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Abstract
Mesenchymal stem cells (MSCs) are CD34 and CD45 negative, non haematopoietic stem/progenitor cells

which are derived from the stromal fraction of bone marrow. As with other stem/progenitor cell subsets, the

exact phenotype remains controversial. However they are characterised by adherence to tissue culture

plastic without the requirement for a specialist substrate. Furthermore there are multiple surface antigens,

such as adhesion molecules or integrins, which have been variously attributed to the MSC fraction and lead

to further heterogeneity in their description. An operational definition has emerged that defines the MSC as

a pluripotent cell with a differentiation capacity along with retaining multiple mesodermal lineages. Pre-clin-

ical studies have indicated the benefit of both autologous and allogeneic transplantation in models of

myocardial injury. A recently reported clinical study has suggested early safety of allogeneic cells in patients

with acute myocardial infarction.
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Introduction
Repair or regeneration of damaged myocardium represents a major

challenge in the treatment of cardiovascular disease. Stem cell

transplantation is being widely investigated as a potential therapy for

cell death related heart diseases. Three distinct goals are required:

first, regeneration with replacement of the myocyte loss; second,

neovascularisation with restoration of blood supply; and third, atten-

uation of left ventricle (LV) remodelling. This is an ambitious goal,

and several cell types are being tested. However, mesenchymal

stem cells (MSCs) appear to demonstrate characteristics, such as

homing capacity to myocardial injury, differentiation potential and

immunological privilege, which may confer specific advantages over

other stem/progenitor populations and make them the ideal cell 

for regenerative therapies. 

Biology of mesenchymal stem cells
Bone marrow includes three distinct cell systems: haematopoietic,

endothelial, and stromal. The stromal compartment supports the

structure of the bone marrow, is responsible for the bone

homoeostasis and contains a variety of cells including mesenchy-

mal stem cells (MSCs). Like other stem cells, these MSCs are part

of the nucleated cells and can be isolated from the Ficoll-gradient-

isolated mononuclear fraction1-5. They are very rare, occurring at 

a frequency of ~ 1 cell per 104 nucleated cell, lack of a single com-

mon marker and are typically identified from the combination of

morphological, phenotypic and functional properties. Current litera-

ture defines MSCs as spindle-like, CD34 and CD 45 negative stem

cells which are able to adhere onto collagen-coated polysterene and

which retain the capability to expand in the culture. They express

also numerous surfaces as antigens such as adhesion molecules or

integrins (Table 1). However there is not yet a widely accepted def-

inition of MSCs. MSCs were originally described as having the SH2

and SH3 antibodies which are now classified as CD105 and CD73

respectively These markers were further extended to the presence

of CD29, CD44 and CD90. Nevertheless, many groups contend that

antigen expression alone is insufficient to distinguish MSCs from

other populations. Note, the MSCs retain in vitro ability to express

markers of the cells of mesodermal lineage, as well as neurons and

astrocytes in response to growth factor stimulation.

A key characteristic which has recently been exploited in an early

phase clinical trial is that MSCs appear to be immunologically priv-

ileged with MHC class I molecules but very low expression of MHC

class II molecules in resting conditions. Interestingly though these

MHC class molecules may be induced in response to growth 

factors, they do not interact with T cells presumably due to absence 

of the B-7 costimulatory molecules required for the e cellular

immune response6.

Several investigators identified additional subpopulations carrying

these main features of the MSCs, but yet being distinct from each

other either because of multiple combinations of cell surface mark-

er expression or due to various differentiation potential. For

instance, Sca-1, c-kit, CD49a and STRO-1 antibodies have been

used to isolate near homogeneous populations of mesenchymal

stem cells7,8. However, the MSCs isolated using these antibodies

differ from each other in their cardiogenic capacity, self-renewal

ability, telomerase activity, and cell morphology. More recently,

another subtype of the MSCs has been described having a wider

transdifferation capacity; these so called multipotent adult progeni-

tor cells (MAPCs)9 have been shown by some groups to retain both

endothelial and cardiomyogenic potential. Other similar popula-

tions, include recently described human bone marrow-derived mul-

tipotent stem cells10 and marrow isolated adult multilineage

inducible (MIAMI) stem cells11. These cell types merit further inves-

tigation assuming that consensus can be reached in the further

standardisation of the isolation procedure and documentation 

of their cardiac regenerative potential.

Encouraging potential of MSC for cardiac
repair: overview of pre-clinical and clinical
applications
The ability of MSCs to differentiate into various cell types and to

simultaneously secrete a number of growth factors makes them

attractive for cellular therapy. Hypothetically, they may act in a dual

way, affecting both cellular and trophic processes involved in the

regenerative attempts4. While they may be used in the autologous

cell transplantation, their comparative immune privilege makes

them attractive from the perspective of the “off-the-shelf” use for

broad clinical applications3,12. 

Preclinical studies have demonstrated that MSCs can differentiate

at low frequencies into putative cardiac myocytes with the develop-

ment of striated cells expressing a variety of cardiac specific mark-

ers13. However, this process appeared to occur at very low frequen-

cies. Several studies have also demonstrated the beneficial effects

of MSCs in experimental myocardial infarction (Table 2). In the rat

or swine model of myocardial ischaemia/reperfusion injury, allo-

geneic mesenchymal bone marrow cells appeared to contribute 

to the neovascularisation and myogenesis, improving function at

30 days post infarction14-16. However, this effect led only temporari-

ly into an improved cardiac performance, and most of the animals

subsequently died from pump failure16. Furthermore, in a dog

model of myocardial infarction, catheter based injection of the same

cells led to a functional improvement parallel to increased capillary

density despite absence of cardiac markers in the labelled cells17.

Table 1. Main phenotypic features of mesenchymal stem cells.

Morphological and physical:

Spindle-like shape and plastic adherence

Cell Surface Markers:

Haematopoietic markers: CD34neg, CD45neg, CD14neg, CD31neg

Adhesion Molecules: CD29pos, CD44pos, CD54pos, CD56pos, CD73pos,
CD105pos, CD106pos

Integrins: CD49pos, CD61pos, CD104pos

Growth factors and cytokines: CD121pos, CD123pos, CD124pos,
CD126pos, CD140apos, CDw119pos, CD71pos, CD120pos

Leukocyte common antigens: CD80neg, CD3neg,CD86neg, no MHC
class II antigens

Functional:

Multilineage differential potential: osteogenic, cartilage, fibroblas-
tic, adipocyte, muscle, neuronal
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Similar beneficial effects were observed in a pig study of acute ante-

rior myocardial infarction, where MSC transfer resulted in improved

regional and global LV function and reduced infarction size18. From

the perspective of allogeneic use, it is also interesting to note that

intravenous delivery of allogeneic cells immediately after reperfu-

sion was associated with homing and long-term survival in the

reperfused injured rat myocardium19, but that these findings were

not reproduced in a large animal model of myocardial infarction in

swine treated with allogeneic cells (J. Hill, unpublished data). 

Nonetheless MSCs have entered the clinical arena. One of the first

studies looked at the effects of autologous MSCs was studied in a

small placebo-controlled randomised study of patients with acute

Table 2. Pre-clinical and clinical cardiovascular studies with autologous and allogeneic bone-marrow derived MSCs.

Reference Study Disease/ Source/ Number/
population Model Timing Delivery Outcome of the treatment

Dai W Rat Myocardial infarction Allogeneic, N= 2x106, Muscle specific markers in the injected cells.
coronary ligation 1 week post MI Surgical myocardial Transient functional improvement.

injection 

Wang J Rat (n=12) Myocardial infarction Autologous, intracoronary Fibroblastic phenotype in the myocardial scar, 
coronary ligation Lac-labelled, myocyte phenotype in the normal myocardium.

2 weeks post MI No functional data.

Shake JG Pig (n=7 vs Reperfused MI Autologous, N=6x107, Muscle specific protein in the injected cells.
n=5 placebo) (60 min occlusion/ DiI-labelled, Surgical myocardial Improved regional wall thickening at 4 weeks. 

60 min reperfusion) 2 weeks post MI injection Progression to failure in all animals at 6-8 weeks.

Silva GV Dog (n=6 vs Myocardial infarction Allogeneic, N=100x106, Reduced fibrosis and greater vascular density, 
n=6 placebo) (ameroid constriction) DiI-labelled, Surgical myocardial co-localisation in endothelial and smooth 

30 days post MI injection muscle cells.
No cardiac markers in injected cells.
Improved LV ejection fraction at rest 
and during stress at 30m days post injection.

Amado LC Pig (n=7 Reperfused MI Allogeneic, N=2.0x108, Positive cardiac, vascular and smooth 
vs n=7 placebo (60 min occlusion/ DiI or magnetic Endoventricular muscle markers.

60 min reperfusion) labelling, injection Reduced infarct size.
3 days post MI Improved regional and global LV function.

Bartunek J Dog (n=7 Myocardial infarction Autologous, pretreated N=147±96x106 Higher proportion of positive cardiac markers 
pretreated vs (coronary ligation) with biological factors surgical myocardial in pretreated vs nonmodified cells.
n=5 nonmodified) DiI-labelled, injections Improved regional function in pretreated cells.

> 8 weeks post MI

Yoon YS Rats (n=16 vs Myocardial infarction Autologous, 7x105, surgical  Calcifications after injection of unselected, 
n=16 control and (coronary ligation) immediately myocardial filtered bone marrow cells.
n=16 multipotent after infarction injections
stem cells)

Tomita S Pig (n=5 vs Myocardial infarction Autologous, pretreated 100x106, Positive cardiac and vascular endothelial markers 
n=6 control) (coil) with 5-azacytidine surgical myocardial in pretreated cells.

BdU labelled injection Improved regional and global LV function.
4 weeks post MI

Mangi AA Rat (n=8/group Myocardial infarction Akt1-modified, 5x106, surgical Reduced infarction size and fibrosis.
vs control and autologous-gender myocardial injection No cardiac differentiation. Improved LV function 
non-modified cells gender mismatch in the dose dependent manner.

1 hour post MI Improved LV fucntion in the dose-dependent
manner in AKT-modified MSCs

Vulliet PR Dog (n-6) Healthy Autologous MSCs 0.5x106/kg, Acute ischaemia
coronary Macroscopic and microscopic myocardial infarctions.

Chen SL Human (n=69) STEMI Autologous MSCs 4.8-6.0x1010 Improved regional and global LV function
intracoronary Improved myocardial metabolism.

Katritsis DG Human (n=11 vs STEMI, anterior Autologous MSC 2-4x106 Improved regional and global LV function.
control group, treated with PCI and EPC, coronary (stop and Improved perfusion and inotropic reserve.
no placebo) Culture expanded flow infusion)

7 days post MI

Hare JM Human STEMI Allogeneic, MSCs Dose-escalating No immunologic reaction.
(ACC 2007) N=39 vs n=19, Intravenous infusion study No increase in arythomegeinc potential

placebo within 10 days post MI 0.5x106/kg Improved LV ejection fraction (anterior MI).
1.6x106/kg
5.0x106/kg
intraveneous
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myocardial infarction20. In this study, the culture expanded MSCs

were extracted from the patient’s bone marrow and expanded then

re-injected ~ 18 days after reperfusion via intracoronary route. The

MSCs injection led to a substantial improvement in LV function and

reduction of infarction size at 3 months, which persisted 6 months

later. These preliminary findings, taken together with preferential

homing to sites of injury and the unique immunologic features of

MSCs have facilitated the rapid translation from these small scale ani-

mal studies placing us firmly into the clinical arena. Indeed such a

study has recently been reported from the US which appears to have

achieved its early primary objective of establishing the safety of the

allogeneic MSCs in a clinical setting. The randomised, placebo-con-

trolled trial, reported by Joshua Hare at the 2007 American College of

Cardiology meeting included 53 patients, 34 of whom were infused

with allogeneic MSCs intravenously within 10 days of an acute

myocardial infarction, with 10 receiving placebo injection. There was

a dose escalation component to this trial with three doses studied: 0.5

million, 1.5 million and 5 million cells/kg, each dose matched with the

placebo. Early data suggested that allogeneic MSCs were neither

associated with a higher incidence of adverse events, nor were any

acute immunologic reactions observed. In contrast, there was provi-

sional evidence of improved ejection fraction, more evident in anteri-

or MI patients, although the study is underpowered to show this with

subset analysis. These results seem to justify further study using the

allogeneic MSCs, with the primary objective being to establish the effi-

cacy on the surrogate endpoints together with broader safety data

with regard to the allogeneic nature of the MSCs.

Controversies and future directions
Despite the attractive biological features of the MSCs and some pos-

itive experimental data as well as early promise in clinical trials,

many controversies remain. Firstly, more insights are needed into

the kinetics of coronary or systemic delivery to support this

approach in the clinical setting. The recently reported clinical study

has presented no evidence that intravenously delivered cells actu-

ally home to the area of myocardial infarction. In fact, MSCs follow-

ing trypsinisation from tissue culture plastic typically have a larger

size than mononuclear cell types and their coronary transfer has

been associated with an additional risk upon myocardial necrosis in

a dog model of myocardial infarction21. Likewise, systemic delivery

could presumably result in lung entrapment of these cells with yet

unknown biological or functional pneumological effects. However in

the NIH and Osiris conducted safety studies, there were no delete-

rious effects seen with multiple doses of intravenously delivered

allogeneic MSCs in swine, with respect to acute changes in oxygen

saturation or inducible arrhythmia (J. Hill, unpublished).

Secondly, there are several studies which resulted in controversial

myocardial effects. They suggest that the injection of unmodified

stem cells into the infarcted myocardium may be associated with

other than the myocardial phenotypisation of these injected cells,

leading to increased fibroblast formation or intramyocardial calcifi-

cations22-24. This may be related to differences in study design,

experimental models or in the method of cell derivation. In this

regard, it is worthy to note that in most of the studies that reported

positive functional effects, cells were injected in the acute or suba-

cute phase of the myocardial infarction. Such observations are also

important from the perspectives of controversy regarding the ability

of bone marrow progenitors to transdifferentiate in vivo into car-

diomyocyte-like cells, likely given by the absence of appropriate

inductive stimuli to recapitulate signalling necessary for cardiomyo-

genic specification in the chronically infarcted myocardium25,26.

This led to the suggestion that alternative strategies involving coax-

ing the cells toward the cardiac lineage, or by addressing critical

molecular pathways of cardiac differentiation, should be investigat-

ed27-30. Earlier, the strategy of ex vivo pre-transplantational car-

diomyogenic specification was attempted with 5-azacytidine31,32.

However, 5’-azacytidine as an inductive chemical compound is not

suitable for clinical application due to its non specific epigenetic

action. In contrast, cardiomyogenic differentiation potential in vitro
was recently demonstrated by Li and colleagues by co-culturing

MSCs with isolated neonatal cardiac myocytes33. Their findings sup-

port the concept that mimicking the cardiac micro-environment, in

a manner similar to cardiac embryogenesis, might be a valid strat-

egy to steer adult MSCs into the designated cardiac signalling, and

to potentiate the functional effects after implantation into the injured

myocardium25,27. This hypothesis is corroborated by our recent

observations of superior biological and functional effects upon 

cardiac regeneration of chronically infarcted myocardium after

myocardial injections of pre-specified MSCs as compared to

Figure 1. Bone marrow mesenchymal cells in culture. Upper panel:
light microscopy; lower panel: cell labelled with GFP.
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unmodified cells34. Obviously, this concept requires further testing,

including the need for further characterisation of the optimal growth

factor cocktail, optimisation of the proliferative potential of the primed

cells, their extent of differentiation and/or paracrine effects, and bet-

ter cell survival. In these efforts, strategies including the biomechani-

cal stimuli and biomedical engineering using various matrices in con-

trolled conditions should be explored. Finally, it is also interesting to

elaborate on the attractive hypothesis of Hare and colleagues, linking

the exogenous cell delivery with endogenous cell tissue repair35. The

Hare hypothesis, or the new “new paradigm”, is based on the

assumption that the existing stem cell niche within the heart, i.e. car-

diac residing stem cells, may be potentiated by exogenously delivered

cells Exogenous cells may provide a new matrix for residing cells, and

lead to multiple paracrine-mediated effects on survival, potentially dif-

ferentiation and perfusion. It is possible that this mechanism is oper-

ational and may explain functional effects, despite the minimal cell

survival and limited degree of cell differentiation. 

In summary, the biological characteristics and unique properties 

of bone marrow-derived MSCs make them highly attractive for 

cardiac stem/progenitor therapies. In particular, the accumulated

pre-clinical evidence appearing in some laboratories demonstrates

their potential for attenuation of the negative cardiac remodelling

that occurs post myocardial infarction. Ongoing clinical trials should

establish both the long term safety and clinical efficacy of allogene-

ic MSCs in patients with recent myocardial infarction. Furthermore,

novel strategies aimed at optimisation of myocardial effects in 

the setting of the chronic myocardial infraction should be explored.
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