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An age of discovery. As a Spanish explorer, Juan Ponce de Leon (1460-1521) arrived in America with 
Columbus on his second voyage in 1493. Ponce de Leon later conquered and became governor of 
Puerto Rico. According to the legend, the natives of Puerto Rico told the explorers that in Bimini, a land 
to the north, there was a river, spring or fountain where waters had such miraculous curative powers that 
any elderly person who bathed in them would regain their youth. This legend was not new as Alexander 
the Great supposedly searched for such waters in eastern Asia and similarly the Polynesians searched for 
the fountain of perpetual youth in Hawaii. Equipped with three ships, Ponce de Leon set out in search of 
the fountain of youth and on April2, 1513 he landed on the eastern coast of present day Florida (Figure 
1 ). Either because the discovery was made during the Easter season or because the coast was lined with 
flowering magnolia trees he named the country, La Florida (feast of flowers). Despite his searches, 
Ponce de Leon never found the fountain of youth or secured his immortal youth but he secured 
recognition as the discoverer of Florida. 

Figure 1. Ponce de Leon's search for the Fountain of Youth. 

Today the search for the "fountain of youth" continues and the navigational course includes multiple 
products directed toward the aging population and those with chronic diseases. 

Advanced heart failure is a deadly disorder. Nearly 5 million Americans currently have heart failure 
with more than 250,000 new cases diagnosed each year in this country (1-3). This disease is costly as it 
captures more than 250,000 lives each year and accounts for more than a $30 billion dollar annual 
expenditure for our society (1,3). Pharmacological therapies have decreased the morbidity/mortality 
associated with this disease but the only definitive therapy for advanced heart failure remains orthotopic 
heart transplantation (Figure 2). 
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Figure 2. Current and emerging therapies for the treatment of advanced heart failure. 

Inadequate organ availability remains the major factor that limits the number of cardiac transplantation 
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procedures performed each year (1-3). For example, 2,200 
- 2,500 heart transplant procedures are performed each 
year, but estimates suggest that more than 60,000 patients 
would benefit from the procedure each year (1,3). 
Therefore, there is a disparity between those patients that 
need such a lifesaving procedure and those that receive 
such a procedure. At UT Southwestern Medical Center we 
have performed 308 orthotopic heart transplants with one, 
five and ten year survival rates of 91%, 81% and 67%, 
respectively (Figure 3). 

Figure 3. Orthotopic heart transplant survivaL 
UTSW /University Hospital vs. the Cardiac Transplant 
Research Database (CTRD) (n = 7,283). 
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Additionally, we utilize mechanical devices as a bridge to transplantation (42 left ventricular assist 
devices have been implanted at our center) and we have recently been designated a Medicare approved 
site for left ventricular assist device (LV AD) destination therapy. Our center was one of 20 institutions 
that participated in the REMATCH Trial that examined the utility of the LV AD as a permanent form 
(i.e. destination therapy) of circulatory support (Figure 4C). We currently follow 212 post-transplant 
recipients in our outpatient transplant clinic. 
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Figure 4. Utilization of a Left Ventricular Assist Device (LV AD) in advanced heart failure. (A) A schematic outlining the 
placement of the LV AD with the inflow cannula inserted into the apex of the LV and the outflow cannula anastomosed to the 
ascending aorta. (B) Middle panel reveals the percentage of patients supported with an LV AD as a bridge to transplant. (C) 
Survival of patients with LV AD vs. medical therapy (REMATCH Trial) (references 4-6). 

Limited availability of donor organs for use in orthotopic heart transplantation has prompted the 
examination of alternative therapies including stem cell based therapies. We will review the current 
knowledge of regenerative models, stem cell populations and introduce recent studies focused on 
resident and extracardiac stem cells and their applications for the treatment of advanced heart failure. 

b 

fl fl 

f It n 
!;oily Wl M<o;lum bod U><• t.W 

)) )) 
""'""' EID!<lit~E<&n!lallofl flooen • """ 

Champions of regeneration. In most vertebrates, the 
regenerative capacity is limited to few tissues including skin, 
bone, skeletal muscle, hematopoietic or liver. Regeneration of 
these tissues largely recapitulate the embryonic differentiation 
from multipotential stem cells. In skeletal muscle, a 
subpopulation of stem cells are established during embryogenesis 
for use during postnatal growth and regeneration. The titans or 
champions of tissue regeneration include amphibians (salamander 
or newt) that are capable of limb, tail, jaw, retina and heart 
regeneration (Figure 5) (7-9). This regenerative capacity involves 
the formation of a local growth zone or blastema of 
undifferentiated cells (7-9). It is unclear whether blastema 
formation involves cellular dedifferentiation, the activation of 
quiescent stem cells or both processes. Nevertheless, discrete 
cellular mechanisms result in restoration of a complete body plan. 

Figure 5. Urodele (newts & salamanders) limb regeneration. a) The red 
spotted newt. b) Stages oflimb regeneration in the newt (reference 7). 
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Zebrafish (Dania rerio) a teleost fish is a well-described genetic model that has been utilized extensively 
by developmental biologists (Figure 6). The zebrafish is also capable of regenerating multiple structures 
including fins, scales, heart and spinal cord (10-11). Comparable to the amphibian models, the hallmark 
of fin or cardiac regeneration is the formation of a blastema (Figure 6C-6E) (11). Unlike the amphibian 
models, the zebrafish regenerative model is amenable to future genetic screens to identifY a regenerative 
molecular program. 
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Figure 6. Stages of fin regeneration in zebrafish. A) The adult zebrafish is approximately 3 em in length and has 5 
different fms all capable of regeneration. B) The caudal (ca) fm is capable of regeneration within approximately 10-14 days . 
(C-E) Discrete stages offm regeneration (hpa, hours post-amputation) are dependent on the formation of the blastema (11). 
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Regeneration of the injured adult mouse heart Wound repair in most vertebrate organs is dominated 
by a fibroproliferative response that produces a fibrotic scar. By contrast the MRL/MpJ (MRL) mouse 
strain is capable of ear hole closure with minimal scar formation (12). The ear hole closure is 
considered to be a result of regeneration and not wound repair because there is the replacement of 
multiple tissues (i.e. skin, hair follicles, cartilage, sebaceous glands, skeletal muscle, etc.) and there is 
complete healing. This reparative process has been associated with the formation of a blastema-like 
structure (a mass of mesenchymal cells from which new tissue is differentiated) and increased 
vascularization (12). Recent studies suggest that other tissues in the adult MRL mouse may be capable 
of regeneration including the heart (12,13). Studies undertaken in our laboratory verify the regenerative 
capacity of ear hole closure in the MRL adult mouse (Figure 7 A-7D). In addition, restoration of 
myocardial function is observed in either the ischemic or cryoinjured MRL mouse heart with decreased 
scar formation and evidence of myocardiocyte proliferation two months following injury. Moreover, 
BrdU positive cardiomyocytes are evident in the MRL heart 2 months following myocardial injury 
suggesting that proliferating stem cells participate in myocardial regeneration. In contrast, the C57BL/6 
control mice have persistent myocardial left ventricular dysfunction and evidence of fibrosis (i.e. scar 
formation) (7E and 7G). Future studies will focus on the definition of the molecular program associated 
with myocardial regeneration in the zebrafish and mouse models. 

Figure 7. Earhole closure and myocardial 
regeneration in the injured MRL adult mouse. 
(A-D) MRL mice are capable of ear hole closure 
(regeneration) within a 1-month period in contrast 
to the C57BL/6 mouse, which are not capable of 
ear hole closure (D). Two months following a 
myocardial cryoinjury, a fibrotic scar is evident in 
the C57BL/6 mouse (E and G) but only a highly 
vascular blastema-like region is evident in the 
MRL mouse (F and H). 

The regenerative response in these animal models is most likely due to either re-entry of cardiomyocytes 
to the cell cycle or activation of stem cell populations. Two distinct stem cell populations include 
embryonic and somatic (adult) stem cells. 

Embryonic stem cells. Stem cells are characterized by an unlimited proliferative potential, the ability 
for self-renewal and the capacity to contribute to multiple lineages (multipotency) (14,15). In 
mammalian systems, total multipotency (totipotency) is limited to the fertilized egg and to the daughter 
cells of the first few cleavage divisions following fertilization. The embryonic stem (ES) cell represents 
a pluripotent stem cell that has contributed to our understanding of human disease and stem cell biology. 

In 1981, embryonic stem cells were first isolated from the inner cell mass of the 3.5 day mouse 
blastocyst (16,17). The inner cell mass of the blastocyst contributes to the embryo proper and consists 
of a transient, pluripotent pool of cells, which are capable of generating derivatives of all three germ 
layers (endoderm, mesoderm and ectoderm). The genesis of an immortalized pool of embryonic stem 
cells that maintain a normal karyotype was possible following the culture of the inner cell mass in the 
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presence of leukemia inhibitory factor (LIF) (14,15,18). Under normal conditions, ES cells are co
cultured with a mitotically inactive (i.e. gamma irradiated) feeder cell layer (primary mouse embryonic 
fibroblasts or STO fibroblasts) (18,19). These feeder cell layers provide growth factors and chemokines 
such as LIF, which maintain the ES cells in an undifferentiated, proliferative state. Early studies 
established that the embryonic stem cells had an unlimited proliferative capacity and were pluripotent 
but not totipotent as they contributed to the trophectoderm or primitive endoderm lineages only at very 
low frequencies following injection into host blastocysts (20). The pluripotency of the ES cell allowed 
for the generation of animals homozygous for specific genetic disruptions (i.e. the generation of 
knockout mice). Homologous recombination to selectively mutate a gene locus in embryonic stem cells 
was first described in 1987 (21-23). Subsequently, manipulated (i.e. targeted) ES cells were injected 
into blastocysts to ultimately yield animals bearing germline mutations capable of transmission to their 
progeny. 

Chimeric mouae WhRe mouse blastocyst 

Figure 8. Derivation of ES cells and use for gene disruption strategies (gene knockout) (63). 

Human embryonic stem cells. The isolation, characterization and use of murine embryonic stem cells 
to produce targeted gene disruption and ultimately mutant (knockout) mice provided much of the 
technology for the isolation of human embryonic stem (HES) cells in 1998 (24). Since then 
approximately 72 cell lines have been generated for research and therapeutic applications that meet the 
eligibility criteria for federal funding as outlined in the HES Cell Registry (http://escr.nih.gov) (Figure 
9). HES cells, like their murine counterparts, have an unlimited proliferative capacity in vitro with 
retention of a normal karyotype, have high telomerase activity and are capable of forming derivatives of 
all three embryonic germ layers when injected into immunologically deficient (SCID) mice (24). 
Furthermore, homologous recombination of selected genes and sustained transgene expression using 
lentiviral vectors have been successfully undertaken using HES (25,26). Most HES cell lines have been 
propagated on non-human feeder layers limiting their use for therapeutic applications due to the risk of 
zoonosis (infections transmitted from non-human species to humans). Recently, Richards et al., 
reported that the use of human fetal fibroblast feeders for the propagation of HES cells resulted in 
persistent proliferation and retention of the pluripotency and genetic stability (19,27). While these 
advances promote enthusiasm for cell transfer strategies, further studies are necessary to 
comprehensively characterize the plasticity and the molecular signature of the HES cells and fully define 
the similarities and differences compared to murine ES cells. 
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STEM CELL RESEARCH: WHAT THE U.S. WILL PAY FOR 
The National Institutes of Health has reported 72 Unes that may be available for 
federally financed res&arch. President Bush has said that the govemment will 
linanoo research on existing lines, but not new ones. 

LOCATION 
Gotenborg, Sweden 

San Diego 
Menlo Park. Csllf. 
Bombay 
Melbourne, Austraua 
Stookholm 
Madison, Wis. 
Haifa, Israel 
Athens, Ga. 
Bangalore, India 
San Francisco 

INSTITUTION STIOM CELL LINES 

Gotenborg Universlty • • • • • • • • • • 

••••••••• 
CyThere Inc. • e • • e e • • • 
Geron Corporation • • • • • e e 
Reliance Ute Sciences • • e • • • • 
ES Celllntemational • • • • • • 
Karolinska Institute • • • • • • 
Wisconsin Alumni Research Foundation • • e e e 
Teclmlcon University • • • • 
BresaGen, Inc. • • • • 
National Carner for Biological Sciences • • • 
Universlty of Calffomla • • 

Figure 9. Availability of Human Embryonic Stem Cell Lines {as outlined in the HES Cell Registry (http://escr.nih.gov)j. 

Adult (somatic) stem cells for the maintenance and regeneration of tissues. While diversification of 
cell types is largely complete at or shortly after birth, many tissues in the adult undergo self-renewal in 
response to normal use or acute injury and, accordingly, must establish a lifelong population of somatic 
stem cells for the maintenance and regeneration of tissues (14,15,19,28). A number of somatic tissue
specific stem cells have been identified including myogenic (satellite stem cells), epidermal (crypt or 
intestinal), neuronal (nestin-positive cells), hepatic (oval cells) and hematopoietic stem cells 
(14,15,19,28,29). In contrast toES cells, these tissue-specific stem cells often exhibit pronounced, but 
not unlimited, proliferative capability and an ill-defined multilineage potential (Figure 10). 
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Figure 10. Schematic highlighting similarities and differences of embryonic and somatic (adult) stem cell populations 
(19). 
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The most intensely studied adult somatic stem is the hematopoietic stem cell (HSC). The molecular 
pathways that regulate hematopoietic self-renewal and differentiation have been elegantly and 
extensively characterized (15,30). These studies have defined the molecular distinctions between HSCs, 
their progeny, and their progenitors, and have identified the varied growth factors, extracellular matrix 
ligands, transcriptional regulators, and cell surface proteins necessary for HSCs to interact within their 
niches for correct differentiation. Several key features of hematopoietic stem cell regulation may be 
instructive for the general study of somatic stem cells. First, is the linear restriction model of stem cell 
differentiation (15,30). In this model, a pluripotent stem cell exhibiting transcriptional and phenotypic 
promiscuity becomes sequentially restricted to a particular fate through the hierarchical activity of 
specific cytokines and the activation of lineage-specific transcriptional regulators (Figure 11 ). Other 
somatic stem cell types follow this basic model during ontogeny. 

Long-term stem cells 

Short-term stem cells 

Multipotent progenitors 

Oligolineage progenitors 

Differentiated Progeny 

Figure 11. Paradigm for hematopoietic stem cell and 
progenitor cell lineages. Hematopoietic stem cells are 
capable of self-renewal and differentiation but differ in the 
duration of their lifespan (long-term or long-lived vs. short
term or short-lived) as well as their multipotency (long-term 
stem cells are able to reconstitute the entire organism vs. 
oligolineage or unilineage progenitor cells that are more 
limited in their potential) (15). 

A second feature of HSC regulation that may have broad application to stem cell biology is the 
importance of the interaction between stem cells and their environment, or niche (Figure 12). In other 
stem cell populations, several publications describe studies in which stem cells isolated from an adult 
organ and then incorporated into blastocysts or injected into irradiated adult animals were able to 
contribute to multiple lineages in vivo, including lineages derived from a different embryonic germ layer 
than the donor cell (31-39). These studies underscore the importance of milieu in determining stem cell 
fate. A striking example of this type of study is described by Clarke et al., in which lacZ-expressing 
neural stem cells derived from the adult brain of Rosa26 mice were found to contribute to derivatives of 
all three germ layers in chimeric mouse embryos (34). Although the number of embryos containing 
lacZ-positive cells was low (12% for blastocyst injection of cells), the number of tissues displaying 
chimerism in positive embryos was extensive, including the heart, somites, mesonephric mesenchyme, 
and the gastrointestinal tract epithelium (34). The applicability of this type of strategy to human disease 
has been tested in several mouse models. One such study demonstrated the potential of HSCs to 
contribute to cardiac repair and functional recovery in a model of myocardial infarction (Figure 12) (38). 
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Figure 12. Potential plasticity of somatic (adult) stem cells. Many adult tissues have a resident stem cell population that 
function in maintenance and regeneration of the respective tissues. Recent studies suggest that these adult stem cells may be 
multipotential when exposed to a permissive environment (reference 63). 

These and other cell transfer studies present evidence for differentiation of adult somatic stem cell into 
cell types of varied lineages, presumably in response to environmental cues or by having the capacity for 
dedifferentiation (Figure 12) (40). Several caveats should be mentioned in interpreting this data, 
however. Two recent studies demonstrated the potential for cell fusion between adult stem cells (HSCs, 
neural stem cells) andES cells under certain culture conditions (41,42). While the possibility of such 
fusion events occurring in vivo is unlikely, these results do raise concerns regarding systems in which 
cells are co-cultured prior to injection into host animals. Additionally, many in the field have called for 
more stringent defmitions of donor cell populations and for rigorous functional assessment of engrafted 
cells in order to more clearly assess cell transfer results (43). Adding to the controversy regarding the 
results of cell transfer studies are the apparent contradictions between studies that use slightly different 
methods to explore the same biological question ( 44,45). Conflicting results may be explained by slight 
methodological differences that affect both the state of the host niche (the age of animals used or the 
presence of injury) and the transcriptional accessibility of the donor cell (the criteria used for stem cell 
isolation). One possible model to reconcile the lineage restriction of adult somatic stem cells with 
apparent trans lineage potential demonstrated in vivo would invoke the presence of subpopulations within 
the adult stem cell compartment that are inherently more transcriptionally accessible or niche-responsive 
than the parent population. A candidate cell population with this type of activity is the SP cell. 

Preliminary evidence suggests that the adult heart is capable of repair and limited regeneration. 
Virtually all somatic postnatal tissues have a resident stem cell population that function in the 
maintenance and regeneration of the respective tissues (14,15,28). Unlike these postnatal tissues, no 
such stem cell population has been previously identified in the heart. Due to the absence of a defmed 
cardiac stem cell population and the progression of heart failure, the accepted paradigm predicted that 
the heart (unlike all other tissues) is incapable of regeneration. Less than a decade ago, the dogma was 
that the brain and spinal cord were also incapable of repair or regeneration. Therefore, prior therapies 
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for degenerative neuronal disorders were directed toward limiting the degree of damage. Within the past 
several years neural stem cells have been successfully isolated from the adult brain and have been shown 
to participate in neurogenesis following injury (29,33,34,43). Despite the presence of this well 
documented neural stem cell population in the adult brain, the endogenous repair response is inadequate 
for replacing lost function. Therefore, present efforts are directed toward the promotion or mobilization 
of resident neural stem cells to participate in the repair process following a neural injury or insult. We 
hypothesize that the postnatal heart (like the brain) has a resident stem cell population that is capable of 
limited repair but may be inadequate for complete restitution of function following a severe injury. 

Using a mouse model with a labeled bone marrow (SP cells isolated from the ROSA26 mouse, which 
constitutively express P-galactosidase, were subsequently engrafted in a lethally irradiated mouse), 
Jackson et al. reported that bone marrow stem cells were able to participate in limited cardiac muscle 
regeneration following an ischemic insult ( 46). Recent studies further suggest that myocardial 
regeneration occurs in the injured human adult heart. Using fluorescent in situ hybridization (FISH) 
techniques to identify Y chromosome positive cells, previous studies have reported the presence of Y 
chromosome positive myocardiocytes in postmortem specimens of female-to-male adult human cardiac 
transplants (47-49). While c0nsiderable controversy exists regarding the frequency of extracardiac stem 
cells, which migrate and repopulate the myocardium in the adult (47-49), these results suggest that 
extracardiac stem cells give rise to cardiomyocytes to participate in myocardial repair. Data from our 
laboratory (50,51) in addition to others (52) have defmed stem cell populations that are resident in the 
adult heart that are capable of forming cardiomyocytes. We examined the molecular program of the 
cardiac stem cells in the developing heart as a strategy to identify a cardiac stem cell population that is 
resident in the adult heart (Figure 13). 

Embryogenesis 

Crw~cont Heart 
tub<! 

looped 
heart 

Postnatal/Adult 

Figure 13. Schematic diagram outlining the strategy to decipher the transcriptional program of the stem cell population in 
the developing heart as a strategy to identifY a postnatal cardiac stem cell population and as a platform for cell based 
cardiovascular therapies. 
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~ide f..opulation (SP) stem cells. A recently described strategy for the isolation of stem cells from 
postnatal or adult tissues employs Hoechst 33342 staining and dual-wavelength F ACS analysis (Figure 
14) (53,54). This isolation protocol defmes a subset of cells in embryonic and adult tissues that are 
capable of adopting alternative fates including the ability to completely reconstitute the hematopoietic 
lineage in a lethally irradiated mouse (36,37). This latter finding suggests that the SP cells are capable 
of commitment to alternative lineages, given the right environmental cues (36,37,55-59). Furthermore, 
the SP cells isolated from adult skeletal muscle have been shown to express stem cell antigens (i.e. Sea
l+, c-Kit, CD34) and are enriched at least 1,000-fold for in vivo reconstitution activity (53,54). Studies 
undertaken in our laboratory have established that SP cells are present in a subset of embryonic stem 
cells as well as adult tissues such as bone marrow and skeletal muscle. Additionally, we have 
demonstrated that skeletal muscle SP cells increase more than 50-fold following injury and these SP 
cells are able to repopulate injured skeletal muscle further supporting the role of the SP cell as a resident 
stem cell population. 

Figure 14. Potentiality of adult skeletal muscle specific 
stem cells. Purified stem cells (SP cells) are isolated from 
adult tissues or ES cells and gated, based on their ability to 
exclude Hoechst 33342 dye. For example, purified muscle 
SP stem cells home and reconstitute the irradiated bone 
marrow in its entirety (36,37). These stem cells are then 
recruited from the bone marrow to repopulate injured 
skeletal muscle. Therefore, SP stem cells isolated from adult 
skeletal muscle can contribute to the skeletal muscle lineage 
and the hematopoietic lineage. 

Abcg2 confers the SP cell phenotype in eel/lines. We have established that the ability of SP cells to 
efflux Hoechst 33342 dye is dependent on the expression of Abcg2 (also known as Bcrpl for Q.reast 
£ancer resistance grotein), which is a member of the family of ATP Binding Cassette (ABC) transporters 
(59-61). The superfamily of ABC transporters were initially characterized based on their ability to 
participate in multidrug resistance as they were able to efflux (pump out) various structurally unrelated 
antitumor agents in an energy-dependent manner (62). Abcg2 is a half-transporter molecule with a 
carboxy-terminal transmembrane segment and an amino-terminal cytoplasmic ATP-binding site (60,61) 
(Figure 15A). While the functional role of the ABC transporters remains ill defined (59,60), we 
established that Abcg2 was able to confer the SP phenotype in a striated muscle cell line. C2C12 cells, a 
cell line derived from immortalized murine satellite cells isolated from skeletal muscle, contains no 
identifiable SP cells when cultured under growth promoting conditions (Figure 15C). Overexpression of 
Abcg2 (Figure 15A & 15B) in C2C12 cells confers the SP cell phenotype (i.e. efflux ofHoechst 33342 
dye) (Figure 15D) (50). The ability of Abcg2 to efflux the Hoechst dye was further established 
following the addition of fumitremorgin C (FTC), a specific inhibitor of Abcg2 (Figure 15E) (50). FTC 
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specifically inhibits the Abcg2-associated ATPase activity resulting in the disappearance of the cells that 
efflux the Hoechst dye (Figure 15E) (50). 

Figure 15. Overexpression of ABCG2 confers the 
SP ceU phenotype in the myogenic C2C12 cell. (A) 
Schematic of ABCG2 containing six transmembrane 
domains and a cytoplasmic ATP binding site. (B) 
Schematic of the bicistronic vector used to transfect 
C2Cl2 myoblasts. CMV, cytomegalovirus promoter; 
IRES, internal ribosomal entry site. (C) The FACS 
profile of native C2Cl2 cells reveals an absence ofSP 
cells. (D) Following overexpression of ABCG2, the 
FACS profile of the transfected C2C12 cells reveals 
the SP cell phenotype (i.e. efflux of the Hoechst 
33342 dye) within the gated region. (E) Inhibition of 
the SP cell phenotype with the addition of FTC (a 
specific inhibitor of Abcg2). Following 
overexpression of the Abcg2 plasmid, the cells were 
incubated with FTC. Note an absence of cells within 
the gated region. 

Abcg2 is expressed early during cardiac development and identifies a postnatal cardiac progenitor 
cell population. SP cells have been shown to function as stem cells (60,61) in a number of adult tissues. 
Using the ABC-transporter, Abcg2, as a specific molecular marker for this cell population (61) we have 
established the following (50): 

• SP cells are present early during embryogenesis 
• SP cells are present during cardiogenesis and in the adult heart 
• SP cells are increased following myocardial injury 
• Cardiac SP cells form differentiated cardiomyocytes 

The Abcg2 expressing SP stem cells are present in the adult heart. The Abcg2 cardiac expression 
observed with in situ hybridization and immunohistochemical staining during embryogenesis was 
further confirmed using semi-quantitative RT-PCR and FACS analyses (50). Both techniques illustrated 
persistent expression of Abcg2 throughout cardiac development and in the adult. Using Hoechst 33342 
staining and dual wavelength F ACS analysis, we observed an SP cell population present in the adult 
heart (Figure 16) (50). To confirm the presence of an Abcg2 expressing SP cell population in the adult 
heart, a sample from the same cardiac preparation was incubated with FTC, a specific inhibitor of 
Abcg2. Using this specific inhibitor, we observed a disappearance of the SP cells (96% decrease) when 
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the cells were incubated with FTC further supporting the presence of an Abcg2 expressing SP cell 
population in the adult heart (Figure 16) (50). 
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Figure 16. SP cells are present in the adult heart. (A) 
Using Hoechst 33342 dye and dual wavelength FACS 
analysis, a SP profile is present in adult murine cardiac tissue 
(50). (B) The SP profile disappears following the incubation 
with FTC, a specific Abcg2 inhibitor. (C) Total RNA was 
isolated from embryonic (E9.5 and El6.5), neonatal and 
adult isolated hearts and semiquantitative RT-PCR was 
performed to examine Abcg2 cardiac expression. Using 
primers that spanned an intron, we observed Abcg2 
expression in the developing heart and decreased expression 
in the adult heart. Atp synthase was used as a loading 
control. 

Perhaps the most successful long-term approach would be the promotion of resident stem cells within 
the patient's diseased organ to participate in the repair process. Conceivably this strategy would require 
the administration of mobilizing or activating agents (i.e. growth factors such as insulin-like growth 
factor, hepatocyte growth factor, etc.) that would prime the resident stem cells to re-enter the cell cycle, 
proliferate and differentiate to repair the damaged myocardial tissue (Figure 17) (63). Such a strategy 
would require enhanced understanding of the regulatory mechanisms of the resident stem cells and 
limited side effects associated with the administration of the priming agents. 

Circulal.fng s!em cells 
allracted 1~ Injury 

, ..... 
.. ...a "f ,., Area ofit'ljury 

secretes chemokines 

Candidate stem cell signaling molecules 
• Insulin growth factors 
• Hepatocyte growth factor 
• Stem cell factor 
• Stromal cell derived factor-1 

Figure 17. Signaling factors may recruit resident and extracardiac stem cells to the area of injury to participate in 
myocardial repopulation (63). 
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Stem cells and congestive heart failure: a paradox. An apparent paradox exists when considering the 
availability of stem cells in the heart and the prevalence of heart failure. Stem cells provide regenerative 
potential and should influence the status of the heart, thereby decreasing the incidence of heart failure. 

Figure 18 
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So why is heart failure so prevalent? Several competing 
hypotheses may, in part, explain this paradox and they are 
schematized in Figure 18. These include, but are not 
limited to, an inadequate number of resident myocardial 
stem cells to repopulate injured tissue following a large 
myocardial infarction. Alternatively, the fibroproliferative 
response following a myocardial injury produces a fibrotic 
scar. The scar may function to limit both the access of 
resident or extracardiac stem cells to the area of injury or it 
may limit the release (or serve as a barrier) of signals 
(growth factors such as HGF, IGF, stromal cell derived 
growth factor, etc.) that recruit stem cells to the site of 
injury. Additionally, the milieu of the injured myocardium 
may have a negative (i.e. inflammatory environment) effect 
on stem cell viability and differentiation. Finally, an active, 

working, contracting heart may have a limited regenerative response compared to a resting, unloaded 
heart. Future studies will examine each of these possibilities as a mechanistic strategy to enhance the 
contribution of resident and extracardiac stem cells for myocardial regeneration. 

Cell Transfer Strategies as a platform for myocardial repair 

Use of stem cells for therapeutic applications. Embryonic and adult (somatic) stem cells have 
generated intense interest for use in regenerative medicine (14,15,19,28). This interest is largely due to 
the morbidity and mortality associated with chronic diseases and aging as well as limitations associated 
with alternative strategies such as orthotopic whole-organ transplantation, xenotransplantation and 
mechanical or artificial organs. The use of cell transfer strategies using allogeneic or autologous cellular 
sources has biological plausibility. Furthermore, hematopoietic transplantation strategies are well 
established cell-based therapies 

Bone marrow transplantation as an effective therapy. Allogeneic and autologous stem cell sources 
have been used successfully used for bone marrow transplantation (BMT) for more than 35 years. The 
first successful bone marrow transplants were performed in three children with congenital immune 
deficiency diseases in 1968 (64). An enhanced understanding of immunosuppression therapy, 
immunological barriers and stem cell biology have collectively resulted in the successful treatment of 
otherwise lethal diseases. Approximately 50,000 hematopoietic stem cell transplants are performed each 
year at approximately 400 centers worldwide (Figure 19A & 19B) (last year 17,700 BMT procedures 
were performed by approximately 200 centers in the US). Approximately two thirds of the patients 
received autologous transplants (generally obtained from peripheral blood by leukapheresis), 25% 
received related-donor transplants (HLA-identical sibling donors) and 10% unrelated-donor transplants 
(65). Posttransplant survival is dependent primarily on the disease but is also influenced by transplant 

16 



type, recipient age, conditioning regimen, prophylaxis for graft vs. host disease and disease status at the 
time of transplantation (Figure 19A-C). 

A ANNUAL NUMBERS OF BLOOD AND MARROW 
TRANSPLANTS WORLDWIDE 1P70 • 2002 
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C INDICATIONS FOR BLOOD AND MARROW 
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Figure 19. Human Bone Marrow Transplant (BMT) Registry Results. A) Annual numbers of blood and marrow 
transplants worldwide. B) Autologous stem cell sources worldwide. C) Clinical indications (i.e. disease process) for BMT in 
Nort~. America. Data provided by the International BMT Registry, Milwaukee, WI. 

The proven efficacy of this therapy using somatic stem cells (i.e. hematopoietic stem cells) underscores 
the potential of adult stem cells and provides rationale for the application of cell transfer strategies in the 
treatment of diseases (Figure 19). This cell transfer strategy has been successful for hematopoietic 
disorders and may be applied to other systems such as cardiovascular disorders. Recent studies further 
suggest that myocardial regeneration occurs in the injured human adult heart. Using fluorescent in situ 
hybridization (FISH) techniques to identify Y chromosome positive cells, previous studies have reported 
the presence of Y chromosome positive myocardiocytes in postmortem specimens of female-to-male 
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adult human cardiac transplants (see Table 1) (13-16). While considerable controversy exists regarding 
the frequency of extracardiac stem cells, which migrate and repopulate the myocardium in the adult (13-
16), these results suggest that extracardiac stem cells give rise to cardiomyocytes and participate m 
myocardial repair (see Table 1). 

Chimerism of the Human Transplanted heart 

No. of Patients Y-chromosome positive cells in heart Reference 

n=8 9 ± 4% myocyte; 10 ± 3% arterioles; 7 ± 1% capillaries *Quaini et al. 

n=5 0.03% myocytes; (range 0.005% to 0.07%) **Laflamme et aL 

n=6 0% myocytes; 2.6% smooth muscle cells (med/small arteries) ***Glaser et al. 

Table I. Chimerism of the human transplanted heart. Results of published studies that examined the presence of Y
chromosome positive cells (using FISH techniques) in postmortem samples of female donor hearts transplanted into male 
recipients. Note that the percent ofY-chromosome positive cells in positive controls include *44 ± 4% myocytes; **53.3% 
myocytes and ***34.7% myocytes (references 47-49). 

Recent Phase I Clinical Trials have been undertaken utilizing autologous stem cell populations delivered 
into the myopathic human heart (see Table 2). These studies have largely been undertaken by European 
Institutions. Several preliminary observations can be made based on the results of these studies. The 
delivery of skeletal myoblasts into the myocardium may modulate the remodeling associated with 
advanced heart failure (66-68). These myoblasts form skeletal (not cardiac) myocytes that may serve as 
a source for dysrhythmias. No prospective, randomized studies have been undertaken to examine the 
efficacy of these cellular sources for the repair of the myopathic heart (66-73). Future studies will be 
required to defme the viability of cells following delivery, the optimal cell source, the potential 
tumorigenicity associated with the respective stem cell populations, the ideal patient population, or the 
timing of delivery following an acute injury. 

No. of Period of follow· 
Palienls Cinical Symptoms Cell type No. of Cell (10"} DeliVer; mode COf11)ficalions up Results Relerenoos 

LVEF 36~ 11% lo45 t 8% 

314 pt with '<iable MB In explanled 
n•5 CHFallerM! Skelelal MB 196 Tranaendocardial tpl NSYllo AI CD 6monlho hellrt Smituul. 

n•5 LVAD lmp!anl SkeletaiMB 300 IM 215VT ~HI! days Po93nietal. 

n=1 CHF at time of CABG x3V Skololal MB 800 IM 5 months LVEF 21% lo 30% Menasche elal, 

LVEF <..40%; CAD not 
n=21 anmenable to inlerv'.lnlion BMoell$ 25 t6.3 Transondocardial 4monlhs LVEF 2Q% 10 29'11. Pennel at. 

n•& LVEF >30%; CAD BMcello ? lrnnsendocardial 3months LVEF 57'11. Will1 no change TseetaL 

LVEF 21% · 47% to43% ·58% 

SVT; pericardia! NochangHVEF(47'11o"' 10%Vl! ~ 
no6 CABG BM (AC1JJ') IM elfUsioo 9-16 months ±6%) Stammelal, 

n•10 LVEF >30%: CAD 8M 78 rran•ondoeanHal 3 monthS Fuch• ol al. 

BM vs. Blood LVEF 51± 10% to 60t 9%; 
n=20 PTCAaflerMI deriVed progen l45w. 10 lntra-eoronaoy (IRA) 4R!Ontll$ tle<:J&$f>dLVEDV AssnlUo et al. 

Table 2. Results of cell based therapies for the human myopathic heart (references 66-73). 
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Future directions 
Recent studies suggest that embryonic and somatic stem cells hold promise as sources for cellular 
augmentation and tissue engineering. The use of emerging technologies will further enhance our 
understanding of these stem cell populations and their molecular regulatory events that promote stem 
cell characteristics as well as the early events that specify cell fate decisions. Further studies will be 
needed to mechanistically defme the regenerative capacity of resident cardiac stem cell populations as 
well as the safety and efficacy of cell based therapies for the treatment of the myopathic heart. 
Autologous (the donor and recipient are the same individual) sources would require the harvesting of a 
resident stem cell population (i.e. hematopoietic stem cells from the bone marrow or myogenic stem 
cells from skeletal muscle, etc.) followed by in vitro expansion and the use of exogenous agents to direct 
the differentiation to a specific lineage prior to delivery. An autologous source of somatic stem cells 
would eliminate the use of immunosuppression agents as well as any issues pertaining to donor 
availability, as the donor and recipient are one and the same. Timing of the delivery of the cellular 
source, the limited proliferative capacity of somatic stem cells, the ability to efficiently direct 
differentiation to a particular lineage and the efficiency of cell transfer strategies are all issues that 
require optimization or definition before this strategy could be applied in the clinical setting (14,15,19). 
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