Finally,
a large proportion of donor cells documented in ductal or islet regions were
of endothelial lineage, thus associating the regenerative process with various
endothelial interactions. Lechner et al. (2004) transplanted BMDS cells from
sex-mismatched GFP-transgenic mice into animals treated with streptozotocin
in one experiment and animals that had undergone partial pancreatectomy in
another. Both GFP immunostaining and Y chromosome FISH failed to detect
significant evidence of donor BMDS cell trans-differentiation into β-cells.

Murine BMDS cells have been shown to undergo differentiation in vitro into
cells that express molecular markers of pancreatic β-cells and stain positive for
c-peptide and insulin (Tang et al. 2004). In vivo transplantation of these cells
into the left renal capsule and the distal tip of the spleen of streptozotocin-
mediated diabetic mice not only reversed the existing hyperglycaemia, but
also restored the animals’ ability to respond to in vivo glucose challenges.
Another interesting approach is that of multiple in contrast to single injections
of BMDS cells in order to restore normoglycaemia (Banerjee et al. 2005).
Banerjee et al. (2005) demonstrated improved glycaemic control in addition
to histopathologic evidence of pancreatic islet regeneration following multiple
intravenous injections of BMDS cells in streptozotocin-treated mice. The fact
that BMDS cells were harvested from experimental-diabetic mice is evidence
of the retained regenerative potential of the bone marrow.

It is quite striking that a number of groups have not been able to reproduce
the results of Ianus et al. (2003). Most authors noted a number of technical
considerations in an attempt to explain this. Many groups have reversed the
process of identifying pancreatic-specific markers in engrafted cells by try-
ing to identify cellular populations expressing such markers prior to any in
vitro manipulation. Human mononuclear umbilical cord blood cells have been
reported to express a vast number of cell markers and transcription factors
necessary for β-cell differentiation (Pessina et al. 2004). When transplanted
into non-obese diabetic mice with autoimmune type 1 diabetes, human um-
bilical cord blood mononuclear cells were able to reduce blood glucose levels
and improve survival compared to untreated animals (Ende et al. 2004). The
argument regarding the true nature and fate of candidate ‘insulin-producing’
cells remains unresolved (Sipione et al. 2004), as they may not be true β-cell
precursors and furthermore may be unsuitable for clinical transplantation.
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Pre-transplantation in vitro manipulation (Oh et al. 2004; Tang et al. 2004)
may also provide a useful tool for delivering large numbers of predefined
cells, thus avoiding complications such as suboptimal delivery rates and cell
differentiation down non-pancreatic pathways.

Recent data have also documented the capacity for self-renewal of post-natal
murine β-cells (Dor et al. 2004), thus casting a shadow of uncertainty over
scientists’ expectation of multipotent stem cells. The existence of unknown
molecular and cellular pathways is highly likely. Endothelial signals have been
linked with induction of pancreatic differentiation (Lammert et al. 2001), an
association that may underlie observations in some of the above studies (Choi
et al. 2003; Hess et al. 2003; Mathews et al. 2004). Many studies have failed
to demonstrate expression of insulin or Pdx-1 in donor bone marrow-derived
cells seen in peri-ductal or peri-islet locations (Choi et al. 2003; Hess et al.
2003; Mathews et al. 2004; Taneera et al. 2006), whilst many of these cells
express endothelial markers (Choi et al. 2003; Hess et al. 2003; Mathews et al.
2004). Further to identifying actual potent subpopulations (Hess et al. 2003),
a few technical considerations may come in useful. A dose-dependent effect
has been noted (Ende et al. 2004), suggesting possible population expansion
to be required prior to clinical transplantation. Finally, the demonstration of
multi-step cell delivery being more efficient long-term (Banerjee et al. 2005)
also underlines the possibility of introducing this principle in experimental
and possibly clinical work.

4.2.2
Human Studies

The first reported data on cellular therapy for type 1 and 2 diabetes were
presented by Fernandez Vina et al. (2006a, b). They have treated 23 patients
with type 1 diabetes with CD34+CD38− cells isolated from bone marrow and
followed them up for 90 days. After 90 days from cell transplantation, the blood
sugar decreased by 9.7% and c-peptide significantly increased by 55%. It was
also observed that the exogenous insulin, taken daily by the patients, decreased
by 17% suggesting that autologous bone marrow stem cells could improve
pancreatic function. Similar results were obtained for type 2 diabetes patients
where autologous CD34+CD38− cells were transplanted via spleen artery into
16 patients. The blood sugar significantly decreased by 27% 90-days post-
transplantation, while c-peptide and insulin increased by 26% and 19%,re-
spectively. Even more impressive is the fact that 90 days post-transplantation,
84% of treated patients did not need any more anti-diabetic drugs or insulin.
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5
Conclusions

Over the past 5 years attention has been focussed sharply on stem cells and
the extraordinary potential that they offer in treating a number of currently
intractable human diseases. However, for liver diseases and diabetes, the stem
cell therapy treatment approach is still in its infancy and further work is neces-
sary. Many technical questions have yet to be answered before stem cell therapy
can be applied to its fullest potential in the clinic. In order to achieve the goal
of cell therapy, the source and types of cells, generation of cells in sufficient
numbers, maintenance of the differentiated phenotype and cell engraftment
and homing when transplanted in damaged tissue must be considered. Ideally,
cells should expand extensively in vitro, have minimal immunogenicity and
be able to reconstitute tissue when transplanted in damaged tissue. Defining
which patient groups are suitable for this therapy and which stem cell types
are the most effective given the underlying pathology is also important. The
optimum timing and method of delivery need to be determined as they may
have a significant influence on the outcome of cell transplantation. Long-term
side-effects of treatment are unknown as most of the clinical studies are very
recent. In addition, there is growing evidence that transplanted cells, being
multipotent, do not simply replace missing tissue but also trigger local mech-
anisms to initiate a repair response. Paracrine effects and immune regulation
of the transplanted cells may also play a role in functional restoration of the
tissue (Pluchino et al. 2003).

As more scientific knowledge is gained in this field, hopefully some of the
technical concerns will be answered and we will soon see stem cell therapy in
more clinical applications.
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Theise ND, Badve S, Saxena R, Henegariu O, Sell S, Crawford JM, Krause DS (2000a)
Derivation of hepatocytes from bone marrow cells in mice after radiation-induced
myeloablation. Hepatology 31:235–240

Theise ND, Nimmakayalu M, Gardner R, Illei PB, Morgan G, Teperman L, Henegariu O,
Krause DS (2000b) Liver from bone marrow in humans. Hepatology 32:11–16

Till JE, McCulloch E (1961) A direct measurement of the radiation sensitivity of normal
mouse bone marrow cells. Radiat Res 14:213–222

Vig P, Russo FP, Edwards RJ, Tadrous PJ, Wright NA, Thomas HC, Alison MR, Forbes SJ
(2006) The sources of parenchymal regeneration after chronic hepatocellular liver injury
in mice. Hepatology 43:316–324

Wagers AJ, Sherwood RI, Christensen JL, Weissman IL (2002) Little evidence for develop-
mental plasticity of adult hematopoietic stem cells. Science 297:2256–2259

Wang X, Ge S, McNamara G, Hao QL, Crooks GM, Nolta JA (2003) Albumin-expressing
hepatocyte-like cells develop in the livers of immune-deficient mice that received trans-
plants of highly purified human hematopoietic stem cells. Blood 101:4201–4208

Wollert KC, Meyer GP, Lotz J, Ringes-Lichtenberg S, Lippolt P, Breidenbach C, Fichtner S,
Korte T, Hornig B, Messinger D, Arseniev L, Hertenstein B, Ganser A, Drexler H (2004)
Intracoronary autologous bone-marrow cell transfer after myocardial infarction: the
BOOST randomised controlled clinical trial. Lancet 364:141–148

Wu T, Cieply K, Nalesnik MA, Randhawa PS, Sonzogni A, Bellamy C, Abu-Elmagd K,
Michalopolous GK, Jaffe R, Kormos RL, Gridelli B, Fung JJ, Demetris AJ (2003) Minimal
evidence of transdifferentiation from recipient bone marrow to parenchymal cells in
regenerating and long-surviving human allografts. Am J Transplant 3:1173–1181



HEP (2007) 180:263–283
© Springer-Verlag Berlin Heidelberg 2007

The Participation of Mesenchymal Stem Cells
in Tumor Stroma Formation and Their Application
as Targeted-Gene Delivery Vehicles
B. Hall1 · M. Andreeff2 · F. Marini2 (�)
1Center for Childhood Cancer, Columbus Children’s Research Institute,
700 Children’s Drive, Columbus OH, 43205, USA
2Department of Blood and Marrow Transplantation, Unit 81,
The University of Texas M. D. Anderson Cancer Center,
1515 Holcombe Blvd., Houston TX, 77030, USA
fmarini@mdanderson.org

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
2 Understanding the Tumor Microenvironment . . . . . . . . . . . . . . . . 265
3 Role of Tumor–Stroma Interactions in Tumor Progression . . . . . . . . . 268
4 The Participation of MSC in Tumors and in Wound Healing . . . . . . . . 269
5 Rationale for Using MSC as Cellular Delivery Vehicles . . . . . . . . . . . . 270
6 Experimental Support for Use of MSC as Therapeutic Agents . . . . . . . . 273
7 Future Directions in Designing MSC-Based Delivery Strategies . . . . . . . 274
8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276

Abstract Recent evidence suggests thatmesenchymal stemcells (MSC) selectivelyproliferate
to tumors and contribute to the formation of tumor-associated stroma. The biological
rationale for tumor recruitment of MSC remains unclear but may represent an effort of
the host to blunt tumor cell growth and improve survival. There is mounting experimental
evidence that normal stromal cells can revert malignant cell behavior, and separate studies
have demonstrated that stromal cells can enhance tumor progression after acquisition of
tumor-like genetic lesions. Together, these observations support the rationale for modifying
normal MSC to deliver therapeutic proteins directly into the tumor microenvironment.
Modified MSC can produce high concentrations of antitumor proteins directly within the
tumor mass, which have been shown to blunt tumor growth kinetics in experimental animal
model systems. In this chapter we will address the biological properties of MSC within the
tumor microenvironment and discuss the potential use of MSC and other bone marrow-
derived cell populations as delivery vehicles for antitumor proteins.

Keywords Mesenchymal Stem Cell (MSC) · Tumor Microenvironment · Tumor-associated
Fibroblast (TAF) · Stromagenesis · Myofibroblast · Desmoplasia · Tumor Stroma

1
Introduction

Solid tumors are composed of tumor cells and supportive nontumor com-
ponents known as tumor stroma. Tumor stroma can be divided into four
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main elements: (1) tumor vasculature, (2) cells of the immune system, (3) ex-
tracellular matrix (ECM), and (4) fibroblastic stromal cells—also known as
tumor-associated fibroblasts (TAF) (Kunz-Schughart and Knuechel 2002a, b),
carcinoma-associatedfibroblasts (CAF) (Orimoetal. 2005), andreactive stroma
(Rowley 1998). Most if not all solid tumors have some degree of tumor stroma,
and the presence of reactive stroma is often an indicator of poor prognosis (De
Wever and Mareel 2003; Hasebe et al. 2000; Kenny and Bissell 2003; Kurosumi
et al. 2003).

Fibroblastic stromal cells have been linked to several activities that promote
cancer metastasis and growth including angiogenesis (Orimo et al. 2005),
epithelial to mesenchymal transition (Radisky et al. 2005), and progressive ge-
netic instability (Kurose et al. 2001; Moinfar et al. 2000). Additionally, fibroblas-
tic stromal cells can dysregulate antitumor immune responses as exemplified
by experiments demonstrating that allogeneic murine tumor cells, when coin-
jected with fibroblastic stromal cells, can engraft across immunologic barriers
(Djouad et al. 2003). Together, these studies suggest that tissue-specific fibrob-
lasts are influential players in progression of metastatic cancer. However, with
the exception of promoting epithelial to mesenchymal transition (Radisky
et al. 2005), the direct biological impact on cancer cells themselves has been
difficult to distinguish from indirect mechanisms such as enhanced support
for angiogenesis (Orimo et al. 2005) or recruitment of inflammatory cells (Jin
et al. 2006; Silzle et al. 2003). Given these data, the role of fibroblasts in cancer
progression may, at first glance, appear to benefit tumor growth and decrease
overall patient survival. However, there is mounting experimental evidence
that healthy tumor microenvironments suppress tumor growth, and it is only
after acquisition of tumor-like genetic lesions that fibroblasts appear to pro-
mote tumor progression (Kenny and Bissell 2003; Kurose et al. 2001; Hill et al.
2005; McCullough et al. 1998).

While some stromal fibroblasts are recruited to the expanding tumor mass
from local tissue fibroblasts (Ronnov-Jessen et al. 1995), recent experimental
evidence supports the contention that additional TAF can be recruited from
peripheral fibroblast pools, such as bone marrow (BM)-derived mesenchymal
stem cells (MSC) (Studeny et al. 2002, 2004), fibrocytes (Direkze et al. 2004),
and Tie2-positive cell populations (De Palma et al. 2005). In addition, it was
recently demonstrated that BM-derived cells may also be involved in cancer
metastasisbypre-establishingametastaticnichepreceding thearrivalof cancer
cells themselves at secondary sites of tumor growth (Kaplan et al. 2005).

Recent work from our group demonstrated that BM-derived MSC contribute
to stroma formation in tumors and provided proof of principle for using
MSC as delivery vehicles for antitumor agents (Studeny et al. 2002, 2004;
Nakamizo et al. 2005). Some studies have begun to evaluate the feasibility,
safety, and practicality of the therapeutic use of MSC in tissue regeneration
or cell replacement therapies (Le Blanc and Pittenger 2005; Garcia-Olmo et al.
2005; Bang et al. 2005; Lazarus et al. 2005; Kan et al. 2005; Gojo and Umezawa
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2003;Chenet al. 2004;Horwitz et al. 1999), butoverall, ourunderstandingof the
biological roleofMSCwithin the tumormicroenvironment is limitedandneeds
to be improved to better understand the nature of MSC–tumor cell interactions
and to ensure high efficacy of MSC-based anticancer strategies. This report will
outline our current understanding of the biological impact of MSC as tumor
stromal cells and MSC persistence within the tumor microenvironment. We
finishourdiscussionon theuseofMSCascellulardeliveryvehicles, particularly
to deliver anticancer agents directly into the tumor microenvironment, a site
where MSC selectively engraft and participate in tumor stroma development.
This “Trojan horse” approach uses tumor recruitment of fibroblasts, such as
MSC, as a therapeutic tool to deliver MSC that produce potent anticancer
agents in situ.

2
Understanding the Tumor Microenvironment

Solid tumors are composed of multiple cell types, and tumor viability is depen-
dent on the nonmalignant cells of the tumor microenvironment. The tumor
microenvironment is often referred to as “tumor stroma” and includes fibrob-
lasts, vasculature and perivasculature cells, and ECM (Fig. 1; Le Blanc et al.
2004; Tlsty and Hein 2001; Bissell and Radisky 2001; Coussens and Werb 2002;
Mueller and Fusenig 2004). Stromal cells provide physical architecture (ECM),
growth factors, cytokines, blood supply, and remove metabolic and biological
waste (Philip et al. 2004).

Even small tumors (>1–2 mm) require new access to blood vessels for sur-
vival (angiogenesis: the sprouting of new blood vessels from existing blood
vessels) (Folkman 2003). This process requires complex cellular and molecu-
lar cooperation between multiple cell types, including endothelial cells, fibrob-
lasts, and macrophages. Under abnormal conditions, such as wound healing
or tumorigenesis, endothelial cells can be activated to divide and form new
blood vessels. Frequently detected growth factors that activate endothelial cells
include vascular endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF). Tumor cells, tumor-associated macrophages, and TAF produce
VEGF and are involved in tumor-induced angiogenesis (Polverini and Lei-
bovich 1984; Mantovani et al. 2002; Silzle et al. 2004; Dong et al. 2004). Both
tumor-associated macrophages and TAF are abundantly detected in tumors
and often support tumor growth (Kurose et al. 2001; Richter et al. 1993). The
cellular origin of TAF remains unclear, but accumulating evidence suggests
that TAF originally derive from resident organ fibroblasts (Kammertoens et al.
2005; Kiaris et al. 2005). While studies have indicated that organ fibroblasts in
the proximity of the developing tumor became TAF (Sivridis et al. 2005; Yang
et al. 2005), these data do not preclude the possibility that circulating MSC or
mesenchymal progenitor (stem) cells directly contribute to the heterogeneous
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Fig. 1 Tumor–stroma interactions are critical for the survival of the tumor. Stromal cells
provide structural support for malignant cells, modulate the tumor microenvironment, and
influence biological behavior including the aggressiveness of the malignancy. In response,
the tumor provides growth factors, cytokines, and cellular signals that continually initiate
new stromal reactions and recruit new cells into the microenvironment to further support
tumor growth. It is not fully understood how stroma influences the neoplastic cells, but
experimental evidence suggests that healthy tissue microenvironments can suppress tumor
growth, and in contrast damaged or altered tumor microenvironments can enhance tumor
growth and aggression

organ-specific fibroblast population or the TAF cell pool (Fig. 2; Studeny et al.
2002, 2004; Nakamizo et al. 2005; Prockop 1997; Emura et al. 2000; Ishii et al.
2003; Direkze et al. 2003).

Some TAF are tissue-resident matrix-synthesizing or matrix-degrading
cells, whereas others are contractile cells (myofibroblasts), circulating pre-
cursor cells (fibrocytes), or blood vessel-associated pericytes. TAF biologically
impact the tumormicroenvironment through theproductionofgrowth factors,
cytokines, chemokines, matrix-degrading enzymes, and immunomodulatory
mechanisms (Silzle et al. 2004). The BM is a unique and accessible source
of multiple lineages of cells with therapeutic value, especially progenitor and
stem cells. The adherent fraction of BM cells contains differentiated mesenchy-
mal stromal cells and pluripotent MSC, which give rise to differentiated cells
belonging to the osteogenic, chondrogenic, adipogenic, myogenic, and fibrob-
lastic lineages (Dong et al. 2004). Although MSC are routinely recovered from
BM, they have also been isolated from a number of other tissues such as muscle,
synovium, umbilical cord, and adipose tissue.

In addition to production of numerous growth factors and their support
of angiogenesis, TAF provide organization to the tumor stroma by producing
ECM components. Thus, several critical events required for tumor growth are
not sufficient unless the tumor cells attract and stimulate fibroblasts. Based
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Fig. 2 Engraftment of MSC within human tumor xenografts. We previously demonstrated
that human MSC had a strong propensity to engraft and persist within human tumor
xenografts. In that study, subcutaneous tumor xenografts were established prior to intra-
venous injection of human MSC, which were subsequently found within the xenografts
tumor stroma. We also established that the therapeutic potential of delivering interferon β
(IFN-β) to tumors via adenovirus-modified MSC was effective in as little as one MSC-
expressing IFN-β per 100 tumor cells. (Studeny et al. 2002)

on our understanding of tumor stroma development (Richter et al. 1993), we
propose that stromagenesis is a multistep process involving the concomitant
recruitment of local tissue fibroblasts and circulating BM-derived stem cells
or MSC from the BM into the tumor, followed by intratumoral proliferation
of these cells, and finally, acquisition of several biological TAF characteristics
(Emura et al. 2000). Once in the tumor microenvironment, MSC convert into
activated myofibroblasts (i.e., TAF) and may also differentiate into fibrocytes,
which produce ECM components, and perivascular or vascular structures. Lit-
tle is known about the dynamics of fibroblast involvement and the molecules
that regulate it. As a side note, the reactive stroma associated with many solid
tumors exhibits several of the same biological markers seen in tissue stroma at
sites of wound repair (Garcia-Olmo et al. 2005). Biological processes in wound
repair, including stromal cell acquisition of the myofibroblast phenotype, de-
position of type I collagen, and induction of angiogenesis are observed in
reactive stroma during cancer progression.
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3
Role of Tumor–Stroma Interactions in Tumor Progression

Carcinomas are the most frequent human tumors and arise from epithelial
cells that line the inner surfaces of organs. The conversion of normal epithelial
cells to metastatic cancer cells is accepted as a multi-stage process that requires
progressive genetic alterations within the epithelial tumor cell and has been
the focus of intense investigation (reviewed in Tlsty and Hein 2001; Hanahan
and Weinberg 2000; Ronnov-Jessen et al. 1996). At the same time, the many
other cell types in the tumor microenvironment are increasingly appreciated
as components of a complex biological network, akin to an organ system,
that are critical for tumor progression (Tlsty and Hein 2001; Hanahan and
Weinberg 2000; Ronnov-Jessen et al. 1996). The interactions between cancer
cells and endothelial cells that lead to tumor vascularization are one example
of tumor-microenvironment communication that has received considerable
attention over the past decade and is the first example demonstrating that
targeting noncancer cells in the microenvironment can have benefit to cancer
patients (Folkman 2004).

While it has been appreciated that the molecular dialog between cancer cells
and other cells in the microenvironment is necessary for tumor development,
the cancer cells were often thought to primarily initiate and orchestrate the
conversations with other cell types (Rowley 1998; Haffen et al. 1987). Thus,
the microenvironment could be considered a reactive participant in tumor
progression, responding to signals initiated by an altered genetic program in
the epithelial cell. This view is at odds with what has been learned from study-
ing epithelial cells, especially mammary epithelial cells, during embryonic
development, where it is clear that mesenchymal cells, such as fibroblasts and
adipocytes, play an active and instructive role in programming epithelial cell
structure and function (Cunha and Hom 1996; Gallego et al. 2001; Sakakura
et al. 1976; Wiesen et al. 1999). The bidirectional molecular dialog between
mesenchymal and epithelial cell types is critical for normal organ develop-
ment and function (Cunha and Hom 1996; Gallego et al. 2001; Sakakura et al.
1976; Wiesen et al. 1999), and it is highly probable that such interactions are
equally important during tumor progression.

There is a rapidly expanding literature documenting changes in the mam-
mary tumor stromal fibroblasts during cancer progression, including the pos-
sible role of stromal interactions with tumor stem cells (reviewed in Ronnov-
Jessen et al. 1996; Bissell and Labarge 2005). For example, oncogene-primed
epithelial cells form tumors more rapidly when transplanted into stroma that
has been exposed to X-ray radiation before transplantation than when trans-
planted into untreated stroma (Barcellos-Hoff and Ravani 2000). Another ex-
ample is work demonstrating that directed expression of a self-activating form
of the metalloprotease MMP3/stromelysin 1, a gene product normally ex-
pressed in stromal cells during development, to epithelial cells can lead to
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extensive remodeling of the stroma, genetic changes in the epithelial cells,
and tumorigenesis (Radisky et al. 2005; Sternlicht et al. 1999, 2000). Recently,
human genetic evidence supports this active role of tumor stroma in breast
cancer progression by demonstrating somatic mutations in TP53 and PTEN
genes in both breast neoplastic epithelium and tumor stroma (Kurose et al.
2002). Taken together, these results indicate that the action of genes in multiple
cell types is required for normal development and for tumor progression.

Although damaged tissue microenvironments may serve to promote tumor
growth and progression, there is strong evidence that healthy tissue microen-
vironments effectively repress tumor growth. This dominant influence was
first reported over 30 years ago from experiments using teratocarcinoma cell-
injected blastocysts to produce tumor-free, viable mice (Mintz and Illmensee
1975). The malignant potential of the teratocarcinoma cells were suppressed
as suggested by the generation of healthy mice, with many tissues originated
from the teratocarcinoma cells (also reviewed in: Kenny and Bissell 2003).
Another example of the protective effect of a healthy tissue microenvironment
is observed in the prostate cancer mouse model (TgAPT121), where a trun-
cated form of the SV40 large T antigen is expressed in prostate epithelial cells
to dysregulate cell cycle control while leaving p53 function intact (Hill et al.
2005). When TgAPT121 mice were generated on wildtype, hemizygous, or nul-
lizygous p53 backgrounds (i.e., damaged microenvironments), increased rates
of disease progression and death were observed corresponding to progressive
p53 loss (e.g., p53−/−>p53+/−>p53+/+) (Hill et al. 2005). Finally, the reduced
ability of aged microenvironments to repress tumor growth was demonstrated
in an elegant study by McCullough et al. (1998). Young (3 months old) and
old (19 months old) Fischer 344 rats were challenged with the congenic hepa-
tocarcinoma cell line, BAG2-GN6TF, and while the old rats rapidly developed
aggressive liver carcinomas, young rats suppressed tumor growth through
apparent promotion of tumor cell differentiation. Interestingly, suppressed
hepatocarcinoma cells maintained their malignant potential within young rat
livers, becausewhen these cellswere re-isolated fromyoung rat livers and trans-
planted into aged rats, they rapidly formed aggressive, undifferentiated tumors
(McCullough et al. 1998). Taken together, these data suggest that healthy tissue
microenvironments serve to prevent tumor outgrowth, and it is only when
tumor stroma becomes damaged (by age, carcinogens, or tumor-derived pres-
sure) that tumor stroma supports tumor progression.

4
The Participation of MSC in Tumors and in Wound Healing

Homing of MSC after systemic or local infusion has been studied in animal
models in a variety of experimental settings (Allers et al. 2004; Almeida-
Porada et al. 2004; Ortiz et al. 2003). A study by Erices et al. (2003) reported



270 B. Hall et al.

the systemic infusion of MSC in irradiated syngeneic mice. After 1 month,
8% of bone cells and 5% of lung cells in the recipient mice were positive for
the transplanted cells. In a separate study, baboons received labeled MSC and
were detected in the BM more than 500 days after transplantation (Deans and
Moseley 2000). Apparently, the native capacity of MSC to adhere to matrix
components favors their preferential homing to bone, lungs, and cartilage
when injected intravenously. However, conditioning regimens prior to cell
transplantation (such as irradiation or chemotherapy treatment) may greatly
influence the efficiency and sites of MSC homing. In this regard, a growing
number of studies of various pathological conditions have demonstrated that
MSC selectively home to sites of injury, irrespective of the tissue or organ
(Lange et al. 2005; Rojas et al. 2005; Phinney and Isakova 2005; Sato et al. 2005;
Natsu et al. 2004; Silva et al. 2005). This ability of MSC has been demonstrated
in brain injury (Kurozumi et al. 2004; Dai et al. 2005), wound healing, and
tissue regeneration (Almeida-Porada et al. 2004; Mansilla et al. 2005; Satoh
et al. 2004). Evidence suggests that tumors can be considered sites of tissue
damage, or “wounds that never heal” (Dvorak 1986), as well as sites of potential
inflammatory cytokineandchemokineproduction.Thus, thesepropertiesmay
enable MSC to home and deliver therapeutic agents to tumors.

A number of factors have been implicated in the homing of BM cells to
sites of injury, yet it is still unknown what processes and factors underlie MSC
homing to tumors (Fig. 3). In wound repair, as in cancer, cells that usually
divide infrequently are induced to proliferate rapidly, the ECM is invaded,
connective tissues are remodeled, epithelial and stromal cells migrate, and
new blood vessels are formed. We speculate that many of the same factors
involved in wound healing are upregulated in the tumor microenvironment to
initiate the homing process.

5
Rationale for Using MSC as Cellular Delivery Vehicles

The BM is a unique and accessible source of multiple lineages of cells with
potential therapeutic value, especially progenitor and stem cells. The adher-
ent fraction of BM cells contains differentiated mesenchymal BM stromal
cells and pluripotent MSC, which give rise to differentiated cells belonging to
the osteogenic, chondrogenic, adipogenic, myogenic, and fibroblastic lineages
(Prockop 1997). As mentioned above, MSC are routinely recovered from BM;
however, they have also been isolated from a number of other tissues such
as muscle, synovium, umbilical cord, and adipose tissue (Bianchi et al. 2001;
Pittenger et al. 1999; Gronthos et al. 2003; Reyes et al. 2001). There has been in-
creasing interest in recent years in theBMstromal cell systeminvariousfieldsof
cell therapy, suchashematopoietic stemcell transplantationandconnective tis-
sue engineering. In these studies (Lazarus et al. 2005; Baksh et al. 2004; Devine
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Fig. 3 MSC tropism for tumor cell components. In order to assess what attracts MSC toward
tumor xenografts, an in vitro migration assay was performed. Tumor cells (either A375
melanoma or MDA-MB-231 breast carcinoma) were harvested, lysed, and fractionated into
cytosolic or membrane fractions. These fractions were placed in the lower chamber of the
Chemicon cell migration assay well. Culture inserts containing known amounts of preseeded
MSC were placed into these wells and MSC were allowed to migrate toward cell fractions
for 8 h. Migration was assessed by staining the containment well of the upper chamber;
MSC were briefly stained with crystal violet and visually counted under a 40× microscope.
The data shown enumerate the average number of migrated cells from three wells. These
data suggest that isolated membrane fractions of tumor cells appear to contain potent MSC
attractants, more so than cytoplasmic fractions from the same cells. As described in the
text, characterization of the exact chemoattractants is under investigation

et al. 2003; Fukuda 2003), MSC have been mainly used to support hematopoi-
etic cell engraftment, repair tissue defects, or trigger regeneration of various
mesenchymal tissues (Koc et al. 2002; Ballas et al. 2002; McNiece et al. 2004).

Many observations support the rationale for using MSC as delivery vehicles
for antitumor agents. We and others have observed dynamic interactions be-
tween BM-derived MSC and tumor cell lines in vitro (Fig. 4; Studeny et al. 2002,
2004; Nakamizo et al. 2005; Zhu et al. 2006; Houghton et al. 2004; Prindull and
Zipori 2004; Hombauer and Minguell 2000), and we have shown in vivo that
human MSC engraft and persist within existing tumor microenvironments
(Studeny et al. 2002, 2004; De Palma et al. 2003, 2005; Nakamizo et al. 2005). In
addition, MSC phenotypically resemble TAF in the presence of transforming
growth factor (TGF)-β1 or in coculture with tumor cells (Wright et al. 2003;
Forbes et al. 2004). Finally, two independent studies have shown that BM fi-
broblasts contribute to the development of stromal cell populations in tumors
in mice (Direkze et al. 2004; Ishii et al. 2005).

Elegant work by Ishii et al. strongly implicates BM-derived cells in the devel-
opment of tumors (Ishii et al. 2003). In their study, severe combined immunod-
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Fig. 4 Dynamic 2D and 3D interactions between murine MSC and human tumor cells in
vitro. Enhanced yellow fluorescent protein (EYFP)-labeled murine mesenchymal stem cells
(mMSCEYFP) were cocultured with dsRed-labeled tumor cells (MDA-231red) under two-
dimensional (2D) and three-dimensional (3D) conditions. In the top two panels murine
MSC were grown in traditional 2D culture conditions alone or with MDA-MB-231 (10:1
tumor:MSC ratio). Under 3D culture conditions, the interplay between MSC and human
breast cancer cells appears more robust (3D matrix = 1 mg/ml bovine collagen I). We have
observed great variability between individual tumor cells lines in their interactions with
MSC

eficient (SCID) mice received BM cells from β-gal+ and recombination activat-
ing gene-1 (RAG-1)-deficient mice carrying a unique major histocompatibility
complex molecule (H2Kb). Once engraftment was observed in the recipient
mice, pancreatic tumors were implanted and allowed to progress. The tumors
were subsequently removed, and the contribution of β-gal+ cells to the tumor
microenvironment was assessed. The authors found that a small proportion
(13%) of H2Kb+α-SMA+ double-positive myofibroblasts were present around
the developing malignancy 2 weeks after tumor xenotransplantation, suggest-
ing that a small numberofBM-derivedmyofibroblasts are incorporated into the
cancer stroma during the early stages of tumor growth. By 4 weeks after tumor
implantation, approximately 40% of the myofibroblasts in the cancer-induced
stroma were of BM origin. Immunohistochemical staining of serial sections
revealed that non-BM-derived myofibroblasts were adjacent to the cancer nest,
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whereas BM-derived myofibroblasts were outside of the non-BM-derived my-
ofibroblasts, indicating that most BM-derived myofibroblasts incorporate into
the cancer-induced stroma mainly in the late stage of tumor development.

Taking these data into consideration, it has been suggested that BM-derived
myofibroblasts contribute to the pathogenesis of cancer-induced desmoplastic
reaction by altering the tumor microenvironment. The findings of Ishii et al.
also suggest that the local tissue reaction starts at the circumference of a neo-
plasmin theearly stageof tumordevelopment.However, it isunclear fromthese
data whether the tumor-resident β-gal+ myofibroblasts are generated from
a circulating stem cell population originating from an adherent BM population
(such as MSC or endothelial precursors) or from a circulating hematopoietic
population. Nevertheless, the findings demonstrate a specific contribution of
BM-derived cells to the developing tumor stroma, which strongly suggests that
BM-derived cells target tumors as a result of physiological requests by the
expanding tumor (Sangai et al. 2005; Sugimoto et al. 2005). The study by Ishii
et al. also support our initial observations that tumors recruit cells from the
circulation and that this population of stromal precursor cells could be used to
target novel therapies to growing tumors. A number of other groups have since
reported similar findings in ovarian, rhabdomyosarcoma, and breast tumor
models (Roni et al. 2003; Jankowski et al. 2003; Yoneda and Hiraga 2005).

Direct targeting of anticancer agents into the tumor microenvironment
would increase their efficacy (Burns and Weiss 2003; Dennis et al. 2004). There
are several advantages to using BM-derived MSC as cellular delivery vehicles:
(1) Most invasive cancers are likely to induce a desmoplastic reaction to some
extent, thereby providing a common target for the treatment of many types
of cancers; (2) MSC have a low intrinsic mutation rate and are therefore less
likely than the genetically unstable cancer cells to acquire a drug-resistant
phenotype; (3) MSC are simple to isolate and culture (Kassem 2004); (4) they
can engraft after ex vivo expansion (Schoeberlein et al. 2005; Ye et al. 2006);
(5) they have high metabolic activity and efficient machinery for the secretion
of therapeutic proteins (Chan et al. 2005); (6) MSC can be expanded for more
than 50 population doublings in culture without the loss of their phenotype or
multilineage potential, which is in striking contrast to terminally differentiated
cells such as endothelial or muscle cells (In ’t Anker et al. 2004).

6
Experimental Support for Use of MSC as Therapeutic Agents

Practical attempts to use MSC as cellular delivery vehicles have focused mainly
on delivery of therapeutic gene products (such as interleukin-3, growth hor-
mone, and factor IX) via the systemic circulation (Chan et al. 2005; Hurwitz
et al. 1997; Evans et al. 2005). Recent studies from our group (Studeny et al.
2002, 2004; Nakamizo et al. 2005) have reported that exogenously adminis-
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tered MSC migrate and preferentially survive and proliferate within tumor
masses. Once in the tumor microenvironment, MSC incorporate into the tu-
mor architecture and serve as precursors for stromal elements, predominantly
fibroblasts. The preferential distribution of MSC in lung tumor nodules, but not
in lung parenchyma, was demonstrated after systemic administration of MSC
in mice bearing melanoma xenografts. In addition, when MSC were systemi-
cally injected into mice with subcutaneously established tumors, MSC-derived
fibroblasts were consistently identified in tumors but not in healthy organs
(Pittenger et al. 1999).

We also examined the therapeutic potential of MSC to deliver interferon β
(IFN-β) into the tumor microenvironment. Our data showed that IFN-β acts
through local paracrine effects after it is delivered into tumors by cellular
in vitro-modified MSC “mini-pumps,” thus emphasizing the importance of
tumor-targeted delivery of a cytokine. No survival benefits were seen when
the same MSC were made to produce systemic IFN-β at sites distant from
tumors or when recombinant IFN-β protein was delivered systemically with-
out a carrier (Studeny et al. 2004). MSC may also have similar capabilities to
specifically home to and selectively engraft into established gliomas in vivo.
Data from our group demonstrated that MSC injected into the carotid artery
of mice can specifically target U87 gliomas and that the MSC can migrate from
either the contralateral or the ipsilateral carotid artery, suggesting that blood
flow or a perfusion effect is not directly responsible for getting the MSC to
the tumor (Nakamizo et al. 2005). When those MSC were armed to secrete
IFN-β, we observed statistically significant decreases in tumor size, suggest-
ing that MSC producing IFN-β were able to control tumor growth kinetics.
Additional work by Hamada et al. has shown that genetically modified MSC
expressing interleukin-2 can also control tumor development when injected
intratumorally into established gliomas, again suggesting that intratumoral
production of this immunostimulatory cytokine is responsible for controlling
tumor kinetics (Kurozumi et al. 2005; Honma et al. 2006). Thus, the cultured
BM-adherent cell population contains cells with extraordinarily high prolifer-
ative capacity that can contribute to the maintenance of both tumor stroma
and connective tissue in organs remote from the BM (Hamada et al. 2005).
At the same time, the successful engraftment of MSC in tissues would most
likely take place only in a state of increased cell turnover triggered by tissue
damage or tumor growth. This property makes MSC excellent candidates for
the cell-based delivery of therapeutics to tumor sites.

7
Future Directions in Designing MSC-Based Delivery Strategies

Potential concerns in using MSC as delivery vehicles stem from how little
we understand about the homeostatic maintenance of this cell population in
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vivo (Baksh et al. 2004; Caplan and Bruder 2001; Feldmann et al. 2005) and
the possibility that MSC themselves might enhance or initiate tumor growth
(Parham 2001; Iacobuzio-Donahue et al. 2002). However, unlike homeostatic
MSC niches, tumor microenvironments are pathologically altered tissues (see
discussion above) that resemble unresolved wounds (Rowley 1998; Dvorak
1986; Robinson and Coussens 2005), and the studies that reported tumorigenic
properties of MSC used extensively passaged and/or genetically altered MSC,
consistent with the notion that damaged tumor stroma can enhance tumor
progression (Hill et al. 2005; McCullough et al. 1998; Serakinci et al. 2004; Rubio
et al. 2005). Additional studies have demonstrated that genetic alterations must
accumulate in tumor stromal cells, presumably over time, before they can
enhance tumor growth (Burns et al. 2005; Fierro et al. 2004; Cunha et al. 2003;
Chung et al. 2005). We and others have shown that lower-passage MSC do not
form tumors in vivo (Ohlsson et al. 2003; Xia et al. 2004; De Kok et al. 2005;
Chen et al. 2005).

Although the use of stem cells for cancer gene therapy usually provides
some degree of tumor selectivity, strategies to improve tumor homing may
greatly increase the applicability and success of tumor-targeted cell delivery
vehicles (Harrington et al. 2002). One can envision two major approaches for
increased targeting. First, other cell populations with specific properties can
be identified and tested, such as more primitive stem cells with higher replica-
tive or migratory potential, such as the “RS” phenotype (Prockop et al. 2001).
For instance, isolation methods could be developed to specifically select cell
types with innate specific targeting or other phenotypic properties that can
be exploited to enhance tumor targeting or incorporation into the tumor mi-
croenvironment (Sekiya et al. 2002). Second, cell homing may be manipulated
by using specific culture agents or medium treatments to alter the expression
of cell surface receptors (Fiedler et al. 2004; Kraitchman et al. 2005). It might be
possible to manipulate cell targeting or homing properties by choosing specific
pretreatment or isolation protocols. These two approaches represent another
area of investigation to enhance the efficacy of cellular vehicle strategies.

8
Conclusions

In this review, we have described recent progress in the development of BM-
derived stem cell populations, particularly MSC, for use as cellular delivery
vehicles with specific tropisms for solid tumors and their respective tumor mi-
croenvironments. This tumor tropism is based primarily on the innate physi-
ological ability of MSC to home to sites of inflammation and tissue repair. The
most obvious advantage offered by MSC is the local delivery and intratumoral
release of therapeutic agents, especially proteins with poor pharmacokinetic
profiles. An added benefit of cell-based treatments is the possibility of ex vivo
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manipulation to maximize cell loading, as shown by our direct comparison of
therapeutic effects provided by cell-based or systemic injection of recombinant
proteins. In addition to delivering cancer-related protein substances, cellular
vehicles could also serve as protective “coatings” for the delivery of payloads
such as replicating oncoselective viruses [e.g., Onyx-15 (Forte et al. 2006) or
Delta 24 (Jiang et al. 2003)]. Not only would the cells protect these viruses from
the immune system, but they would also allow the amplification of the initial
viral load with the possibility of increasing viral spread through cell-to-cell
contact specifically at tumor sites.

Much work remains to be done before the potential therapeutic benefits of
MSC-based approaches can be fully exploited. The development of optimally
targeted cellular vectors will require advances in cell science and virology
and will certainly benefit from continued innovative application of knowledge
gained from basic biology, tissue stem cell engineering, and gene therapy.

References

Allers C, Sierralta WD, Neubauer S, Rivera F, Minguell JJ, Conget PA (2004) Dynamic of dis-
tribution of human bone marrow-derived mesenchymal stem cells after transplantation
into adult unconditioned mice. Transplantation 78:503–508

Almeida-Porada G, Porada C, Zanjani ED (2004) Plasticity of human stem cells in the fetal
sheep model of human stem cell transplantation. Int J Hematol 79:1–6

Baksh D, Song L, Tuan RS (2004) Adult mesenchymal stem cells: characterization, differen-
tiation, and application in cell and gene therapy. J Cell Mol Med 8:301–316

Ballas CB, Zielske SP, Gerson SL (2002) Adult bone marrow stem cells for cell and gene
therapies: implications for greater use. J Cell Biochem Suppl 38:20–28

Bang OY, Lee JS, Lee PH, Lee G (2005) Autologous mesenchymal stem cell transplantation
in stroke patients. Ann Neurol 57:874–882

Barcellos-Hoff MH, Ravani SA (2000) Irradiated mammary gland stroma promotes the
expression of tumorigenic potential by unirradiated epithelial cells. Cancer Res 60:1254–
1260

Bianchi G, Muraglia A, Daga A, Corte G, Cancedda R, Quarto R (2001) Microenvironment
and stem properties of bone marrow-derived mesenchymal cells. Wound Repair Regen
9:460–466

Bissell MJ, Labarge MA (2005) Context, tissue plasticity, and cancer: are tumor stem cells
also regulated by the microenvironment? Cancer Cell 7:17–23

Bissell MJ, Radisky D (2001) Putting tumours in context. Nat Rev Cancer 1:46–54
Burns JS, Abdallah BM, Guldberg P, Rygaard J, Schroder HD, Kassem M (2005) Tumori-

genic heterogeneity in cancer stem cells evolved from long-term cultures of telomerase-
immortalized human mesenchymal stem cells. Cancer Res 65:3126–3135

Burns MJ, Weiss W (2003) Targeted therapy of brain tumors utilizing neural stem and
progenitor cells. Front Biosci 8:e228–234

Caplan AI, Bruder SP (2001) Mesenchymal stem cells: building blocks for molecular
medicine in the 21st century. Trends Mol Med 7:259–264

Chan J, O’Donoghue K, de la Fuente J, et al (2005) Human fetal mesenchymal stem cells as
vehicles for gene delivery. Stem Cells 23:93–102



The Participation of Mesenchymal Stem Cells 277

Chen J, Wang C, Lu S, et al (2005) In vivo chondrogenesis of adult bone-marrow-derived
autologous mesenchymal stem cells. Cell Tissue Res 319:429–438

Chen SL, Fang WW, Ye F, et al (2004) Effect on left ventricular function of intracoronary
transplantation of autologous bone marrow mesenchymal stem cell in patients with
acute myocardial infarction. Am J Cardiol 94:92–95

Chung LW, Baseman A, Assikis V, Zhau HE (2005) Molecular insights into prostate cancer
progression: the missing link of tumor microenvironment. J Urol 173:10–20

Coussens LM, Werb Z (2002) Inflammation and cancer. Nature 420:860–867
Cunha GR, Hom YK (1996) Role of mesenchymal-epithelial interactions in mammary gland

development. J Mammary Gland Biol Neoplasia 1:21–35
Cunha GR, Hayward SW, Wang YZ, Ricke WA (2003) Role of the stromal microenvironment

in carcinogenesis of the prostate. Int J Cancer 107:1–10
Dai W, Hale SL, Martin BJ, et al (2005) Allogeneic mesenchymal stem cell transplantation

in postinfarcted rat myocardium: short- and long-term effects. Circulation 112:214–223
De Kok IJ, Drapeau SJ, Young R, Cooper LF (2005) Evaluation of mesenchymal stem cells

following implantation in alveolar sockets: a canine safety study. Int J Oral Maxillofac
Implants 20:511–518

De Palma M, Venneri MA, Roca C, Naldini L (2003) Targeting exogenous genes to tumor
angiogenesis by transplantation of genetically modified hematopoietic stem cells. Nat
Med 9:789–795

De Palma M, Venneri MA, Galli R, et al (2005) Tie2 identifies a hematopoietic lineage
of proangiogenic monocytes required for tumor vessel formation and a mesenchymal
population of pericyte progenitors. Cancer Cell 8:211–226

De Wever O, Mareel M (2003) Role of tissue stroma in cancer cell invasion. J Pathol 200:429–
447

Deans RJ, Moseley AB (2000) Mesenchymal stem cells: biology and potential clinical uses.
Exp Hematol 28:875–884

Dennis JE, Cohen N, Goldberg VM, Caplan AI (2004) Targeted delivery of progenitor cells
for cartilage repair. J Orthop Res 22:735–741

Devine SM, Cobbs C, Jennings M, Bartholomew A, Hoffman R (2003) Mesenchymal stem
cells distribute to a wide range of tissues following systemic infusion into nonhuman
primates. Blood 101:2999–3001

Direkze NC, Forbes SJ, Brittan M, et al (2003) Multiple organ engraftment by bone-marrow-
derived myofibroblasts and fibroblasts in bone-marrow-transplanted mice. Stem Cells
21:514–520

Direkze NC, Hodivala-Dilke K, Jeffery R, et al (2004) Bone marrow contribution to tumor-
associated myofibroblasts and fibroblasts. Cancer Res 64:8492–8495

Djouad F, Plence P, Bony C, et al (2003) Immunosuppressive effect of mesenchymal stem
cells favors tumor growth in allogeneic animals. Blood 102:3837–3844

Dong J, Grunstein J, Tejada M, et al (2004) VEGF-null cells require PDGFR alpha signaling-
mediated stromal fibroblast recruitment for tumorigenesis. EMBO J 23:2800–2810

Dvorak HF (1986) Tumors: wounds that do not heal. Similarities between tumor stroma
generation and wound healing. N Engl J Med 315:1650–1659

Emura M, Ochiai A, Horino M, Arndt W, Kamino K, Hirohashi S (2000) Development
of myofibroblasts from human bone marrow mesenchymal stem cells cocultured with
human colon carcinoma cells and TGF beta 1. In Vitro Cell Dev Biol Anim 36:77–80

Erices AA, Allers CI, Conget PA, Rojas CV, Minguell JJ (2003) Human cord blood-derived
mesenchymal stem cells home and survive in the marrow of immunodeficient mice after
systemic infusion. Cell Transplant 12:555–561



278 B. Hall et al.

Evans CH, Robbins PD, Ghivizzani SC, et al (2005) Gene transfer to human joints: progress
toward a gene therapy of arthritis. Proc Natl Acad Sci U S A 102:8698–8703

Feldmann RE Jr, Bieback K, Maurer MH, et al (2005) Stem cell proteomes: a profile of
human mesenchymal stem cells derived from umbilical cord blood. Electrophoresis
26:2749–2758

Fiedler J, Etzel N, Brenner RE (2004) To go or not to go: migration of human mesenchymal
progenitor cells stimulated by isoforms of PDGF. J Cell Biochem 93:990–998

Fierro FA, Sierralta WD, Epunan MJ, Minguell JJ (2004) Marrow-derived mesenchymal stem
cells: role in epithelial tumor cell determination. Clin Exp Metastasis 21:313–319

Folkman J (2003) Fundamental concepts of the angiogenic process. Curr Mol Med 3:643–651
Folkman J (2004) Endogenous angiogenesis inhibitors. Apmis 112:496–507
Forbes SJ, Russo FP, Rey V, et al (2004) A significant proportion of myofibroblasts are of

bone marrow origin in human liver fibrosis. Gastroenterology 126:955–963
Forte G, Minieri M, Cossa P, et al (2006) Hepatocyte growth factor effects on mesenchymal

stem cells: proliferation, migration, and differentiation. Stem Cells 24:23–33
Fukuda K (2003) Use of adult marrow mesenchymal stem cells for regeneration of cardiomy-

ocytes. Bone Marrow Transplant 32 [Suppl 1]:S25–27
Gallego MI, Binart N, Robinson GW, et al (2001) Prolactin, growth hormone, and epidermal

growth factor activate Stat5 in different compartments of mammary tissue and exert
different and overlapping developmental effects. Dev Biol 229:163–175

Garcia-Olmo D, Garcia-Arranz M, Herreros D, Pascual I, Peiro C, Rodriguez-Montes JA
(2005) A phase I clinical trial of the treatment of Crohn’s fistula by adipose mesenchymal
stem cell transplantation. Dis Colon Rectum 48:1416–1423

Gojo S, Umezawa A (2003) Plasticity of mesenchymal stem cells—regenerative medicine
for diseased hearts. Hum Cell 16:23–30

Gronthos S, Zannettino AC, Hay SJ, et al (2003) Molecular and cellular characterisation of
highly purified stromal stem cells derived from human bone marrow. J Cell Sci 116:1827–
1835

Haffen K, Kedinger M, Simon-Assmann P (1987) Mesenchyme-dependent differentiation
of epithelial progenitor cells in the gut. J Pediatr Gastroenterol Nutr 6:14–23

Hamada H, Kobune M, Nakamura K, et al (2005) Mesenchymal stem cells (MSC) as thera-
peutic cytoreagents for gene therapy. Cancer Sci 96:149–156

Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100:57–70
Harrington K, Alvarez-Vallina L, Crittenden M, et al (2002) Cells as vehicles for cancer gene

therapy: the missing link between targeted vectors and systemic delivery? Hum Gene
Ther 13:1263–1280

Hasebe T, Mukai K, Tsuda H, Ochiai A (2000) New prognostic histological parameter of
invasive ductal carcinoma of the breast: clinicopathological significance of fibrotic focus.
Pathol Int 50:263–272

Hill R, Song Y, Cardiff RD, Van Dyke T (2005) Selective evolution of stromal mesenchyme
with p53 loss in response to epithelial tumorigenesis. Cell 123:1001–1011

Hombauer H, Minguell JJ (2000) Selective interactions between epithelial tumour cells and
bone marrow mesenchymal stem cells. Br J Cancer 82:1290–1296

Honma T, Honmou O, Iihoshi S, et al (2006) Intravenous infusion of immortalized human
mesenchymal stem cells protects against injury in a cerebral ischemia model in adult
rat. Exp Neurol 199:56–66

Horwitz EM, Prockop DJ, Fitzpatrick LA, et al (1999) Transplantability and therapeutic
effects of bone marrow-derived mesenchymal cells in children with osteogenesis imper-
fecta. Nat Med 5:309–313



The Participation of Mesenchymal Stem Cells 279

Houghton J, Stoicov C, Nomura S, et al (2004) Gastric cancer originating from bone marrow-
derived cells. Science 306:1568–1571

Hurwitz DR, Kirchgesser M, Merrill W, et al (1997) Systemic delivery of human growth
hormone or human factor IX in dogs by reintroduced genetically modified autologous
bone marrow stromal cells. Hum Gene Ther 8:137–156

Iacobuzio-Donahue CA, Argani P, Hempen PM, Jones J, Kern SE (2002) The desmoplastic
response to infiltrating breast carcinoma: gene expression at the site of primary invasion
and implications for comparisons between tumor types. Cancer Res 62:5351–5357

In ’t Anker PS, Scherjon SA, Kleijburg-van der Keur C, et al (2004) Isolation of mesenchymal
stem cells of fetal or maternal origin from human placenta. Stem Cells 22:1338–1345

Ishii G, Sangai T, Oda T, et al (2003) Bone-marrow-derived myofibroblasts contribute to the
cancer-induced stromal reaction. Biochem Biophys Res Commun 309:232–240

Ishii G, Sangai T, Ito T, et al (2005) In vivo and in vitro characterization of human fibroblasts
recruited selectively into human cancer stroma. Int J Cancer 117:212–220

JankowskiK,KuciaM,WysoczynskiM,et al (2003)Bothhepatocytegrowth factor (HGF)and
stromal-derived factor-1 regulate the metastatic behavior of human rhabdomyosarcoma
cells, but only HGF enhances their resistance to radiochemotherapy. Cancer Res 63:7926–
7935

Jiang H, Conrad C, Fueyo J, Gomez-Manzano C, Liu TJ (2003) Oncolytic adenoviruses for
malignant glioma therapy. Front Biosci 8:d577–588

Jin H, Su J, Garmy-Susini B, Kleeman J, Varner J (2006) Integrin alpha4beta1 promotes
monocyte trafficking and angiogenesis in tumors. Cancer Res 66:2146–2152

Kammertoens T, Schuler T, Blankenstein T (2005) Immunotherapy: target the stroma to hit
the tumor. Trends Mol Med 11:225–231

Kan I, Melamed E, Offen D (2005) Integral therapeutic potential of bone marrow mesenchy-
mal stem cells. Curr Drug Targets 6:31–41

Kaplan RN, Riba RD, Zacharoulis S, et al (2005) VEGFR1-positive haematopoietic bone
marrow progenitors initiate the pre-metastatic niche. Nature 438:820–827

Kassem M (2004) Mesenchymal stem cells: biological characteristics and potential clinical
applications. Cloning Stem Cells 6:369–374

Kenny PA, Bissell MJ (2003) Tumor reversion: correction of malignant behavior by microen-
vironmental cues. Int J Cancer 107:688–695

Kiaris H, Chatzistamou I, Trimis G, Frangou-Plemmenou M, Pafiti-Kondi A, Kalofoutis A
(2005) Evidence for nonautonomous effect of p53 tumor suppressor in carcinogenesis.
Cancer Res 65:1627–1630

Koc ON, Day J, Nieder M, Gerson SL, Lazarus HM, Krivit W (2002) Allogeneic mesenchymal
stem cell infusion for treatment of metachromatic leukodystrophy (MLD) and Hurler
syndrome (MPS-IH). Bone Marrow Transplant 30:215–222

Kraitchman DL, Tatsumi M, Gilson WD, et al (2005) Dynamic imaging of allogeneic mes-
enchymal stem cells trafficking to myocardial infarction. Circulation 112:1451–1461

Kunz-Schughart LA, Knuechel R (2002a) Tumor-associated fibroblasts (part I): active stro-
mal participants in tumor development and progression? Histol Histopathol 17:599–621

Kunz-Schughart LA, Knuechel R (2002b) Tumor-associated fibroblasts (part II): functional
impact on tumor tissue. Histol Histopathol 17:623–637

Kurose K, Hoshaw-Woodard S, Adeyinka A, Lemeshow S, Watson PH, Eng C (2001) Genetic
model of multi-step breast carcinogenesis involving the epithelium and stroma: clues to
tumour-microenvironment interactions. Hum Mol Genet 10:1907–1913

Kurose K, Gilley K, Matsumoto S, Watson PH, Zhou XP, Eng C (2002) Frequent somatic
mutations in PTEN and TP53 are mutually exclusive in the stroma of breast carcinomas.
Nat Genet 32:355–357



280 B. Hall et al.

KurosumiM,TabeiT, InoueK, et al (2003)Prognostic significanceof scoring systembasedon
histological heterogeneity of invasive ductal carcinoma for node-negative breast cancer
patients. Oncol Rep 10:833–837

Kurozumi K, Nakamura K, Tamiya T, et al (2004) BDNF gene-modified mesenchymal stem
cells promote functional recovery and reduce infarct size in the rat middle cerebral artery
occlusion model. Mol Ther 9:189–197

Kurozumi K, Nakamura K, Tamiya T, et al (2005) Mesenchymal stem cells that produce
neurotrophic factors reduce ischemic damage in the rat middle cerebral artery occlusion
model. Mol Ther 11:96–104

Lange C, Togel F, Ittrich H, et al (2005) Administered mesenchymal stem cells enhance recov-
ery from ischemia/reperfusion-induced acute renal failure in rats. Kidney Int 68:1613–
1617

Lazarus HM, Koc ON, Devine SM, et al (2005) Cotransplantation of HLA-identical sibling
culture-expanded mesenchymal stem cells and hematopoietic stem cells in hematologic
malignancy patients. Biol Blood Marrow Transplant 11:389–398

Le Blanc K, Pittenger M (2005) Mesenchymal stem cells: progress toward promise. Cytother-
apy 7:36–45

LeBlancK,Rasmusson I, SundbergB, et al (2004)Treatmentof severeacutegraft-versus-host
disease with third party haploidentical mesenchymal stem cells. Lancet 363:1439–1441

Mansilla E, Marin GH, Sturla F, et al (2005) Human mesenchymal stem cells are tolerized
by mice and improve skin and spinal cord injuries. Transplant Proc 37:292–294

Mantovani A, Sozzani S, Locati M, Allavena P, Sica A (2002) Macrophage polarization:
tumor-associated macrophages as a paradigm for polarized M2 mononuclear phago-
cytes. Trends Immunol 23:549–555

McCullough KD, Coleman WB, Ricketts SL, Wilson JW, Smith GJ, Grisham JW (1998)
Plasticity of the neoplastic phenotype in vivo is regulated by epigenetic factors. Proc
Natl Acad Sci U S A 95:15333–15338

McNiece I, Harrington J, Turney J, Kellner J, Shpall EJ (2004) Ex vivo expansion of cord
blood mononuclear cells on mesenchymal stem cells. Cytotherapy 6:311–317

Mintz B, Illmensee K (1975) Normal genetically mosaic mice produced from malignant
teratocarcinoma cells. Proc Natl Acad Sci U S A 72:3585–3589

Moinfar F, Man YG, Arnould L, Bratthauer GL, Ratschek M, Tavassoli FA (2000) Concurrent
and independent genetic alterations in the stromal and epithelial cells of mammary
carcinoma: implications for tumorigenesis. Cancer Res 60:2562–2566

Mueller MM, Fusenig NE (2004) Friends or foes—bipolar effects of the tumour stroma in
cancer. Nat Rev Cancer 4:839–849

Nakamizo A, Marini F, Amano T, et al (2005) Human bone marrow-derived mesenchymal
stem cells in the treatment of gliomas. Cancer Res 65:3307–3318

Natsu K, Ochi M, Mochizuki Y, Hachisuka H, Yanada S, Yasunaga Y (2004) Allogeneic bone
marrow-derived mesenchymal stromal cells promote the regeneration of injured skeletal
muscle without differentiation into myofibers. Tissue Eng 10:1093–1112

Ohlsson LB, Varas L, Kjellman C, Edvardsen K, Lindvall M (2003) Mesenchymal progenitor
cell-mediated inhibition of tumor growth in vivo and in vitro in gelatin matrix. Exp Mol
Pathol 75:248–255

Orimo A, Gupta PB, Sgroi DC, et al (2005) Stromal fibroblasts present in invasive human
breast carcinomas promote tumor growth and angiogenesis through elevated SDF-
1/CXCL12 secretion. Cell 121:335–348

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



The Participation of Mesenchymal Stem Cells 281

Parham DM (2001) Pathologic classification of rhabdomyosarcomas and correlations with
molecular studies. Mod Pathol 14:506–514

Philip M, Rowley DA, Schreiber H (2004) Inflammation as a tumor promoter in cancer
induction. Semin Cancer Biol 14:433–439

Phinney DG, Isakova I (2005) Plasticity and therapeutic potential of mesenchymal stem
cells in the nervous system. Curr Pharm Des 11:1255–1265

Pittenger MF, Mackay AM, Beck SC, et al (1999) Multilineage potential of adult human
mesenchymal stem cells. Science 284:143–147

Polverini PJ, Leibovich SJ (1984) Induction of neovascularization in vivo and endothelial
proliferation in vitro by tumor-associated macrophages. Lab Invest 51:635–642

Prindull G, Zipori D (2004) Environmental guidance of normal and tumor cell plasticity:
epithelial mesenchymal transitions as a paradigm. Blood 103:2892–2899

Prockop DJ (1997) Marrow stromal cells as stem cells for nonhematopoietic tissues. Science
276:71–74

Prockop DJ, Sekiya I, Colter DC (2001) Isolation and characterization of rapidly self-
renewingstemcells fromculturesofhumanmarrowstromal cells.Cytotherapy3:393–396

Radisky DC, Levy DD, Littlepage LE, et al (2005) Rac1b and reactive oxygen species mediate
MMP-3-induced EMT and genomic instability. Nature 436:123–127

Reyes M, Lund T, Lenvik T, Aguiar D, Koodie L, Verfaillie CM (2001) Purification and ex vivo
expansion of postnatal human marrow mesodermal progenitor cells. Blood 98:2615–
2625

Richter G, Kruger-Krasagakes S, Hein G, et al (1993) Interleukin 10 transfected into Chinese
hamster ovary cells prevents tumor growth and macrophage infiltration. Cancer Res
53:4134–4137

Robinson SC, Coussens LM (2005) Soluble mediators of inflammation during tumor devel-
opment. Adv Cancer Res 93:159–187

Rojas M, Xu J, Woods CR, et al (2005) Bone marrow-derived mesenchymal stem cells in
repair of the injured lung. Am J Respir Cell Mol Biol 33:145–152

Roni V, Habeler W, Parenti A, et al (2003) Recruitment of human umbilical vein endothelial
cells and human primary fibroblasts into experimental tumors growing in SCID mice.
Exp Cell Res 287:28–38

Ronnov-Jessen L, Petersen OW, Koteliansky VE, Bissell MJ (1995) The origin of the my-
ofibroblasts in breast cancer. Recapitulation of tumor environment in culture unravels
diversity and implicates converted fibroblasts and recruited smooth muscle cells. J Clin
Invest 95:859–873

Ronnov-Jessen L, Petersen OW, Bissell MJ (1996) Cellular changes involved in conversion of
normal to malignant breast: importance of the stromal reaction. Physiol Rev 76:69–125

Rowley DR (1998) What might a stromal response mean to prostate cancer progression?
Cancer Metastasis Rev 17:411–419

Rubio D, Garcia-Castro J, Martin MC, et al (2005) Spontaneous human adult stem cell
transformation. Cancer Res 65:3035–3039

Sakakura T, Nishizuka Y, Dawe CJ (1976) Mesenchyme-dependent morphogenesis and
epithelium-specific cytodifferentiation in mouse mammary gland. Science 194:1439–
1441

Sangai T, Ishii G, Kodama K, et al (2005) Effect of differences in cancer cells and tumor
growth sites on recruiting bone marrow-derived endothelial cells and myofibroblasts in
cancer-induced stroma. Int J Cancer 115:885–892

Sato Y, Araki H, Kato J, et al (2005) Human mesenchymal stem cells xenografted directly to
rat liver are differentiated into human hepatocytes without fusion. Blood 106:756–763



282 B. Hall et al.

Satoh H, Kishi K, Tanaka T, et al (2004) Transplanted mesenchymal stem cells are effective
for skin regeneration in acute cutaneous wounds. Cell Transplant 13:405–412

Schoeberlein A, Holzgreve W, Dudler L, Hahn S, Surbek DV (2005) Tissue-specific engraft-
ment after in utero transplantation of allogeneic mesenchymal stem cells into sheep
fetuses. Am J Obstet Gynecol 192:1044–1052

Sekiya I, Larson BL, Smith JR, Pochampally R, Cui JG, Prockop DJ (2002) Expansion of
human adult stem cells from bone marrow stroma: conditions that maximize the yields
of early progenitors and evaluate their quality. Stem Cells 20:530–541

Serakinci N, Guldberg P, Burns JS, et al (2004) Adult human mesenchymal stem cell as
a target for neoplastic transformation. Oncogene 23:5095–5098

Silva GV, Litovsky S, Assad JA, et al (2005) Mesenchymal stem cells differentiate into an
endothelial phenotype, enhance vascular density, and improve heart function in a canine
chronic ischemia model. Circulation 111:150–156

Silzle T, Kreutz M, Dobler MA, Brockhoff G, Knuechel R, Kunz-Schughart LA (2003)
Tumor-associated fibroblasts recruit blood monocytes into tumor tissue. Eur J Immunol
33:1311–1320

Silzle T, Randolph GJ, Kreutz M, Kunz-Schughart LA (2004) The fibroblast: sentinel cell and
local immune modulator in tumor tissue. Int J Cancer 108:173–180

SivridisE,GiatromanolakiA,KoukourakisMI (2005)Proliferatingfibroblasts at the invading
tumour edge of colorectal adenocarcinomas are associated with endogenous markers of
hypoxia, acidity, and oxidative stress. J Clin Pathol 58:1033–1038

Sternlicht MD, Lochter A, Sympson CJ, et al (1999) The stromal proteinase MMP3/stromely-
sin-1 promotes mammary carcinogenesis. Cell 98:137–146

Sternlicht MD, Bissell MJ, Werb Z (2000) The matrix metalloproteinase stromelysin-1 acts
as a natural mammary tumor promoter. Oncogene 19:1102–1113

Studeny M, Marini FC, Champlin RE, Zompetta C, Fidler IJ, Andreeff M (2002) Bone
marrow-derived mesenchymal stem cells as vehicles for interferon-beta delivery into
tumors. Cancer Res 62:3603–3608

Studeny M, Marini FC, Dembinski JL, et al (2004) Mesenchymal stem cells: potential pre-
cursors for tumor stroma and targeted-delivery vehicles for anticancer agents. J Natl
Cancer Inst 96:1593–1603

Sugimoto T, Takiguchi Y, Kurosu K, et al (2005) Growth factor-mediated interaction between
tumor cells and stromal fibroblasts in an experimental model of human small-cell lung
cancer. Oncol Rep 14:823–830

Tlsty TD, Hein PW (2001) Know thy neighbor: stromal cells can contribute oncogenic
signals. Curr Opin Genet Dev 11:54–59

Wiesen JF, Young P, Werb Z, Cunha GR (1999) Signaling through the stromal epidermal
growth factor receptor is necessary for mammary ductal development. Development
126:335–344

Wright N, de Lera TL, Garcia-Moruja C, et al (2003) Transforming growth factor-beta1
down-regulates expression of chemokine stromal cell-derived factor-1: functional con-
sequences in cell migration and adhesion. Blood 102:1978–1984

Xia Z, Ye H, Choong C, et al (2004) Macrophagic response to human mesenchymal stem
cell and poly(epsilon-caprolactone) implantation in nonobese diabetic/severe combined
immunodeficient mice. J Biomed Mater Res A 71:538–548

Yang F, Tuxhorn JA, Ressler SJ, McAlhany SJ, Dang TD, Rowley DR (2005) Stromal ex-
pression of connective tissue growth factor promotes angiogenesis and prostate cancer
tumorigenesis. Cancer Res 65:8887–8895

Ye J, Yao K, Kim JC (2006) Mesenchymal stem cell transplantation in a rabbit corneal alkali
burn model: engraftment and involvement in wound healing. Eye 20:482–490



The Participation of Mesenchymal Stem Cells 283

Yoneda T, Hiraga T (2005) Crosstalk between cancer cells and bone microenvironment in
bone metastasis. Biochem Biophys Res Commun 328:679–687

Zhu W, Xu W, Jiang R, et al (2006) Mesenchymal stem cells derived from bone marrow favor
tumor cell growth in vivo. Exp Mol Pathol 80:267–274



Subject Index

6-OHDA, 228, 230

ACTH, 7, 12
activated astrocytes, 233
activated microglia, 233
adhesion, 77
adipocyte, 136
adrenergic nerves, 15
adult, 137
age, 73
AGM, 95
akinesia, 132
Akt, 130
allogeneic, 130
α1-antichymotrypsin, 13
α1-antitrypsin, 13
Alzheimer’s disease, 223, 224, 227, 231,

233
AMD3100, 11, 18
amiodarone, 127
amyotrophic lateral sclerosis, 223, 224,

227, 229, 231, 234
angina, 136
angiogenesis, 101
angiopoietin-1, 7, 9, 19
antagonists, 7, 151
anterior, 128
antioxidant, 80
aorta-gonad-mesonephros, 94
apical, 128
arrhythmia, 133
arrhythmogenesis, 127
artery, 137
assessment, 135
atherosclerosis, 83
autologous, 123
autotoxicity, 234

B lymphoid progenitor, 11

Bacterial endotoxins, 7
BDNF, 230–232
bedside, 147
bench, 147
biomarker, 153
biorepository, 148
BL-CFCs, 96
blast colony-forming cell, 95
blood, 134
blood islands, 92
BMDPC, 39–43
bone marrow-derived

progenitor cells, 39
bone marrow-derived

mononuclear cells, 121
border, 128

c-KIT, 12
c-Mpl, 22
Ca2+, 9
cancer, 82
cardiomyocyte, 134
cardiomyoplasty, 151
cathepsin G, 12
catheter, 153
CCL3, 7
CD133, 20
CD146, 20
CD150, 10
CD31, 10, 20
CD34, 20
CD45, 20
CD90, 24
cell, 121
cell fusion, 106
cell therapy, 121, 222
center, 128
CFU-fibroblasts, 25
chemo, 82



286 Subject Index

chemokines, 6
choline acetyltransferase, 228, 231
chondrocyte, 136
cirrhosis, 247
comparison, 150
concentration, 129
connexin-43, 127
construct, 130
contractility, 122, 145
cord blood, 79
coronary artery bypass grafting, 123
culture expansion, 225
CXCL12, 7–9, 11, 12, 14, 22
CXCL2, 7
CXCL8, 7
CXCR4, 7, 11, 21, 42, 43
CXCR4 antagonists, 11
CY, 7
cyclin-dependent kinase inhibitor, 80
cyclooxygenase-2, 234
cyclophosphamide, 6
cytokines, 149

damage, 135, 146
database, 147
death, 133
Defibrotide, 7
degree, 137
delivery, 153
density, 135
desmoplastic reaction, 276
diastolic, 128, 146
dietary restriction, 74
differentiation, 149
DNA damage, 74, 80
dobutamine, 132
dopamine, 228
dopamine β hydroxylase, 14
downregulation, 138
drugs, 154
dysfunction, 151

E-selectin, 10
EDNO, 40–43
effect of granulocyte-colony stimulating

factor, 39
efficacy, 127
embryonic dopaminergic neurons, 226
endosteum, 6
endothelial dysfunction, 39, 40, 43

endothelial HSC niche, 10
endothelial nitric oxide, 39
endothelial nitric oxide synthase, 40
endothelial progenitor, 39
endothelial progenitor cells, 19
endotoxin, 12
engraftment, 76, 122, 154
eNOS, 22, 39–43
eNOS-KO, 41–43
EPC, 19, 20, 23, 40–42
erythropoietin, 7, 19, 22
example, 135
exercise, 145
expansion, 124
expression, 137

factor, 134
fibroblast, 136
fibroblast contribution, 271
fibroblastic stromal cells, 266
filgrastim, 146
Flt-3 ligand, 7
5′-fluorouracil, 6
5-FU, 6, 7
Fucoidans, 7
function, 134

G-CSF, 6, 7, 19, 22, 26, 27, 42, 43
G-SCF, 43
GDNF, 230–232
gestation, 25
glucose, 130
glutamine, 129
glutathione peroxidases, 79
GM-CSF, 7, 17, 19, 22, 42
granulocyte, 146
granulocyte macrophage-colony stimu-

lating factor, 42
granulocyte-colonystimulating factor, 42
growth hormone, 7

heart failure, 120
hemangioblast, 92, 94–96, 99
hemangiocytes, 21–23
hematopoiesis, 92–94
hematopoietic, 134
hematopoietic cells, 108, 109
hematopoietic stem cells, 6
homing, 135
hospitalization, 156



Subject Index 287

HSC exhaustion, 73
hyaluronic, 9
hypertension, 151
hypoxia, 27

IGF, 231
IL-1, 17
IL-3, 7, 17
IL-6, 17
IL-7, 11
immunomodulation, 235
immunosuppression, 123
implantation, 152
improvement, 124
infarct size, 137
inflammation, 135
inflammatory process, 233
inflammatory stress, 233
integrin α4β1, 11
integrity, 135
interferon and stromal-derived factor 1,

130
interferon β, 277
interleukin, 130
intervention, 153
interventional, 145
ischemia, 19, 102, 129, 136

Jagged-1, 9

KIT ligand, 7

L-DOPA, 228
lateral, 128
lifespan, 81
limiting dilution, 76
lineages, 146
LSK cells, 77
LV function, 122

MACE, 132
macrophages, 105
management, 148
marker, 135
marrow stroma, 136
matrix metalloproteinase-9, 12
maturation, 135
mature, 146
mediator, 136
mesenchymal Stem Cells, 25

mesenchymal stem cells, 24, 225
mesodermal, 136
microarray, 75
microenvironment, 76
microenvironmental dialog, 271
milieu only, 145
minocycline, 234
MMP-9, 23
MMP-9–/–, 22
mobilization, 5, 17, 19, 77, 138
molecular, 128
monocytes, 100, 101, 105, 108, 130
Mozobil, 18
MPTP, 223, 228
MSC homing, 273
multipotent adult progenitor cells, 225,

226, 229
mycophenolate, 132
myocardial infarction, 120
myogenesis, 123

N-acetyl-cysteine, 80
N-cadherin, 9, 127
neonatal, 137
network, 153
neurodegeneration, 222
neurogenesis, 223, 232
neutrophil elastase, 12
NF-κB, 130
NGF, 231, 232
niches, 6, 8, 11
nitric oxide, 22
nitric oxide synthase enzyme, 40
nitric oxide synthases, 40
nomenclature, 152
nonrevascularizable, 123
nonsteroidal antiinflammatorydrugs, 234
Nos3–/–, 22
Notch1, 9
NTN, 230

origin, 136
osteoblast, 136
osteoblasts, 6, 8, 14
osteopontin, 9
oxygen, 130
oxygen tension, 78

P-selectin, 10
p38 mitogen-activated protein kinase, 81



288 Subject Index

paraaortic splanchnopleura, 94
paracrine, 122
parathyroid hormone receptor 1, 8
Parkinson’s disease, 223, 224, 226, 228,

230, 233
PAS, 95
pathway, 137
patient-to-patient variability, 17
PECAM-1, 10
pegylated G-CSF, 17, 27
perfusion, 135
pericyte, 103, 107–109
Pertussis toxin, 7
pharmacological, 145
pharmacology, 156
placebo, 132
plaque, 130
polyanions, 12
preconditioning, 151
precursor, 133
product, 136
progenipoietin-1, 17
progenitor, 133
progenitor cells, 41

radiation, 82
ranolazine, 138
re-vascularization, 21, 23
reactive oxygen species (ROS), 79
receptors, 155
reduction, 133
regeneration, 121
registry, 148
rejection, 136
remodeling, 121
repair, 135
reproducibility, 154
resistant, 127
resonance imaging, 129
restenosis, 138
revascularization, 151

safety evaluation, 155
scar, 124
SCF, 7, 12, 17, 27, 42, 43
SDF-1, 9, 42
senescence, 70, 82
serpina1, 13
serpina3, 13
SH2, 24

SH3, 24
SH4, 24
SHH, 230
skeletal myoblasts, 121
soluble SCF, 22
ST-elevation, 145
stem cell factor, 39, 42
stem cells, 75, 134
– adult, 223
– embryonic, 95, 222
– hematopoietic, 94, 97, 99, 224
– mesenchymal, 99
– neural, 223
stress, 132
STRO-1, 24
stromal cell-derived factor-1, 40
stromal function, 266
sulfated polysaccharides, 12
superoxide, 79
survival, 129
sympathetic nerves, 15
systolic, 123

tacrolimus, 132
targeted delivery, 230
taxonomy, 152
telomerase, 72
telomere, 71
telomere loss, 225
thickness, 135
thrombopoietin, 7, 22
Thy-1, 24
Tie-2, 9, 21
Tie-2 expressing monocytes, 23
Tie-2-expressing monocytes, 21, 22
Tie-2+, 8
tissue, 130
toxicity, 129
TPO, 27
transmembrane c-KIT ligand, 12
transmembrane stem cell factor, 9
transplant, 75
transplantation, 73, 128
treatment, 124
trial, 133
tumor, 102, 104–107
type 1 diabetes, 252
type 2 diabetes, 253
tyrosine hydroxylase, 227–229



Subject Index 289

umbilical, 146
umbilical cord blood, 25
uridine diphosphate-galactose ceramide

galactosyltransferase, 14

vascular endothelial growth factor, 19, 40
vasculature, 84, 136
vasculogenesis, 102, 135

VCAM-1, 8, 11, 12
VE-cadherin, 20
VEGF, 7, 40, 42, 149
VEGFR1, 21
VEGFR2, 20
VLA-4, 11

wall stress, 122



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




