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Mesenchymal Stem Cells and Their Potential as
Cardiac Therapeutics
Mark F. Pittenger, Bradley J. Martin
Abstract—Mesenchymal stem cells (MSCs) represent a stem cell population present in adult tissues that can be isolated,
expanded in culture, and characterized in vitro and in vivo. MSCs differentiate readily into chondrocytes, adipocytes,
osteocytes, and they can support hematopoietic stem cells or embryonic stem cells in culture. Evidence suggests MSCs
can also express phenotypic characteristics of endothelial, neural, smooth muscle, skeletal myoblasts, and cardiac
myocyte cells. When introduced into the infarcted heart, MSCs prevent deleterious remodeling and improve recovery,
although further understanding of MSC differentiation in the cardiac scar tissue is still needed. MSCs have been injected
directly into the infarct, or they have been administered intravenously and seen to home to the site of injury. Examination
of the interaction of allogeneic MSCs with cells of the immune system indicates little rejection by T cells. Persistence
of allogeneic MSCs in vivo suggests their potential “off the shelf” therapeutic use for multiple recipients. Clinical use
of cultured human MSCs (hMSCs) has begun for cancer patients, and recipients have received autologous or allogeneic
MSCs. Research continues to support the desirable traits of MSCs for development of cellular therapeutics for many
tissues, including the cardiovascular system. In summary, hMSCs isolated from adult bone marrow provide an excellent
model for development of stem cell therapeutics, and their potential use in the cardiovascular system is currently under
investigation in the laboratory and clinical settings. (Circ Res. 2004;95:9-20.)
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T

he last 5 years have witnessed an explosion of new
reports on human stem cells isolated from a variety of
sources including embryonic, fetal, and adult tissues. The
recognition that stem cells are found in many adult tissues
and that these cells may lend themselves to tissue repair or
regeneration has been particularly exciting. But where do
stem cells originate, how do they maintain themselves, how is
their fate determined, and can stem cells move from one
tissue to another to provide regenerative cells? These ques-

tions quickly give rise to other questions centered around
whether we can manipulate stem cells: Can they be isolated
for study or only maintain their stem cell abilities in their in
vivo niches? Can they be culture expanded or does this
change their identity, characteristics, and abilities? Can they
be delivered from exogenous sources to repair tissue, or can
their numbers be boosted in situ? How may they be used to
treat damaged and diseased tissues? In this review, we
focused on the human mesenchymal stem cells (hMSCs)
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isolated from adult bone marrow and used by many investigators. Plating studies indicate MSCs are present as a rare
population of cells in bone marrow, representing perhaps
0.001% to 0.01% of the nucleated cells, ⬇10-fold less
abundant than hematopoietic stem cells (HSCs), but MSCs
can be readily grown in culture. Although the current knowledge of MSCs will further evolve, it is possible to move
forward and use these isolated multipotential cells to ask
critical questions that could not be addressed previously.
MSCs offer a very useful compromise among the many
different stem cells now described in terms of the ease of
accessibility, handling, and multilineage potential, and their
investigation illustrates how much has been learned and how
much there is to understand still. Importantly, cultured MSCs
have already been infused in humans for safety and early
clinical testing for support of bone marrow transplantation,
treatment for osteogenesis imperfecta, and glycogen storage
disease, fields where there are not many therapeutic
options.1–5a
Enthusiasm for cell therapy for the injured heart has
already reached the clinical setting, with physicians in several
countries involved in clinical trials using several cell populations. Results from these early reports suggest new therapies may come from the use of progenitor cells such as
myoblasts6 or the stem cells found in bone marrow.7,8
Recognizing there are stem/progenitor cells in marrow including the MSC, the HSC, as well as those of the endothelial
system,9 it will be necessary to sort out the relative contributions of different cell types. Purified MSCs have tested well
in animal cardiac models and are now being readied to head
into the clinic.
There has long been evidence for a cellular basis for tissue
damage repair, and there has been debate over whether the
cells involved in tissue repair were of local origin or arrive by
way of circulation. With the search for cells that would allow
for survival after radiation exposure during the 1940s and
1950s, it became apparent that an HSC function could be
found in the spleen and bone marrow.10,11 HSCs were elusive,
difficult to isolate and grow in culture (and this remains true
today). During this time period, studies also suggested that
bone marrow, when transplanted to an ectopic site, could
form new bone tissue.12 Recognition that there might be
particular isolatable cells present in bone marrow capable of
becoming osteoblasts and responsible for ectopic bone formation was provided by Friedenstein et al using a guinea pig
model.13
Research on bone-forming cells of marrow was continued
by many investigators.14,15 There was also recognition of a
bone marrow connection between bone-forming and adiposeforming cells.16 During this period, bone marrow stroma
continued to be seen as providing the essential microenvironment for HSC survival, and marrow cell studies of stromal
function were performed.17,18 The appreciation that there may
be an MSC capable of differentiating to many or all mesenchymal lineages developed in part as a result of understanding lineage diagrams drawn for HSCs.14,19 Isolation of the
hMSC was undertaken by Caplan in the late 1980s and
involved a rethinking of the isolation procedures and means
to assay for the presence of the rare MSCs in small aspirates

of bone marrow.19 An important contribution was the use of
an osteoconductive ceramic matrix for implantation studies
that would faithfully reveal the cell osteochondral potential of
the human cells cultured ex vivo when implanted in immunocompromised mice. This in vivo assay allowed them to
select appropriate culture conditions for isolation and expansion of the hMSCs from bone marrow.23 Of particular
importance was attention to the lot of FBS selected for MSC
growth.20 Because we do not understand the full growth
requirements of hMSCs (or other stem cells), a serum-free
medium with defined growth factor composition has not been
fully developed yet.

MSCs or Mesenchymal Progenitor Cells
The appropriately selected cell from adult tissue, which can
be greatly and efficiently expanded in culture and can
differentiate to several specific mesenchymal cell lineages, is
a proper stem cell, an MSC. The hMSC from bone marrow
can be cloned and expanded in vitro ⱖ1 million-fold and
retain the ability to differentiate to several mesenchymal
lineages.21–23 Researchers have not yet found conditions that
allow continuous, indefinite hMSC growth, yet it is possible
to produce billions of MSCs in vitro for cellular therapy from
a modest bone marrow aspirate drawn through the skin.
MSCs need to be expanded ex vivo because they apparently
are very contact inhibited, and there is little evidence of in
vivo expansion as MSCs labeled with membrane dyes, that
would be diluted and undetected from dividing cells after ⬇3
divisions, are found months later even in repairing tissue (see
Figure 5).
The current work with embryonic stem (ES) cells and
neural stem cells is hindered by difficulties in producing
enough cells in a reproducible manner to contemplate
therapeutic development. The hMSCs, with their attributes
of (1) ease of isolation, (2) high expansion potential, (3)
genetic stability, (4) reproducible attributes from isolate to
isolate, (5) reproducible characteristics in widely dispersed
laboratories, (6) compatibility with tissue engineering
principles, and (7) potential to enhance repair in many vital
tissues, may be the current preferred stem cell model for
cellular therapeutic development.21–23,30,41– 43,45,49
Whether MSCs are capable of transdifferentiation to ectodermal lineages awaits full evidence, but results from RTPCR and microarray analysis show that MSCs express genes
normally thought to be expressed in neurogenic, ectodermderived tissue. Several studies have demonstrated the expression of neural genes by MSCs and improved results from
MSC implantation at the sites of spinal or intracranial
injury.24 –27 Whether such improvements come from MSCs
producing growth factors and cytokines, MSC differentiation,
or MSCs interacting with other cell types at the site of injury
is still under investigation.

Sources and Characteristics of hMSCs
The fibroblastic cells from bone marrow are sometimes
generically termed bone marrow stromal cells, but not all
stromal cells from bone marrow are multipotent.21,28,29 Researchers have described a variety of cells from bone marrow
and given them different names, and at times, a particular
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Figure 1. hMSCs in culture appear fibroblastic and
homogeneous in size and morphology by second
passage. Flow cytometry applying fluoresceinated
antibodies was used to determine surface molecules present in the expanded cell population, and
both positive and negative surface molecules are
listed.

laboratory has changed names to refer to the same cells,
leading to some nomenclature confusion. Most surface markers have been found inadequate as a means to identify stem
cells because the putative marker(s) may also be found on
nonstem cells, or a particular marker may only be expressed
on a stem cell at a certain stage or under certain conditions,
such as with CD34 on HSCs. Nevertheless, surface markers
or other attributes are useful in characterizing the stem cell as
isolated or cultured, and as a means to begin to understand its
potential interactions with neighboring cells and the cell
environment. A number of surface molecules on hMSCs are
given in Figure 1 and, although extensive, are incomplete.
Some variation in the surface molecules on hMSCs has been
seen from laboratory to laboratory, and further work is necessary
to understand whether these differences represent separate stem
cell populations, different culture techniques, or means of
analysis. MSCs from different species, studied by somewhat
different methods, and in labs worldwide, have remarkably
reproducible attributes.21–23,42– 45
Adult bone marrow MSCs are thought to be largely
quiescent, and the extent to which they proliferate in vivo is
unknown. The initial expansion process is a result of those
colony-forming units (the single cells that continue to divide
to form clonal cell colonies). Although perhaps quiescent,
bone marrow MSCs can divide rapidly once cell division
begins, and this is seen best at very dilute plating density.
Although differences in cell morphology and characteristics
may initially exist, the MSC population becomes very homogeneous with time in culture and remains so for many
passages. Cytogenetic testing of late passage– cultured hMSCs has not detected chromosomal abnormalities, and telomerase activity was also evident in these cultured late-passage
hMSCs.25

Subpopulations of hMSCs
MSCs are not defined by their source, and even within a
tissue such as bone marrow, there may be microenvironments
wherein closely related or identical cells may express different surface molecules. For example, those MSCs isolated
directly from bone marrow and tested for surface molecule
expression will differ in some aspects from MSCs cultured
for weeks in vitro. This includes CD45, which is considered
a marker of hematopoietic lineages, yet it is identified on
some MSCs from bone marrow at low levels and is quickly
lost in culture.30 Similarly, culture-expanded MSCs with
slightly different characteristics may be derived depending on
the culture methods used or the analysis methods. The Table
compares the detected surface molecules on multipotential
MSC-like cells from several labs, cultured in somewhat
different conditions. Many of these isolated cells behaved
similarly in in vitro differentiation experiments.
Prockop et al31,32 have used the low-density plating methods of Friedenstein and isolated and studied the population of
rapidly dividing cells from human bone marrow, termed
recycling stem (RS) cells, as a subpopulation of MSCs. RS
cells were termed RS-1 for the small agranular, rapidly
dividing cells, and RS-2 for small, granular cells, whereas the
more typical fibroblastic MSCs were considered mature
MSCs in the cultures. RS cells divided very quickly when
plated at low density and may yield 109 cells in 6 weeks.33
Most recently, Prockop et al identified the Wnt inhibitor
dickkopf-1 as an effector molecule for hMSC proliferation in
vitro.34
Exciting recent findings have come from a series of articles
from Verfaillie et al, who described marrow progenitor cells
or multipotent adult progenitor cells (MAPCs).35–38 The
cultured cells have many of the attributes of MSCs, but they
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Surface Antigen Comparison Among MSC-like Cells
Surface Antigen

21

MSCs

38

MAPCs

33

RS-1

43

PLAs

42

APCs
⫹

CD9
⫺

CD10

⫺

⫹

CD11a,b

⫺

⫺

CD13

⫹

CD14

⫺

CD18 integrin ␤2

⫺

CD29

⫹

CD31 PECAM

⫺

⫺

⫹/⫺

⫺

CD34

⫺

⫺

⫺

⫺

⫹

⫹

⫹

⫺

⫺

⫺

⫹

⫹

⫹
⫺

⫹
⫺*

⫺
⫹

⫹
⫺

CD49e integrin ␣5

⫹

CD50 ICAM3

⫺

CD54 ICAM1

⫹

⫹

⫺

CD71 transferrin rec

⫹

CD73 SH-3

⫹

CD90 Thy-1

⫹

⫹
⫹

⫹

⫺

⫺
⫹

CD56 NCAM
CD62E E-selectin

⫺
⫺

CD44
CD49b integrin ␣2

⫹

⫺
⫹

CD45
CD49d integrin ␣4

⫺
⫹

⫺

⫺

⫺

⫺

⫺

⫹

⫹

⫹/⫺

⫹

⫹
⫹

CD105 endoglin, SH-2

⫹

CD106 VCAM

⫹

⫺

CD117

⫺

⫺

CD133

⫺

CD166 ALCAM

⫹

(⫹)

⫺

⫹

⫹

⫺

⫹

⫺
⫹

Others

␤2 microglobulin

⫹

Nestin

⫹

p75

⫹

HLA ABC

⫹

⫺

⫹/⫺

⫹

HLA DR

⫺ induc

⫺

⫺

⫺

SSEA-4

⫹

⫹

TRK (A, B, C)

⫹

⫹
⫹
⫹

⫹

Differentiation in vitro
Osteo

⫹

⫹

⫹

⫹

⫹

Adipo

⫹

⫹

⫹

⫹

⫹

Chondro

⫹

Neural

(⫹)

⫹

Stromal

⫹

⫹

Myoblast Sk

(⫹)

⫹

Endothelial

(⫹)

⫹

⫹

⫹
(⫹)
⫹

(⫹) indicates detection varied; *positive upon isolation.30
APCs indicates adipose progenitor cells; PLAs, processed liposuction aspirates; PECAM, platelet endothelial cell adhesion molecule; ALCAM, activated
leukocyte cell adhesion molecule; ICAM, intercellular adhesion molecule;
NCAM, neural cell adhesion molecule; VCAM, vascular cell adhesion molecule;
HLA, human leukocyte antigen.

are reported to expand indefinitely and have lineage potentials that include extended ectodermal and endodermal cell
types, making them more like ES cells. Additionally, they

lack major histocompatibility complex (MHC) class I and
class II on their surface, so presumably, they may be used
allogeneically, although the lack of MHC I molecules may
make them vulnerable to elimination by natural killer cells.
Much of the published data are of cells of mouse origin, and
it will be important to verify that the human MAPCs are as
potent in these respects as the mouse MAPCs.39,40
It is possible to isolate MSCs from different mesenchymal
tissues, and recently, it was shown that fibroblastic cells from
adipose differentiate to mesenchymal lineages, and their
characteristics and behavior are virtually indistinguishable
from bone marrow– derived MSCs.41– 44 These cells have
been termed adipose stromal cells, adipose progenitor cells,
or processed liposuction aspirates.
Stem cells need to be functionally defined. Although there
may be characteristics or surface markers that lead one to
suspect a cell is a potential stem cell, the ability to produce
daughter cells as well as differentiate to multiple phenotypes
must be assayed. Small differences in surface markers may
not be sufficient to distinguish types or subpopulations of
stem cells. Functional comparison among isolated MSC
populations is a better approach. In an effort to compare
MSCs, adipose progenitor cells, and MAPCs prepared by
protocols from different laboratories, Lodie et al performed
an evaluation of their cellular characteristics and differentiation potential.45 These authors found the cells produced by the
different methods to be virtually indistinguishable. However,
it is possible that a particular source of multipotential cells or
a particular culture method may prove superior to other
methods when cells are tested in vivo for the ability to repair
a particular damaged tissue, and therefore, it is still useful to
examine sources of stem cells and culture conditions.
There have been recognized differences between stem cells
found in distinct species such as different in vitro requirements to culture HSCs from mice and man.46,47 Similarly,
MSCs can be isolated by a number of methods from different
tissue sources, but their stem cell nature cannot be assured; it
must be assayed. Recently, Simmons et al18,48 reported the
characterization of a subpopulation of marrow stromal cells
selected by an antibody to an unknown surface marker,
STRO-1. The selected cells from bone marrow have attributes
of MSCs.49

Immune Responses and MSCs
Several laboratories have begun to characterize the interactions between MSCs and cells of the immune system. hMSCs
have a number of surface molecules that would predict
interaction with T cells. MHC I, Thy-1 (CD90), vascular cell
adhesion molecule (CD106, VCAM), intercellular adhesion
molecule 1 (ICAM-1) and ICAM-2, activated leukocyte cell
adhesion molecule (CD166, ALCAM), lymphocyte functional antigen-3, and integrins ␣1 to ␣3, ␣5, ␣6, ␤1, ␤3, and
␤4 (CD49 a, b, c, e, and f) are surface molecules expressed on
hMSCs that have cognate ligands on T cells.21,28,50,51 Additionally, although not expressed at appreciable levels on
hMSCs, MHC II expression is upregulated by incubating the
cells with interferon-␥. However, the hMSCs lack the B7
costimulatory molecules CD80 and CD86, and these are not
expressed after interferon treatment.52,53
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Intuitively, one might expect allogeneic MSCs (alloMSCs) would stimulate T cell proliferation and that donor
MSCs would be recognized by responder T cells and rejected
by a recipient host. However, experimental evidence indicates this may not be the case. MSCs have been shown to
inhibit T cell proliferation in several laboratories.52–55
The interaction of T cells with other cell types can be
studied in vitro. The mixed lymphocyte reaction (MLR) or
exposure of peripheral blood mononuclear cells or isolated T
cells to cells from another individual usually evokes a T-cell
proliferative response that is measured conveniently by incorporation of [3H]-thymidine into DNA during a several-day
period. However, MSCs cultured with responder T cells do
not generally cause T cell proliferation, and they usually
reduce the response of responder T cells to other stimulator
cells or nonspecific activators such as phytohemagglutinin.
The lack of response is not because of T cell apoptosis or
other deleterious effects because the T cells can be recovered
and respond to other stimulators in the absence of MSCs. Tse
et al described similar experiments including stimulating T
cells with anti-CD28 and anti-CD3 antibodies before addition
of MSCs.53 The MSCs can inhibit the T cell proliferative
response through a Transwell membrane insert, suggesting a
soluble component is involved. Di Nicola et al54 have shown
that antibodies to hepatocyte growth factor and transforming
growth factor ␤ (TGF-␤) restored the proliferative response,
suggesting these factors are at least partially responsible. Le
Blanc et al confirmed the MLR experiments and also demonstrated the dose-dependent inhibition of T cell proliferation, independent of the source of cultured MSCs.55 Related
studies in mice found MSCs inhibited the response of
memory T cells to their antigen.56
It has been suggested that once stem cells begin to
differentiate, they will express MHC II molecules and be
rejected by T cells. However, Le Blanc et al caused MSCs to
differentiate in vitro and then tested their interaction with T
cells and found no increased antigenicity.57 Although not all
published, numerous animal studies have found the persistence of allo-MSCs in vivo, some of which are highlighted
below.
Overall, MSCs appear to prevent maturation of T cells to
their cognate antigen or other antigens by a direct cell– cell effect
and a soluble factor or factors. Then it is possible that MSCs in
close proximity can play a role in modulating the immune
response of several effector immune cells (S. Aggarwal and
M.F. Pittenger, submitted for publication). MSCs may serve a
role to preserve progenitor or immature lymphocytes in the
central bone marrow space while allowing for expansion elsewhere in the periphery as needed. These concepts will need
further study in vivo and in vitro before we understand the direct
and indirect effects MSCs can have on the immune response.
Several studies have used allo-MSCs in vivo, and experience suggests the allo-MSCs are not rejected and may have
positive effects on engraftment of third-party cells or tissue.58
Bartholomew et al tested the ability of MSCs to enhance skin
engraftment in an allogeneic baboon model. In another study,
MSCs were found after 9 months in multiple tissues in an
irradiated baboon model of bone marrow transplantation,
whether allogeneic or autologous baboon MSCs were used.59
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Stem cell– based therapies could be very expensive to fully
develop if they were based on autologous cells because it
would be necessary to obtain a biopsy from the patient,
expand the cells in culture, perform the required testing, and
store retains before administering the therapy. Also, it is not
clear whether each donor will produce sufficient stem cells of
required potency at the needed time. An alternative approach
is use of allogeneic stem cells. The advantages of allo-MSCs
are many: the donor can be chosen ahead, qualified, and
tested for absence of different disease organisms, the MSCs
ready in advance so they are immediately available when
needed by a patient.
Collectively, current studies on the interactions between
MSCs and T cells support the potential use of allo-MSCs in
cell therapy. Along with studies of allo-MSCs introduced into
infarcted heart models and encouraging early clinical results,
the future use of allo-MSCs has significant clinical potential.
Hurdles exist, but many have already been overcome.

Cellular Cardiomyoplasty
Loss of cardiomyocytes after myocardial infarction (MI),
combined with the absence of endogenous repair mechanisms, is a causative factor in progression to heart failure.
Pathologic ventricular remodeling ensues as damaged myocardium is replaced by a fibrous scar composed of extracellular matrix produced by nonmyocytic cells, resulting in
ventricular function loss.
In an effort to replace cardiomyocytes lost after ischemia,
cellular transplantation has been investigated as a potential
therapy for MI.60 Termed cellular cardiomyoplasty, the approach has gone from an interesting research novelty to
clinical reality. Adult cardiomyocytes have essentially no
regenerative capacity, and although a cardiac stem cell has
been described recently,61 its physiologic role in repair after
infarction appears minimal and functionally inadequate.
Therefore, implantation of exogenous cells may allow for
meaningful replacement of damaged cardiac cells. Various
types of isolated cells have been delivered to the heart,
including fetal cardiomyocytes,62– 64 skeletal myoblasts,65– 67
and more recently, progenitor or stem cells such as those of
the endothelial9 or mesenchymal lineages.68 –71 Studies evaluating these cell types have documented repeatedly that
exogenous cells can engraft in adult myocardium and, in
some cases, have a measurable functional impact on damaged
myocardium. Additionally, these studies have addressed fundamental questions that must be considered when evaluating
MSCs for cardiac cell therapy. For example, issues involving
delivery strategies and the spatial placement of the cell graft,
the ideal temporal relationships between cell delivery and
cardiac injury, and the electromechanical properties of cell
grafts have been addressed with fetal cardiomyocyte and
skeletal myoblast grafts. Research with fetal cardiomyocyte
grafts has been curtailed because of the improbable likelihood
of procuring sufficient amounts of fetal cardiomyocytes
thought to be necessary for the damaged adult heart.
In the early 1990s, Chiu et al72 demonstrated the ability of
skeletal myoblasts to be isolated, expanded in culture, and
successfully delivered to injured myocardium. Since this
pioneering work, skeletal myoblasts have been examined as a
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cellular therapy in animal models of cardiac injury and are
currently being tested in clinical trials in humans.6 Skeletal
myoblasts can be isolated from fetal, neonatal, and adult
muscle and expanded in tissue culture.73 However, myoblasts
are committed progenitor cells and have been shown to
differentiate to mature skeletal myocytes, not cardiomyocytes, when implanted into normal and injured myocardium.60,63,65 That is, there is not current evidence of skeletal
myocytes transdifferentiating to a cardiomyocyte phenotype
after implantation in the heart.65 Inherent differences in action
potential generation and refractory period between these fiber
types, alterations in cardiac conduction, and potential arrhythmogenesis may limit the long-term clinical utility of skeletal
myoblasts.

MSCs for Cardiomyoplasty
Interest in MSCs, in general, and as a cardiac therapy, in
particular, has increased exponentially during the past 5
years. Compared with other cells types considered for cardiomyoplasty, MSCs appear to possess unique properties that
may allow for convenient and highly effective cell therapy.
MSCs can be used allogeneically, delivered systemically, and
differentiate into a cardiomyocyte-like phenotype when implanted in healthy myocardium.28,69 Furthermore, MSCs can
be readily transduced by a variety of vectors and maintain
transgene expression after in vivo differentiation.69,74 Transgene expression by MSCs may be used ultimately to augment
cell engraftment or the extent of differentiation. Recent data
from Mangi et al75 support this possibility. This group used a
retroviral vector to overexpress the prosurvival gene Akt in
MSCs before implantation in infarcted rat myocardium. Akt
protein overexpression was reported to greatly enhance MSC
survival and prevent pathologic remodeling after infarction,
with impressive improvement in cardiac output.
The first use of bone marrow cells for cardiomyoplasty was
reported in 1999 by the laboratories of Weisel and Lee at the
University of Toronto.70 In this study, autologous bone
marrow cells were implanted in the left ventricle (LV) of rats
by direct injection 3 weeks after cryoinjury. Transplanted
marrow cells could be identified in all animals 8 weeks after
injury and were found to express muscle-specific proteins not
present before implantation. Furthermore, improved systolic
and diastolic functions were reported in animals that received
cells pretreated with the DNA-demethylating agent
5-azacytidine, which has been reported to enhance myogenic
differentiation of pluripotent cells. It should be noted that
bone marrow, as opposed to a purified MSC population, was
used in this study. Development of a causative relationship
between the observed functional improvements and a particular cell population is problematic because of the fact that in
addition to being a major repository for MSCs, whole marrow
contains a number of cell types.
As opposed to the muscle precursor cells, allo-MSCs have
the ability to be used immediately after acute injury.76 The
ability to treat MI patients with allo-MSCs in an emergent
setting at the time of coronary reperfusion may constitute a
distinct clinical advantage over autologous cellular cardiomyoplasty. Furthermore, MSCs appear to have the ability to

Figure 2. hMSC present in the ventricle wall of an adult mouse
heart. The hMSC is identified with an antibody to transduced
gene product ␤-gal (green), and the heart section has been
counterstained with an antibody to desmin (red).

home to the site of myocardial injury when administered
intravenously after acute infarction (see below).

Pathologic Remodeling Inhibition
After Infarction
Our laboratory and others have demonstrated that after
injection into infarcted myocardium, engrafted MSCs differentiate toward a myogenic lineage, as evidenced by expression of muscle-specific proteins including ␣ -actinin,
troponin-T, tropomyosin, myosin heavy chain–MHC, phospholamban, and other muscle-specific proteins (Figure 2).77
Additionally, the presence of connexin-43, a protein responsible for intracellular connection and electrical coupling
between cells, further suggests cardiomyocyte differentiation.
However, complete myogenic differentiation with mature
sarcomeric organization, intercalated discs, etc, has not been
observed after implantation of MSCs in infarcted myocardium. This is in contrast to our experience regarding hMSC
injection into viable, adult, noninfarcted murine myocardium,
where evidence of sarcomeric organization and extensive
cardiomyogenic differentiation has been observed.69 The lack
of extensive myocytic differentiation in infarcted heart likely
speaks to the importance of the local extracellular milieu in
driving differentiation of MSCs.
However, even without appropriate differentiation within
infarcted tissue, MSC cardiomyoplasty has been associated
with a number of significant functional improvements in the
postinfarcted heart. We described previously the benefits of
engrafted MSCs including prevention of pathologic wall
thinning (30% improvement in end-diastolic wall thickness at
12 weeks) and improved postinfarction hemodynamics (Figure 3).77 Significantly lower end-diastolic pressure in MSCtreated animals (⬇50% reduction in left ventricular end-diastolic pressure at 6 months) suggests improved diastolic
relaxation and decreased wall stress that are likely attributable to favorable ventricular remodeling.78 Absence of improvement in systolic function may be considered somewhat
expected in light of the absence of sarcomeric organization in
MSCs implanted in the infarct. Together, these data suggest
that the implantation of MSCs in damaged myocardium
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12 weeks without immunosuppression. When these animals
were later subjected to MIs, murine MSCs could be identified
in the region of necrosis, and these cells expressed musclespecific proteins not present before coronary ligation. Xenogeneic MSC engraftment was not associated with immunologic activation or rejection, but rather it appeared to form a
stable cardiac chimera.

MSC Role in Angiogenesis
Figure 3. Unretouched photographs of the LV (cross-sections)
at the level of MSC injection. These data provide evidence supporting the hypothesis that cellular cardiomyoplasty may limit LV
wall thinning. Control hearts (top) had significant scarring, wall
thinning, compensatory hypertrophy in adjacent myocardium,
and loss of normal ventricle chamber geometry (dilation). In contrast, hearts of MSC-treated animals (bottom) had preserved
wall thickness and LV geometry, despite equally large infarctions. Reprinted from Shake et al,77 with permission from the
Society of Thoracic Surgeons.

results in a more compliant, less stiff ventricle with improved
diastolic-filling properties. How implantation of MSCs improves diastolic function mechanistically is not yet clear, but
early evidence suggests that improved pathological remodeling, specifically alterations in tissue cellularity and extracellular matrix remodeling, may be involved. Although patients
with isolated left ventricular diastolic dysfunction have lower
mortality compared with those with systolic dysfunction,
significant morbidities are common, including symptoms of
recurrent chest pain and congestive failure, and diastolic
benefits of MSC cardiomyoplasty may play an important role
in ischemic heart disease treatment.

Allogeneic Use of MSCs in
Cellular Cardiomyoplasty
As described previously, MSCs from human and other
species have a cell surface phenotype that is of low immunogenicity.21,50,79 In 2000, data from several research groups
demonstrated long-term allo-MSC engraftment in a variety of
noncardiac tissues in the absence of immunosuppression.52,58,80 On the basis of these observations, our studies
began to investigate the ability of allo-MSCs to engraft in
infarcted myocardium. Initially in rats, and later in swine,
allo-MSCs were found to readily engraft in necrotic myocardium and favorably alter ventricular function after infarction.
Furthermore, allo-MSC engraftment in the myocardium occurs without evidence of immunologic rejection or lymphocytic infiltration, even in the absence of immunosuppressive
therapy. These results using allo-MSCs further emphasize
some of the apparent advantages of these cells over other cell
populations for cellular cardiomyoplasty. These MSC characteristics may allow for enhanced clinical applicability
because allo-MSCs can be readily available and administered
with immunologic acceptance by the recipient.
The immunologically privileged status of MSCs may even
extend to the xenogeneic setting. In a recent study from Saito
et al,81 MSCs obtained from C57BL/6 mice were injected
intravenously into immunocompetent adult Lewis rats. Labeled mouse cells engrafted into the bone marrow for at least

Because cardiac function depends critically on myocardial
perfusion, restoration of cardiac function after MI must
require not only replacement of lost cardiomyocytes but also
revascularization of the injured region. Also, there is evidence from ischemic hind-limb models that circulating stem
cells are incorporated into newly formed blood vessels and
contribute to increased capillary density and enhanced tissue
perfusion.82,83
Recent studies have also shown that stem and progenitor
cells isolated from adult tissues have the potential for enhancing neovascularization and regenerating infarcted myocardium.9,70,82,84 – 88 Myocardial perfusion is characterized by close
matching of blood flow to myocardial demand. Therefore, it
will be important to examine not only maximal blood flow
(indicative of total vascularity) but also coronary flow responsiveness to changes in myocardial demand and the
distribution of myocardial perfusion.
Experiments to evaluate the effect of MSC therapy on
myocardial perfusion are ongoing. However, evidence for
MSC involvement in vascular repair or regeneration can be
found in Figure 4. The image was obtained from a pig 8
weeks after catheter-based endocardial delivery of alloMSCs. The hematoxylin/eosin (H&E) images in the top
panels clearly illustrate blood vessel presence within a region
of generalized myocardial necrosis. In the confocal images of
serial sections (bottom panels), 4⬘,6-diamidino-2phenylindole (DAPI)-labeled cells can be seen throughout the
section. However, localization of implanted MSCs can be
readily identified surrounding and associated with these
blood vessels. DAPI-labeled MSCs (blue) were localized
within and intimately associated with the smooth muscle
layer of the vessel. In addition to smooth muscle actin,
implanted porcine MSCs have been demonstrated to express
the von Willebrand factor, vascular endothelial growth factor
(VEGF), and other proteins indicative of angiogenesis. These
proteins are not found in cultured MSCs, but rather are
expressed only after several weeks in the cardiac environment. Recent data from Kinnaird et al88 suggest that the
mechanism of MSC-mediated improvements in perfusion
may reside in their ability to secrete a variety of angiogenic
cytokines (fibroblast growth factor, VEGF, matrix metalloproteinases, platelet-derived growth factor, TGF-␤, interleukin 1, angiopoetin, and others), many of which are upregulated with hypoxia.

MSC Cardiac Homing to Infarction Sites
One of the most interesting characteristics of MSCs is their
ability to home to sites of tissue damage or inflammation.89
Although the cytotactic factors responsible for injury-specific
MSC migration and its physiologic consequences have yet to
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Figure 4. Immunohistochemical staining suggestive of MSC
participation in postinfarction angiogenesis. A is an H&E-stained
section of myocardium immediately adjacent to infarction (bottom) and illustrates a developing arteriole. A serial section
viewed under confocal microscopy is shown in B. MSCs were
labeled with DAPI before their intravenous injection 10 minutes
after ischemia/reperfusion in a rat. DAPI-positive cells (blue)
home to infarcted tissue and can be seen throughout the field,
but only those integrated with the developing vessel are positive
for smooth muscle actin (green).

be fully elucidated, it is postulated that MSCs migrate to
participate in wound repair. This extraordinary ability of
MSCs to home to sites of acute tissue injury has been
demonstrated in the settings of bone fracture74,89,90 and
cerebral ischemia,91 as well as the infarcted heart.81,92
Saito et al81 were the first to demonstrate that MSCs
administered intravenously engraft within regions of MI. In
this study, mouse MSCs were transduced with a LacZ
reporter gene and injected intravenously to rats (in the
absence of immunosuppression). In healthy (noninjured)
animals, intravenous MSCs preferentially engraft in the
marrow cavity. However, when these rats were subjected to a
cycle of ischemia/reperfusion, significant numbers of labeled
xenogeneic MSCs could be identified in the circulation and,
subsequently, the infarcted region of the heart. The majority
of engrafting MSCs were found to be positive for cardiomyocyte-specific proteins, whereas a distinct subpopulation was
determined to participate in angiogenesis.

Our laboratory has used a similar model in an attempt to
characterize MSC movements after intravenous administration. MSCs obtained from the ACl rat strain were transduced
with a retroviral vector encoding for ␤-galactosidase (␤-gal)
expression. These labeled MSCs were identified within the
bone marrow of Fisher rats 10 days after intravenous injection, and MSCs were not detected in the heart or lungs at that
time. When rats were submitted subsequently to a 45-minute
cycle of left anterior descending artery occlusion and reperfusion, a significant number of ␤-gal–positive MSCs were
detected within the infarction region (Figure 5A). This
engraftment was highly specific in that labeled MSCs were
not detected in noncardiac tissues or the viable myocardium
of the right ventricle, atria, or LV posterior wall.93
Although these data shed some light on the physiology of
MSCs in wound repair, the question remained whether MSCs
administered intravenously after infarction could similarly
home to and possibly aid in repair of damaged myocardium.
When administered during the acute reperfusion period, this
in fact appears to be the case.93,94 In a rat infarct model,
administration of 5 million MSCs intravenously after 10
minutes of reperfusion resulted in significant and sustained
cardiac engraftment. However, the “window” of MSC homing is limited. If MSC administration was delayed until 2
weeks after infarction, no significant cardiac engraftment was
observed, with most cells returning to the bone marrow
(Figure 5B). The remarkable specificity with which MSCs
home to regions of injury after systemic delivery with
essentially no engraftment in normal tissue is illustrated in
Figure 6. Although the factors responsible for MSC migration
have not yet been defined clearly, the transient nature of the
phenomenon is consistent with the involvement of an inflammatory mediator similar to those responsible for macrophage
and neutrophil infiltration in injured tissue. Further complexity is added by a recent report suggesting that expansion of
murine MSCs in culture may diminish the efficacy of
injury-induced homing.95 The degree to which species differences may account for these varying results requires further
investigation.

Tracking and Quantification of
Engrafted MSCs
One of the problems inherent to the study of cellular
cardiomyoplasty, particularly with intravenous administration, is the difficulty in tracking the movement of implanted
cells. Recently, Barbash et al96 used ␥ camera imaging of
99m
Tc-labeled MSCs to determine their distribution after
intravenous or intraventricular injection in a rat MI model.
They reported that 4 hours after intravenous injection, a
significant number of MSCs were trapped in the lungs, with
lesser numbers in the heart and other organs. Cardiac engraftment was augmented significantly (and pulmonary plugging
attenuated) with intraventricular administration. MRI of ironlabeled cells is another technique that has been used recently
to track MSC distribution in vivo.97,98 Hill et al98 demonstrated that iron labeling does not alter MSC multipotentiality
and that imaging in a standard 1.5-T magnet provides
excellent special resolution in the beating heart. Furthermore,
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Figure 5. A, Rat MSCs were transduced in
vitro with the ␤-gal reporter gene to follow
their distribution after intravenous delivery.
Left, Nearly 100% of the transduced MSCs
stained positive for ␤-gal activity before
injection; 3.9⫻106 MSCs were injected into
the tail vein of healthy Fisher rats. ␤-Gal–
positive cells were only detected in the bone
marrow 10 days after MSC delivery. When
these animals were subjected to 45 minutes
of ischemia and 2 weeks of reperfusion,
labeled MSCs migrated to the site of infarction. Labeled cells were not detected in
noncardiac tissues at 2 weeks after infarction. B, To determine whether MSCs could
home to sites of infarction when administered systemically at reperfusion, 2⫻106
1,1⬘-dioctadecyl-3,3,3⬘,3⬘-tetramethylindocarbocyanine (DiI)-labeled rat MSCs were
delivered intravenously either 10 minutes
(left) or 14 days (right) after reperfusion. In
both groups, animals were euthanized 14
days after cell injection, and the hearts (top)
and bone marrow (bottom) were examined
for the presence of DiI-positive MSCs. Qualitative assessment suggests that MSC delivery at 10 minutes after reperfusion results in
a greater degree of MSC engraftment in the
infarcted myocardium than delivery at 14
days. Conversely, MSC engraftment in the
bone marrow is increased with delayed
administration.

the iron label can be conjugated to a fluorescent particle to aid
in histologic MSC identification.
MSC localization in vivo with either MRI or ␥ imaging is
of tremendous value to those attempting to demonstrate the
biodistribution or persistence of MSC cardiomyoplasty. However, the inability of the techniques to accurately quantify the
number of MSCs is troubling to those seeking to optimize the
therapeutic use of MSCs. When attempting to calculate
dose/response relationships in such studies, it is the number
of cells engrafting that is of concern, as opposed to the

number administered. Accurate cell engraftment quantification has been elusive regardless of cell type examined. Some
investigators have attempted to generate indexes of engraftment by simply counting the number of labeled cells in a
representative sampling of high-powered fields. This methodology is hindered by the possibility of counting multiple
cell layers or fractions of cells and, therefore, is not exact. We
have attempted to quantify MSC engraftment using RT-PCR
amplification of transgene expression. Although theoretically
sound, in our experience, PCR-based quantification of trans-

Figure 6. Histologic analysis was used to determine the specificity with which MSCs home to
regions of infarction after intravenous delivery. Rat
MSCs were labeled with DAPI (blue fluorescence)
and 1,1⬘-dioctadecyl-3,3,3⬘,3⬘-tetramethylindocarbocyanine (DiI; red fluorescence) in culture
immediately before injection. Left, Infarcted tissue
is identified in trichrome-stained samples by bluegreen coloration (yellow brackets). Note region of
viable myocardium in bottom right portion of
image. Right, Fluorescently labeled MSCs were
clearly identified in serial tissue sections using
confocal microscopy. Comparison of fluorescent images to trichrome-stained sections demonstrated a high degree of correlation
between the region of MSC engraftment and the region of necrosis. Essentially, no cells were identified in regions of viable myocardium or noncardiac tissues.
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duced MSCs lacks the sensitivity required for accurate tissue
quantification when the number of engrafted cells is low.
A method found to provide a more accurate quantification
of MSC engraftment is radiolabeling of MSCs with tritiated
thymidine ([3H]-thymidine). After implantation, the degree of
radioactivity in a tissue can be correlated to MSC engraftment
in a linear fashion. Although PCR techniques would allow for
detection of 50 000 cells in a rat heart, tritium labeling has a
10-fold lower threshold of detection (⬇5000 cells), greatly
improving accuracy of measurements as well as our ability to
detect modest numbers of cells in the heart.
Using these types of techniques has allowed investigators
to quantify the degree of MSC engraftment in the heart after
delivery. Although the exact numbers vary, it can be said that
in all cases, the extent of engraftment is currently modest.
Some experiments have indicated that ⬍3% of MSCs administered by direct injection persist after 2 weeks. Administration of higher numbers of cells results in only modest
augmentation of long-term engraftment.

Summary
Adult stem cells are found in many tissues and participate in
adult growth as well as damaged tissue repair and regeneration. The cellular and tissue environment in the adult is likely
very different from the early embryo conditions that produce
ES cells. Bone marrow provides an accessible and renewable
source of adult MSCs that can be expanded greatly in culture
and characterized. Culture-expanded and characterized MSCs
have been tested for their ability to differentiate into several
lineages in vitro and also tested in animal models for their
ability to enhance tissue repair and undergo in vivo differentiation. One of the greatest attributes of MSCs is their
potential to supply growth factors and cytokines to repairing
tissue. MSCs do not appear to be rejected by the immune
system, allowing for large-scale production, appropriate characterization and testing, and the subsequent ready availability
of allogeneic tissue repair– enhancing cellular therapeutics.
This provides for the further development of this new field
and paves the way for the use of yet other stem cells. The
potential to use MSCs to repair damaged cardiovascular
tissue is very promising and moving forward quickly. The
current results from many labs and early cardiac clinical
studies suggest important therapeutic approaches will be
forthcoming through MSC use. Perhaps most important,
understanding adult stem cells such as MSCs will provide us
with greater insight into human biology.

References
1. Frassoni F, Labopin M, Gluckman E, Rocha V, Bruno B, Lazarus HM,
Devine S, Holland K, McCarthy P, Curtin P, Maziarz R, Shpall E, Mosely
AM. Expanded MSCs, coinfused with HLA identical hemopoietic stem
cell transplants, reduce acute and chronic graft versus host disease: a
matched pair analysis. Bone Marrow Transplant. 2002;29:S2–S75.
2. Horwitz EM, Gordon PL, Koo WK, Marx JC, Neel MD, McNall RY,
Muul L, Hofmann T. Isolated allogeneic bone marrow-derived mesenchymal cells engraft and stimulate growth in children with osteogenesis
imperfecta: implications for cell therapy of bone. Proc Natl Acad Sci
U S A. 2002;99:8932– 8937.
3. Reese JS, Koc ON, Gerson SL. Human mesenchymal stem cells provide
stromal support for efficient CD34⫹ transduction. J Hematother Stem
Cell Res. 1999;8:515–523.

4. Koc ON, Day J, Nieder M, Gerson SL, Lazarus HM, Krivit W. Allogeneic mesenchymal stem cell infusion for treatment of metachromatic
leukodystrophy (MLD) and Hurler syndrome (MPS-IH). Bone Marrow
Transplant. 2002;30:215–222.
5. Koc ON, Lazarus HM. Mesenchymal stem cells: heading into the clinic.
Bone Marrow Transplant. 2001;27:235–239.
5a. Le Blanc K, Rasmusson I, Sundberg B, Gotherstrom C, Hassan M,
Uzunel M, Ringden O. Treatment of severe acute graft-versus-host
disease with third party haploidentical mesenchymal stem cells. Lancet.
2004;363:1439 –1441.
6. Menasche P, Hagege AA, Vilquin JT, Desnos M, Abergel E, Pouzet B,
Bel A, Sarateanu S, Scorsin M, Schwartz K, Bruneval P, Benbunan M,
Marolleau JP, Duboc D. Autologous skeletal myoblast transplantation for
severe postinfarction left ventricular dysfunction. J Am Coll Cardiol.
2003;41:1078 –1083.
7. Perin EC, Dohmann HF, Borojevic R, Silva SA, Sousa AL, Mesquita CT,
Rossi MI, Carvalho AC, Dutra HS, Dohmann HJ, Silva GV, Belem L,
Vivacqua R, Rangel FO, Esporcatte R, Geng YJ, Vaughn WK, Assad JA,
Mesquita ET, Willerson JT. Transendocardial, autologous bone marrow
cell transplantation for severe, chronic ischemic heart failure. Circulation.
2003;107:2294 –2302.
8. Strauer BE, Brehm M, Zeus T, Kostering M, Hernandez A, Sorg RV,
Kogler G, Wernet P. Repair of infarcted myocardium by autologous
intracoronary mononuclear bone marrow cell transplantation in humans.
Circulation. 2002;106:1913–1918.
9. Fuchs S, Baffour R, Zhou YF, Shou M, Pierre A, Tio FO, Weissman NJ,
Leon MB, Epstein SE, Kornowski R. Transendocardial delivery of
autologous bone marrow enhances collateral perfusion and regional
function in pigs with chronic experimental myocardial ischemia. J Am
Coll Cardiol. 2001;37:1726 –1732.
10. Jacobson LO, Marks EK, Robson MF, Gaston EO, Zirkle RE. Effect of
spleen protection on mortality following X irradiation. J Lab Clin Med.
1949;34:1538 –1547.
11. Thomas ED, Blume KG. Historical markers in the development of allogeneic hematopoietic cell transplantation. Biol Blood Marrow Transplant.
1999;5:341–346.
12. Urist MR. A morphogenetic matrix for differentiation of bone tissue.
Calcif Tissue Res. 1970;suppl:98 –101.
13. Friedenstein AJ, Petrakova KV, Kurolesova AI, Frolova GP. Heterotopic
of bone marrow. Analysis of precursor cells for osteogenic and hematopoietic tissues. Transplantation. 1968;6:230 –247.
14. Owen M, Friedenstein AJ. Stromal stem cells: marrow-derived
osteogenic precursors. Ciba Found Symp. 1988;136:42– 60.
15. Ashton BA, Allen TD, Howlett CR, Eaglesom CC, Hattori A, Owen M.
Formation of bone and cartilage by marrow stromal cells in diffusion
chambers in vivo. Clin Orthop. 1980:294 –307.
16. Bianco P, Costantini M, Dearden LC, Bonucci E. Alkaline phosphatase
positive precursors of adipocytes in the human bone marrow. Br J
Haematol. 1988;68:401– 403.
17. Castro-Malaspina H, Gay RE, Resnick G, Kapoor N, Meyers P, Chiarieri
D, McKenzie S, Broxmeyer HE, Moore MA. Characterization of human
bone marrow fibroblast colony-forming cells (CFU-F) and their progeny.
Blood. 1980;56:289 –301.
18. Simmons PJ, Torok-Storb B. Identification of stromal cell precursors in
human bone marrow by a novel monoclonal antibody, STRO-1. Blood.
1991;78:55– 62.
19. Caplan AI. Mesenchymal stem cells. J Orthop Res. 1991;9:641– 650.
20. Martin I, Muraglia A, Campanile G, Cancedda R, Quarto R. Fibroblast
growth factor-2 supports ex vivo expansion and maintenance of
osteogenic precursors from human bone marrow. Endocrinology. 1997;
138:4456 – 4462.
21. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD,
Moorman MA, Simonetti DW, Craig S, Marshak DR. Multilineage
potential of adult human mesenchymal stem cells. Science. 1999;284:
143–147.
22. Muraglia A, Cancedda R, Quarto R. Clonal mesenchymal progenitors
from human bone marrow differentiate in vitro according to a hierarchical
model. J Cell Sci. 2000;113:1161–1166.
23. Sottile V, Halleux C, Bassilana F, Keller H, Seuwen K. Stem cell
characteristics of human trabecular bone-derived cells. Bone. 2002;30:
699 –704.
24. Chopp M, Li Y. Treatment of neural injury with marrow stromal cells.
Lancet Neurol. 2002;1:92–100.
25. Kopen GC, Prockop DJ, Phinney DG. Marrow stromal cells migrate
throughout forebrain and cerebellum, and they differentiate into

Downloaded from http://circres.ahajournals.org/ by guest on June 3, 2014

Pittenger and Martin

26.

27.

28.

29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.
40.
41.

42.

43.

44.

45.

46.

47.

48.
49.

astrocytes after injection into neonatal mouse brains. Proc Natl Acad Sci
U S A. 1999;96:10711–10716.
Chen F, Hui JH, Chan WK, Lee EH. Cultured mesenchymal stem cell
transfers in the treatment of partial growth arrest. J Pediatr Orthop.
2003;23:425– 429.
Hofstetter CP, Schwarz EJ, Hess D, Widenfalk J, El Manira A, Prockop
DJ, Olson L. Marrow stromal cells form guiding strands in the injured
spinal cord and promote recovery. Proc Natl Acad Sci U S A. 2002;99:
2199 –2204.
Pittenger MF, Mosca JD, McIntosh KR. Human mesenchymal stem cells:
progenitor cells for cartilage, bone, fat and stroma. Curr Top Microbiol
Immunol. 2000;251:3–11.
Pittenger MF, Mackay AM. Multipotential human mesenchymal stem
cells. Graft. 2000;3:288 –294.
Jones EA, Kinsey SE, English A, Jones RA, Straszynski L, Meredith DM,
Markham AF, Jack A, Emery P, McGonagle D. Isolation and characterization of bone marrow multipotential mesenchymal progenitor cells.
Arthritis Rheum. 2002;46:3349 –3360.
Prockop DJ. Further proof of the plasticity of adult stem cells and their
role in tissue repair. J Cell Biol. 2003;160:807– 809.
Prockop DJ, Sekiya I, Colter DC. Isolation and characterization of rapidly
self-renewing stem cells from cultures of human marrow stromal cells.
Cytotherapy. 2001;3:393–396.
Colter DC, Class R, DiGirolamo CM, Prockop DJ. Rapid expansion of
recycling stem cells in cultures of plastic-adherent cells from human bone
marrow. Proc Natl Acad Sci U S A. 2000;97:3213–3218.
Gregory CA, Singh H, Perry AS, Prockop DJ. The Wnt signaling inhibitor dickkopf-1 is required for reentry into the cell cycle of human adult
stem cells from bone marrow. J Biol Chem. 2003;278:28067–28078.
Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD, OrtizGonzalez XR, Reyes M, Lenvik T, Lund T, Blackstad M, Du J, Aldrich
S, Lisberg A, Low WC, Largaespada DA, Verfaillie CM. Pluripotency of
mesenchymal stem cells derived from adult marrow. Nature. 2002;418:
41– 49.
Jiang Y, Vaessen B, Lenvik T, Blackstad M, Reyes M, Verfaillie CM.
Multipotent progenitor cells can be isolated from postnatal murine bone
marrow, muscle, and brain. Exp Hematol. 2002;30:896 –904.
Reyes M, Dudek A, Jahagirdar B, Koodie L, Marker PH, Verfaillie CM.
Origin of endothelial progenitors in human postnatal bone marrow. J Clin
Invest. 2002;109:337–346.
Reyes M, Lund T, Lenvik T, Aguiar D, Koodie L, Verfaillie CM.
Purification and ex vivo expansion of postnatal human marrow mesodermal progenitor cells. Blood. 2001;98:2615–2625.
Verfaillie CM, Schwartz R, Reyes M, Jiang Y. Unexpected potential of
adult stem cells. Ann N Y Acad Sci. 2003;996:231–234.
Verfaillie CM. Adult stem cells: assessing the case for pluripotency.
Trends Cell Biol. 2002;12:502–508.
Halvorsen YC, Wilkison WO, Gimble JM. Adipose-derived stromal
cells—their utility and potential in bone formation. Int J Obes Relat
Metab Disord. 2000;24:S41–S44.
Gronthos S, Franklin DM, Leddy HA, Robey PG, Storms RW, Gimble
JM. Surface protein characterization of human adipose tissue-derived
stromal cells. J Cell Physiol. 2001;189:54 – 63.
Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, Alfonso
ZC, Fraser JK, Benhaim P, Hedrick MH. Human adipose tissue is a
source of multipotent stem cells. Mol Biol Cell. 2002;13:4279 – 4295.
Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, Benhaim P,
Lorenz HP, Hedrick MH. Multilineage cells from human adipose tissue:
implications for cell-based therapies. Tissue Eng. 2001;7:211–228.
Lodie TA, Blickarz CE, Devarakonda TJ, He C, Dash AB, Clarke J,
Gleneck K, Shihabuddin L, Tubo R. Systematic analysis of reportedly
distinct populations of multipotent bone marrow-derived stem cells
reveals a lack of distinction. Tissue Eng. 2002;8:739 –751.
Phinney DG, Kopen G, Isaacson RL, Prockop DJ. Plastic adherent
stromal cells from the bone marrow of commonly used strains of inbred
mice: variations in yield, growth, and differentiation. J Cell Biochem.
1999;72:570 –585.
Phinney DG, Kopen G, Righter W, Webster S, Tremain N, Prockop DJ.
Donor variation in the growth properties and osteogenic potential of
human marrow stromal cells. J Cell Biochem. 1999;75:424 – 436.
Simmons PJ, Torok-Storb B. CD34 expression by stromal precursors in
normal human adult bone marrow. Blood. 1991;78:2848 –2853.
Gronthos S, Zannettino AC, Hay SJ, Shi S, Graves SE, Kortesidis A,
Simmons PJ. Molecular and cellular characterization of highly purified

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.
62.
63.

64.

65.

66.

67.

68.

69.

70.

MSCs and Cellular Cardiomyoplasty

19

stromal stem cells derived from human bone marrow. J Cell Sci. 2003;
116:1827–1835.
Majumdar MK, Keane-Moore M, Buyaner D, Hardy WB, Moorman MA,
McIntosh KR, Mosca JD. Characterization and functionality of cell
surface molecules on human mesenchymal stem cells. J Biomed Sci.
2003;10:228 –241.
Majumdar MK, Thiede MA, Mosca JD, Moorman M, Gerson SL. Phenotypic and functional comparison of cultures of marrow-derived mesenchymal stem cells (MSCs) and stromal cells. J Cell Physiol. 1998;176:
57– 66.
McIntosh KR, Bartholomew A. Stromal cell modulation of the immune
system: a potential role for mesenchymal stem cells. Graft. 2000;3:
324 –328.
Tse WT, Pendleton JD, Beyer WM, Egalka MC, Guinan EC. Suppression
of allogeneic T-cell proliferation by human marrow stromal cells: implications in transplantation. Transplantation. 2003;75:389 –397.
Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD,
Matteucci P, Grisanti S, Gianni AM. Human bone marrow stromal cells
suppress T-lymphocyte proliferation induced by cellular or nonspecific
mitogenic stimuli. Blood. 2002;99:3838 –3843.
Le Blanc K, Tammik L, Sundberg B, Haynesworth SE, Ringden O.
Mesenchymal stem cells inhibit and stimulate mixed lymphocyte cultures
and mitogenic responses independently of the major histocompatibility
complex. Scand J Immunol. 2003;57:11–20.
Krampera M, Glennie S, Dyson J, Scott D, Laylor R, Simpson E, Dazzi
F. Bone marrow mesenchymal stem cells inhibit the response of naive and
memory antigen-specific T cells to their cognate peptide. Blood. 2003;
101:3722–3729.
Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringden O. HLA
expression and immunologic properties of differentiated and undifferentiated mesenchymal stem cells. Exp Hematol. 2003;31:890 – 896.
Bartholomew A, Patil S, Mackay A, Nelson M, Buyaner D, Hardy W,
Mosca J, Sturgeon C, Siatskas M, Mahmud N, Ferrer K, Deans R,
Moseley A, Hoffman R, Devine SM. Baboon mesenchymal stem cells can
be genetically modified to secrete human erythropoietin in vivo. Hum
Gene Ther. 2001;12:1527–1541.
Devine SM, Cobbs C, Jennings M, Bartholomew A, Hoffman R. Mesenchymal stem cells distribute to a wide range of tissues following
systemic infusion into nonhuman primates. Blood. 2003;101:2999 –3001.
Kao RL, Chiu RC. Cellular Cardiomyoplasty: Myocardial Repair With
Cell Implantation. Austin, Tex: Landes Bioscience; 1997.
Anversa P, Nadal-Ginard B. Myocyte renewal and ventricular
remodeling. Nature. 2002;415:240 –243.
Kessler PD, Byrne BJ. Myoblast cell grafting into heart muscle: cellular
biology and potential applications. Annu Rev Physiol. 1999;61:219 –242.
Scorsin M, Hagege A, Vilquin JT, Fiszman M, Marotte F, Samuel JL,
Rappaport L, Schwartz K, Menasche P. Comparison of the effects of fetal
cardiomyocyte and skeletal myoblast transplantation on postinfarction
left ventricular function. J Thorac Cardiovasc Surg. 2000;119:
1169 –1175.
Soonpaa MH, Koh GY, Klug MG, Field LJ. Formation of nascent intercalated disks between grafted fetal cardiomyocytes and host myocardium.
Science. 1994;264:98 –101.
Murry CE, Wiseman RW, Schwartz SM, Hauschka SD. Skeletal
myoblast transplantation for repair of myocardial necrosis. J Clin Invest.
1996;98:2512–2523.
Taylor DA, Atkins BZ, Hungspreugs P, Jones TR, Reedy MC, Hutcheson
KA, Glower DD, Kraus WE. Regenerating functional myocardium:
improved performance after skeletal myoblast transplantation. Nat Med.
1998;4:929 –933.
Taylor DA. Cellular cardiomyoplasty with autologous skeletal myoblasts
for ischemic heart disease and heart failure. Curr Control Trials Cardiovasc Med. 2001;2:208 –210.
Orlic D, Kajstura J, Chimenti S, Limana F, Jakoniuk I, Quaini F, NadalGinard B, Bodine DM, Leri A, Anversa P. Mobilized bone marrow cells
repair the infarcted heart, improving function and survival. Proc Natl
Acad Sci U S A. 2001;98:10344 –10349.
Toma C, Pittenger MF, Cahill KS, Byrne BJ, Kessler PD. Human mesenchymal stem cells differentiate to a cardiomyocyte phenotype in the
adult murine heart. Circulation. 2002;105:93–98.
Tomita S, Li RK, Weisel RD, Mickle DA, Kim EJ, Sakai T, Jia ZQ.
Autologous transplantation of bone marrow cells improves damaged heart
function. Circulation. 1999;100:II247–II256.

Downloaded from http://circres.ahajournals.org/ by guest on June 3, 2014

20

Circulation Research

July 9, 2004

71. Fukuda K. Development of regenerative cardiomyocytes from mesenchymal stem cells cardiovascular tissue engineering. Artif Organs. 2001;
25:187–193.
72. Chiu RC, Zibaitis A, Kao RL. Cellular cardiomyoplasty: myocardial
regeneration with satellite cell implantation. Ann Thorac Surg. 1995;60:
12–18.
73. Campion DR. The muscle satellite cell: a review. Int Rev Cytol. 1984;
87:225–251.
74. Mosca JD, Hendricks JK, Buyaner D, Davis-Sproul J, Chuang LC,
Majumdar MK, Chopra R, Barry F, Murphy M, Thiede MA, Junker U,
Rigg RJ, Forestell SP, Bohnlein E, Storb R, Sandmaier BM. Mesenchymal stem cells as vehicles for gene delivery. Clin Orthop. 2000:
S71–90.
75. Mangi AA, Noiseux N, Kong D, He H, Rezvani M, Ingwall JS, Dzau VJ.
Mesenchymal stem cells modified with Akt prevent remodeling and
restore performance of infarcted hearts. Nat Med. 2003;10:10.
76. Deleted in proof.
77. Shake JG, Gruber PJ, Baumgartner WA, Senechal G, Meyers J, Redmond
JM, Pittenger MF, Martin BJ. Mesenchymal stem cell implantation in a
swine myocardial infarct model: engraftment and functional effects. Ann
Thorac Surg. 2002;73:1919 –1926.
78. Caparrelli DJ, Cattaneo SM, Shake JG, Flynn EC, Meyers J, Baumgartner
WA, Martin BJ. Cellular myoplasty with mesenchymal stem cells results
in improved cardiac performance in a swine model of myocardial
infarction. Circulation. 2001;104:II-599 Abstract.
79. Devine SM, Peter S, Martin BJ, Barry F, McIntosh KR. Mesenchymal
stem cells: stealth and suppression. Cancer J. 2001;7:S76 –S82.
80. Liechty KW, MacKenzie TC, Shaaban AF, Radu A, Moseley AM, Deans
R, Marshak DR, Flake AW. Human mesenchymal stem cells engraft and
demonstrate site-specific differentiation after in utero transplantation in
sheep. Nat Med. 2000;6:1282–1286.
81. Saito T, Kuang JQ, Bittira B, Al-Khaldi A, Chiu RC. Xenotransplant
cardiac chimera: immune tolerance of adult stem cells. Ann Thorac Surg.
2002;74:19 –24.
82. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R, Li T,
Witzenbichler B, Schatteman G, Isner JM. Isolation of putative progenitor
endothelial cells for angiogenesis. Science. 1997;275:964 –967.
83. Kalka C, Masuda H, Takahashi T, Kalka-Moll WM, Silver M, Kearney
M, Li T, Isner JM, Asahara T. Transplantation of ex vivo expanded
endothelial progenitor cells for therapeutic neovascularization. Proc Natl
Acad Sci U S A. 2000;97:3422–3427.
84. Al-Khaldi A, Al-Sabti H, Galipeau J, Lachapelle K. Therapeutic angiogenesis using autologous bone marrow stromal cells: improved blood
flow in a chronic limb ischemia model. Ann Thorac Surg. 2003;75:
204 –209.
85. Kocher AA, Schuster MD, Szabolcs MJ, Takuma S, Burkhoff D, Wang
J, Homma S, Edwards NM, Itescu S. Neovascularization of ischemic
myocardium by human bone-marrow-derived angioblasts prevents cardiomyocyte apoptosis, reduces remodeling and improves cardiac
function. Nat Med. 2001;7:430 – 436.

86. Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B, Pickel
J, McKay R, Nadal-Ginard B, Bodine DM, Leri A, Anversa P. Bone
marrow cells regenerate infarcted myocardium. Nature. 2001;410:
701–705.
87. Jackson KA, Majka SM, Wang H, Pocius J, Hartley CJ, Majesky MW,
Entman ML, Michael LH, Hirschi KK, Goodell MA. Regeneration of
ischemic cardiac muscle and vascular endothelium by adult stem cells.
J Clin Invest. 2001;107:1395–1402.
88. Kinnaird T, Stabile E, Burnett MS, Lee CW, Barr S, Fuchs S, Epstein SE.
Marrow-derived stromal cells express genes encoding a broad spectrum
of arteriogenic cytokines and promote in vitro and in vivo arteriogenesis
through paracrine mechanisms. Circ Res. 2004;94:678 – 685.
89. Devine SM, Bartholomew AM, Mahmud N, Nelson M, Patil S, Hardy W,
Sturgeon C, Hewett T, Chung T, Stock W, Sher D, Weissman S, Ferrer
K, Mosca J, Deans R, Moseley A, Hoffman R. Mesenchymal stem cells
are capable of homing to the bone marrow of non-human primates
following systemic infusion. Exp Hematol. 2001;29:244 –255.
90. Devine MJ, Mierisch CM, Jang E, Anderson PC, Balian G. Transplanted
bone marrow cells localize to fracture callus in a mouse model. J Orthop
Res. 2002;20:1232–1239.
91. Wang L, Li Y, Chen J, Gautam SC, Zhang Z, Lu M, Chopp M. Ischemic
cerebral tissue and MCP-1 enhance rat bone marrow stromal cell
migration in interface culture. Exp Hematol. 2002;30:831– 836.
92. Price MJ, Frantzen M, Kar S, McClean D, Gou G, Shah PK, Martin BJ,
Makkar RR. Intravenous allogeneic mesenchymal stem cells home to
myocardial injury and reduce left ventricular remodeling in a porcine
balloon occlusion-reperfusion model of myocardial infarction. J Am Coll
Card. 2003;41:269A.
93. Martin BJ, Meyers J, Kuang J-K, Smith A. Allogeneic mesenchymal stem
cell engraftment in the infarcted rat myocardium: timing and delivery
route. Bone Marrow Transplant. 2002;29:S144 Abstract.
94. Sorger JM, Despres D, Hill J, Schimel D, Martin BJ, McVeigh ER. MRI
tracking of intravenous magnetically labeled mesenchymal stem cells
following myocardial infarction in rats. Circulation. 2002;106:2–16.
95. Rombouts WJ, Ploemacher RE. Primary murine MSC show highly
efficient homing to the bone marrow but lose homing ability following
culture. Leukemia. 2003;17:160 –170.
96. Barbash IM, Chouraqui P, Baron J, Feinberg MS, Etzion S, Tessone A,
Miller L, Guetta E, Zipori D, Kedes LH, Kloner RA, Leor J. Systemic
delivery of bone marrow-derived mesenchymal stem cells to the infarcted
myocardium: feasibility, cell migration, and body distribution. Circulation. 2003;108:863– 868.
97. Kraitchman DL, Heldman AW, Atalar E, Amado LC, Martin BJ,
Pittenger MF, Hare JM, Bulte JW. In vivo magnetic resonance imaging of
mesenchymal stem cells in myocardial infarction. Circulation. 2003;107:
2290 –2293.
98. Hill JM, Dick AJ, Raman VK, Thompson RB, Yu ZX, Hinds KA,
Pessanha BS, Guttman MA, Varney TR, Martin BJ, Dunbar CE,
McVeigh ER, Lederman RJ. Serial cardiac magnetic resonance imaging
of injected mesenchymal stem cells. Circulation. 2003;108:1009 –1014.

Downloaded from http://circres.ahajournals.org/ by guest on June 3, 2014

