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Abstract
Background—Human cardiac progenitor cells (hCPCs) may promote myocardial regeneration
in adult ischemic myocardium. The regenerative capacity of hCPCs in young patients with
nonischemic congenital heart defects for potential use in congenital heart defect repair warrants
exploration.

Methods and Results—Human right atrial specimens were obtained during routine congenital
cardiac surgery across 3 groups: neonates (age, <30 days), infants (age, 1 month to 2 years), and
children (age, >2 to ≤13 years). C-kit+ hCPCs were 3-fold higher in neonates than in children >2
years of age. hCPC proliferation was greatest during the neonatal period as evidenced by c-kit+
Ki67+ expression but decreased with age. hCPC differentiation capacity was also greatest in
neonatal right atrium as evidenced by c-kit+, NKX2–5+, NOTCH1+, and NUMB+ expression.
Despite the age-dependent decline in resident hCPCs, we isolated and expanded right atrium–
derived CPCs from all patients (n = 103) across all ages and diagnoses using the cardiosphere
method. Intact cardiospheres contained a mix of heart-derived cell subpopulations that included
cardiac progenitor cells expressing c-kit+, Islet-1, and supporting cells. The number of c-kit+–
expressing cells was highest in human cardiosphere-derived cells (hCDCs) grown from neonatal
and infant right atrium. Furthermore, hCDCs could differentiate into diverse cardiovascular
lineages by in vitro differentiation assays. Transplanted hCDCs promoted greater myocardial
regeneration and functional improvement in infarcted myocardium than transplanted cardiac
fibroblasts.

Conclusions—Resident hCPCs are most abundant in the neonatal period and rapidly decrease
over time. hCDCs can be reproducibly isolated and expanded from young human myocardial

© 2011 American Heart Association, Inc.
Correspondence to Dr Sunjay Kaushal, Children’s Memorial Hospital, Division of Cardiovascular-Thoracic Surgery, 2300 Children’s
Plaza, mc 22, Chicago, IL 60614. skaushal@childrensmemorial.org.
*Drs Mishra and Vijayan contributed equally to this article.
The online-only Data Supplement is available with this article at
http://circ.ahajournals.org/cgi/content/full/CIRCULATIONAHA.110.971622/DC1.
Disclosures
None.

NIH Public Access
Author Manuscript
Circulation. Author manuscript; available in PMC 2012 April 6.

Published in final edited form as:
Circulation. 2011 February 1; 123(4): 364–373. doi:10.1161/CIRCULATIONAHA.110.971622.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://circ.ahajournals.org/cgi/content/full/CIRCULATIONAHA.110.971622/DC1


samples regardless of age or diagnosis. hCPCs are functional and have potential in congenital
cardiac repair.
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The exact prevalence of pediatric heart failure is largely unknown but is growing because
new treatments have increased the life expectancy of these patients. The number of
congenital heart patients living presently outnumbers new congenital cardiac diagnoses,
occurring in 35 000 to 40 000 infants per year in the United States.1 Whereas adult heart
failure is often ischemic in origin, the origin of pediatric heart failure is more varied,
including a spectrum of cardiomyopathies, congenital heart defects (CHDs), and
arrhythmias.2 A novel emerging treatment for pediatric heart failure is cellular
cardiomyoplasty whereby stem cells are delivered to the dysfunctional myocardium, an
approach attempted thus far only in adults.3–6

Most human studies have addressed the adult diseased myocardium, which is confounded by
the presence of ischemia.6–10 Despite significant progress in repair of the adult ischemic
myocardium, the regenerative capabilities of human cardiac progenitor cells (hCPCs) have
not been adequately explored in the nondiseased young human myocardium. Several issues
regarding resident hCPCs in nondiseased young human myocardium need to be addressed.
First, examination of age-related changes in the hCPC profile of young postnatal
nondiseased myocardium is needed. Second, identification of the best anatomic source of
hCPCs within the heart is required. Finally, a reproducible method for the generation and
expansion of hCPCs from small surgical samples in vitro needs to be determined. We
believe that congenital heart patients may be the ideal source to study these important
questions because they have normal contracting myocardium with an anatomic structural
abnormality.

Understanding the properties of hCPCs in young CHD patients offers important insight into
the role of hCPCs in the maintenance of young maturing myocardium and their potential for
use in novel congenital cardiac repair strategies. Here, we describe the resident hCPCs
present in the human heart and how this population of cells changes with age in neonates
(<30 days of age), infants (1 month to 2 years of age), and children (>2 to ≤13 years of age).
We further isolated progenitor cells by the cardiosphere technique6 and used human
cardiosphere-derived cells (hCDCs) for cardiac differentiation studies. hCDCs are a mixed
cell population containing hCPCs and supporting cells and are already in an adult clinical
trial (Cardiosphere-Derived Autologous Stem Cells to Reverse Ventricular Dysfunction
[CADUCEUS; NCT00893360] and Autologous Human Cardiac-Derived Stem Cell to Treat
Ischemic Cardiomyopathy [ALCADIA; NCT00981006]; http://clinicaltrials.gov) for cardiac
regeneration. Finally, we tested the functionality of hCDCs and their ability to differentiate
into cardiac lineages in vivo in a rat model of myocardial infarction.

Methods
An expanded Methods section for tissue processing and immunostaining is available in the
online-only Data Supplement.

Tissue Samples
This study was approved by the Institutional Review Committee at Children’s Memorial
Hospital. After parental consent was given, specimens (70 ± 80 mg; mean, 40 mg) from the
right atrial (RA) appendage were obtained from young patients (n = 118) during routine
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congenital cardiac surgeries and specimens (n = 3) from all chambers of the explanted
cardiomyopathic hearts after cardiac transplantation. Fifteen tissue samples were processed
for immunostaining and 103 tissue samples were processed for harvesting hCPCs. As shown
in Table I in the online-only Data Supplement, patients ranged in age from 1 day to 13 years
with various cardiac diagnoses.

Immunohistochemical Staining of RA Tissues
Specimens were fixed and processed through the use of standard methods. Cryostat sections
(7 to 10 μm) were stained with primary antibodies as noted and secondary Alexa Fluor–
conjugated antibodies. Immunostained sections were examined by confocal microscopy, and
the number of labeled cells was determined as a percentage of the total DAPI-labeled nuclei.

Generation of CDCs
hCDCs were generated through the use of the protocol described by Smith et al6 with
modifications. Briefly, RA tissue was minced and mildly digested with 0.05% trypsin/
EDTA and collagenase type II (Worthington Biomedical Corp, Lakewood, NJ). Explants
were plated on fibronectin in Iscove modified Dulbecco medium with 20% FBS. At 2 to 3
weeks after plating, phase-bright cells were removed and plated at low density (1.5 to 3 ×
104 cells per 1 mL) in cardiosphere-growing medium (CGM). Cardiospheres were removed
and plated on fibronectin in human cardiac stem cell expansion medium (HCSCEM;
Celprogen, San Pedro, CA). Phase-bright cells were harvested from individual explant
cultures every 3 to 5 days up to 4 consecutive times. hCDCs were then expanded on
fibronectin-coated plates.

Immunostaining of Cardiospheres and CDCs
Intact cardiospheres and hCDC monolayers were immunostained using standard methods
with primary antibodies and fluorochrome-tagged secondary antibodies as noted in the
online-only Data Supplement. After nuclear DAPI staining, cells were visualized with
confocal microscopy.

Flow Cytometry Analysis of CDCs
CDCs were passaged 4 times and then evaluated for flow cytometry experiments with a
Becton-Dickinson FACS Calibur (San Jose, CA) with 10 000 events collected. Cells were
incubated with fluorochrome-conjugated antibodies against c-kit, CD90, CD105, and a
lineage cocktail (Lin1) of antibodies against hematopoietic lineage surface markers (CD3,
CD14, CD16, CD19, CD20, and CD56).

In Vitro Cardiac Lineage Differentiation Assays
Cell differentiation assays were performed as previously described.10,11

Cell Transplantation and Echocardiography
Myocardial infarction was created in immunodeficient male nude rats by permanent ligation
of the left anterior descending coronary artery as previously described.12 For intracardiac
grafting, the hCDCs were injected into the anterior infarct and peri-infarct regions.

Regeneration Quantification
Masson trichrome–stained sections were taken from the midportion at the level of the
midpapillary muscle of the infarcted myocardium as described.6 Myocardial viability within
the infarct zone was determined with Masson trichrome–stained sections by tracing the
infarct borders. With the use of ImageJ software, the viable myocardium was then calculated
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within the overall infarcted zone by the number of red pixels (viable tissue) divided by
overall number of pixels. Six sections per animal and 5 animals per group were analyzed.

Statistical Analyses
Calculations of c-kit+, NKX2–5+, Ki67+, NOTCH1+, NUMB+, and GATA-4+ cells in RA
sections were derived from 30 microscopic fields per tissue sample comprising 200 to 500
cells per field. Immunohistochemical data are representative for neonates (n = 4), infants (n
= 6), and children >2 years of age (n = 5). Flow cytometric analyses represent sample n
values for the 3 age groups: neonates (n = 5), infants (n = 14), and children >2 years of age
(n = 7). A Poisson regression model was used to model rates of c-kit, NKX2–5, and Ki67
expression. Pair-wise comparisons among the 3 age groups were also conducted. A linear
mixed model with a random intercept effect was applied to analyze ejection fraction and
shortening fraction changes between the 3 groups over time. Contrasts between the 3
experimental groups at days 7 and 28 were conducted in the linear mixed model. All
analyses were conducted with SAS 9.2.

Results
C-Kit Expression Declines With Age in RA

Because c-kit is a prominent marker for resident CPCs, we examined the occurrence of c-
kit+ cells within the 4 heart chambers. We hypothesized that there is an increased presence
of c-kit+ hCPCs in the atria compared with the ventricles because the decreased wall stress
in atrial chambers would favor hCPC maintenance and proliferation.13 Because it is difficult
to obtain myocardial samples from all 4 heart chambers of a single congenital heart patient,
we examined the presence of hCPCs in all 4 chambers of cardiomyopathic hearts excised for
transplantation. Expression of c-kit was highest within the RA (5.2%) compared with the
right ventricle (1.4%), left ventricle (1.4%), and left atrium (0.3%; P < 0.05; Figure I in the
online-only Data Supplement). Because of the high expression of c-kit+ in the RA, we
focused on the RA for further CPC analysis. In myocardial sections, c-kit+ cells could be
found among and closely opposed to TNI+ cardiomyocytes (Figure 1C). C-kit expression
was highest in neonates (8.9 ± 0.4%) and declined with advancing age. Significantly lower
percentages of c-kit+ cells were observed in infants (6.4 ± 0.2%; relative risk [RR], 1.38;
95% confidence interval [CI], 1.33 to 1.45; P < 0.0001) and children >2 years of age (3.2 ±
0.1%; RR, 2.50; 95% CI, 2.37 to 2.64; P < 0.0001; Figure 1D). No difference in c-kit
expression between cyanotic and noncyanotic patients was observed (P > 0.05).
Furthermore, costaining of the c-kit+ cells with tryptase, a marker for mast cells within
myocardial tissue, was infrequent (<0.5%; Figure II in the online-only Data Supplement).

NKX2–5 Expression Declines With Age in RA
Cardiomyogenic commitment in CPCs is indicated by expression of cardiac-specific
transcription factors such as NKX2–5 and GATA-4. During development, NKX2–5 and
GATA-4 interact in a synergistic manner to promote cardiac transcription.14 NKX2–5
expression by itself in RA sections is shown in Figure 1E through 1H. Cells expressing
NKX2–5 were located within cardiac muscle fascicles, as evidenced by colocalization with
troponin I (TnI; Figure 1G). NKX2–5 expression was highest in neonates (12.0 ± 1.0%)
compared with infants (10.3 ± 1.0%; RR, 1.51; [95% CI, 1.46 to 1.58; P < 0.0001) and
children >2 years of age (7.2 ± 0.4%; RR, 2.06; 95% CI, 1.99 to 2.14; P < 0.0001; Figure
1H). NKX2–5 expression levels did not differ between cyanotic versus noncyanotic patients
(P > 0.05).

To identify hCPCs that were committed to a cardiomyogenic lineage, hCPCs coexpressing
c-kit and NKX2–5 were examined (Figure 2A through 2D). Coexpression of c-kit and
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NKX2–5 was highest in neonates (2.9 ± 0.1%) and declined significantly to 1.0 ± 0.1% (RR,
2.90; 95% CI, 2.63 to 3.19; P < 0.0001) in children who were >2 years of age (Figure 2D),
indicating that the number of cardiomyogenic lineage-committed hCPCs also declined with
age. No statistically significant difference in c-kit+NKX2–5+ CPCs between cyanotic and
noncyanotic patients was observed.

Decline in Identifiable CPC and Proliferation of CPC With Increasing Age
We examined the expression of Ki67, a marker for proliferating cells, in RA sections
(Figure 2E through 2I). Ki67 expression was highest during the neonatal period and declined
with advancing age (Figure 2E through 2H). Neonates exhibited 15.0 ± 0.1% Ki67+ cells;
infants had 8.0 ± 0.3% (RR, 1.52; 95% CI, 1.46 to 1.58; P < 0.0001); and children >2 years
of age had 5.0 ± 0.2% (RR, 2.16; 95% CI, 2.07 to 2.26; P < 0.0001). Proliferative hCPCs in
RA were identified by c-kit and Ki67 coexpression. C-kit+Ki67+ cells were highest in
neonates (5.4 ± 0.2%). There was a statistically significant decline in expression with
increasing age to 0.9 ± 0.03% (RR, 5.60; 95% CI, 5.08 to 6.18; P < 0.0001) in children >2
years of age (Figure 2H). We further investigated hCPC proliferation by examining the
number of c-kit+Ki67+ cells as a fraction of the total number of c-kit+ cells (Figure 2I).
Interestingly, in neonates, 61.1 ± 3.7% of c-kit+ cells coexpressed Ki67. In contrast, only
28.1 ± 1.5% and 29.2 ± 1% of c-kit+ cells coexpressed Ki67 in infants (RR, 2.9; 95% CI,
2.71 to 3.12; P < 0.0001) and children >2 years of age (RR, 1.93; 95% CI, 1.73 to 2.14; P <
0.0001). Thus, our results indicated a marked (≈50%) decline in the number of proliferating
hCPCs with increasing age. No statistically significant difference was observed in c-
kit+Ki67+ coexpression between cyanotic and noncyanotic patients (P > 0.05).

NUMB Declines but GATA-4 Expression Remains Unchanged With Age in the RA
Signaling via NOTCH receptors maintains stem cell populations and promotes progenitor
cell proliferation. NUMB inhibits NOTCH signaling via direct interaction with NOTCH
receptors, preventing their nuclear translocation.15 The impact of NOTCH/NUMB signaling
has not been examined in young human myocardium. We therefore examined NUMB
expression in resident hCPCs and determined that NUMB-expressing cells were greatest in
neonatal tissue and that these cells frequently coexpressed c-kit and Ki67 (Figure 3A to 3B).
The expression of NUMB in neonatal RA was 1.2 ± 0.42% and disappeared in patients who
were >2 years of age (Figure 3C). Approximately 50% of NUMB-expressing cells
coexpressed GATA-4 (Figure 3E). Examination of GATA-4 and Ki67 coexpression
revealed that ≈5% of cells expressed both markers in neonates with a subsequent decline in
expression in older age groups (Figure 3D). There was no statistically significant change in
total GATA-4 expression with age, ranging from 11.25 ± 0.78% in neonates to 12.75 ±
0.86% in children >2 years of age (Figure 3F). NOTCH1 was expressed in the heart tissues
in all 3 age groups at a level of ≈20%; however, activated NOTCH1 expression was
detected only in neonates (1.3%), not in older age groups (Figure 3G).

Generation of hCDCs From RA Tissue Specimens
Progenitor cells were isolated and expanded from RA explant cultures with the use of a
modified version of the cardiosphere method6 (Figure 4). RA specimens ranging from 25 to
315 mg were mildly digested and plated as explants on fibronectin. Explants adhered to
fibronectin-coated surfaces 1 week after plating (Figure 4A). Between 1 and 2 weeks, a
monolayer of fibroblast-like cells grew around individual explants (Figure 4B). At
approximately 2 to 3 weeks after plating, phase-bright cells would appear, migrating over
the fibroblast-like monolayer (Figure 4C). Phase-bright cells were removed by mild
trypsinization and plated at a low density in cardiosphere-growing medium to form
cardiospheres (Figure 4D). Phase-bright cells were harvested every 3 to 5 days up to 4 times
from individual explant cultures. Cardiospheres were removed and replated in HCSCEM for
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expansion of hCDCs (Figure 4E). Immunostaining of intact cardiospheres identified cells
that expressed c-kit, NKX2–5, GATA-4, Islet-1 (ISL1), and TnI (Figure 4F through 4J). C-
kit+ cells were located both on the outer surface and within the cardiosphere core. Extensive
expression of NKX2–5 was observed throughout the cardiosphere; however, GATA-4
expression was limited to cells on the outer surface. ISL1-expressing cells were visible both
on the outer surface and within the cardiosphere core. Cells expressing the cardiac
myofilament protein TnI occurred in isolated clusters on the outer surface and within the
cardiosphere core.

Expansion of hCDC Monolayers
hCDC monolayers could be expanded up to 20 to 30 days after initial plating in HCSCEM
(Figure III in the online-only Data Supplement). Cell yield was ≈156 000 ± 54 000 cells per
1 mg tissue, with yields upward of 2 × 106 cells generated from RA specimens with a
starting weight of ≥40 mg, usually obtained from infants and children >2 years of age.
Neonatal RA specimens had starting weights ranging from 8 to 30 mg and did not generate
such high cell yields. Growth rates of hCDCs were variable between different harvest
generations of hCDCs from individual explant cultures derived from different patient
specimens (Figure IIIA in the online-only Data Supplement). Growth rates of hCDCs
derived from either the second- (Figure IIIB in the online-only Data Supplement) or third-
(Figure IIIC in the online-only Data Supplement) harvest generations from RA specimens
across patients of different ages were also variable. hCDCs could be expanded beyond 10
passages in HCSCEM, still maintaining their previous biochemical markers.

hCDCs at Early Passage Express NKX2–5
To determine whether expanded hCDCs remained in an uncommitted state or underwent
cardiac lineage commitment, hCDCs at early passage were examined for expression of early
embryonic and postlineage commitment markers (Figure IV in the online-only Data
Supplement). hCDCs were examined by confocal microscopy at early passage (P0) ≈6 to 7
days after initial plating in CSCEM for embryonic stem cell markers SSEA-4 and Oct3/4
(Figure IVA and IVB in the online-only Data Supplement), as well as c-kit and the cardiac
lineage transcription factor NKX 2.5 (Figure IVC and IVD in the online-only Data
Supplement). Expression of the embryonic stem cell markers Oct3/4 and SSEA-4 was
extremely rare (<1%). C-kit+ cells were detected at P0 (≤5%; Figure IVC in the online-only
Data Supplement), and the majority of cells (95%), regardless of patient age, expressed
NKX2–5 (Figure IVD in the online-only Data Supplement). Furthermore, hCDCs were
negative for collagen type I, a fibroblast marker (Figure V in the online-only Data
Supplement).

hCDCs at Late Passage Express Cardiomyocyte Markers
Because the majority of hCDCs at P0 expressed NKX2–5, indicating cardiomyogenic
lineage, we examined whether hCDCs at late passage (P4) expressed cardiomyocyte
markers (Figure 5). Clusters of hCDCs expressed connexin 43, whereas the majority of
hCDCs expressed α-sarcomeric actin, sarcoplasmic reticulum Ca2+ ATPase (SERCA2), and
NKX2–5 (Figure 5A through 5D). Expression of mesenchymal markers CD90 and CD105
was also observed (Figure 5E and 5F).

hCDCs at Late Passage Express C-Kit And Mesenchymal Markers
Earlier studies report that hCDCs exhibit a mesenchymal phenotype expressing CD90 and
CD105.6,16,17 Flow cytometric analysis of hCDCs at P4 (Figure 5G) showed that our
hCDCs were predominantly negative for hematopoietic lineage (Lin1) markers (CD3,
CD14, CD16, CD19, CD20, and CD56). A substantial number of cells expressed CD90 and
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CD105. The relative percentages of CD90+ and CD105+ hCDCs did not differ significantly
between age groups. The percentage of c-kit+ cells was higher in neonates (9 ± 3%) and
infants (7 ± 1%) compared with children >2 years of age (3 ± 0.3%). A significant
proportion of c-kit+ cells coexpressed CD90 or CD105 (45% to 64%). The relative
percentage of c-kit+CD90+ and c-kit+CD105+ hCDCs did not differ significantly between
patient groups. The percentage of c-kit+ cells did not differ between hCDC populations
derived from cyanotic and noncyanotic patients. This trend was also true for CD90 and
CD105 expression. The idea of CD90+ and CD105+ cells being support cells for the c-kit+
population has been proposed,6,16 suggesting that hCDCs with higher CD90+ or CD105+

expression levels should have correspondingly higher c-kit expression. However, we found
no such correlation between either CD90 or CD105 and c-kit expression.

Functionality and Cardiac Multilineage Ability of hCDCs
To investigate the differentiation potential of the hCDCs into multiple cardiovascular
lineages, 2 sets of experiments were performed. First, we differentiated hCDCs into the 3
different cardiac lineages with specific selected medias. The hCDCs were plated and then
further differentiated with lineage-specific media for 14 days as previously described.10,11

Immunohistochemical analysis showed that the hCDCs differentiated into 3 different cardiac
lineages (Figure 6A through 6C) at roughly 1% efficiency, which was determined by TnI
staining for cardiomyocytes, by smooth muscle actin staining for smooth muscle cells, and
by PECAM-1 staining for endothelial cells. No statistically significant difference in the in
vitro differentiation efficiency was seen among the hCDCs derived from patients of different
ages. These results indicated the cardiac multilineage potential of the hCDCs in vitro that
may contribute to their eventual functionality in vivo.

The second experiment involved a randomized blinded study to evaluate the effectiveness of
the hCPCs to rescue the infarcted myocardium of immunodeficient rats. Shortly after
ligation of the left anterior descending artery in immunodeficient rats, hCDCs or human
cardiac fibroblasts were injected into the ventricular wall of the peri-infarct and infarct
regions. In addition, the same amount of media was used as control. The functionality of the
hCDCs within the infarcted myocardium was examined by echocardiography, and
engraftment of the hCDCs was assessed by histological analysis.

To evaluate the cardiac function, echocardiography was performed before and at 7 and 28
days after left anterior descending ligation. At baseline, left ventricular ejection fraction and
fractional shortening were similar among all rats receiving hCDCs, cardiac fibroblasts, or
control (Figure 7A and 7B). Echocardiography performed at 28 days revealed a higher left
ventricular ejection fraction (41.5 ± 3.3%) and fractional shortening (18.0 ± 1.6%) in hearts
receiving hCDCs than in those receiving cardiac fibroblasts or control (left ventricular
ejection fraction, 30 ± 3.2%, P = 0.01 for cardiac fibroblasts; 30 ± 1.6%, P = 0.004 for
control and fractional shortening; 14.7 ± 0.1%, P = 0.01 for cardiac fibroblast; and 12.7 ±
1.8%, P = 0.009 for control). There was no difference among cardiac fibroblasts or control
media–treated hearts (P = 0.3). Furthermore, there was no difference in functional recovery
among the hCDCs derived from patients of different ages. The improved left ventricular
ejection fraction and fractional shortening in the hCDC-treated hearts were maintained from
day 7 to 28 and represented the sustained effect of the hCDCs. Together, these data indicate
that hCDC transplantation results in enhanced functional recovery and more favorable
remodeling in the infarcted myocardium.

We further examined the impact of hCDCs on the pathological features of the infarcted
myocardium by examining myocardial histology 28 days after transplantation. By tracking
the hCDCs with a human nuclear marker, we observed numerous hCDCs in the peri-infarct
and infarct regions (Figure 6D). Immunophenotypic characterization revealed that the
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engrafted hCDCs stained positive for the cardiac sarcomeric α-actin. The hCDCs formed a
mass of engrafted myocardium that appeared morphologically similar to mature
cardiomyocytes and was indistinguishable from other cardiomyocytes in that region.
Furthermore, hCDC-derived cardiomyocytes formed gap junctions with the native
cardiomyocytes as demonstrated by connexin 43 expression (Figure 6D). Phenotypic
changes of hCDCs into smooth cells and endothelial muscle cells were also confirmed by
the colocalization of transplanted hCDCs with von Willebrand factor and α-smooth muscle
actin (Figure 6E and 6F). In contrast, we did not detect differentiation of the transplanted
cardiac fibroblasts into cardiomyocytes, smooth muscle cells, or endothelial cells.
Cardiomyogenic differentiation, as defined by sarcomeric protein expression and the
morphological similarity to native myocardium, was observed in all immunodeficient rats
transplanted with hCDCs. An organized mass of regenerative hCDC-derived tissue, similar
to normal host myocardium (Figure 6D), was detected in hearts from 4 of 5 rats (80%), and
only scattered cellular differentiation was observed in the 1 remaining rat (20%). Despite
this, all hCDC-transplanted rats had hCDC-specific protein expression, including
cardiomyocytes, smooth muscle cells, and endothelial cells (Figure 6D through 6F).

Regeneration was further quantified in sections stained with Masson trichrome to discern
viable tissue from fibrous tissue. A typical Masson staining pattern in hearts transplanted
with hCDCs is shown in Figure 8A. Positive red-stained regions (viable tissue) within the
predominately blue-stained (fibrous) infarct zone are evident in hearts transplanted with
hCDCs. Fewer such regions were present with the cardiac fibroblast-treated hearts (Figure
8B). hCDC-transplanted hearts had a higher fraction of viable red-positive tissue (32.7 ±
0.3%) within the infarct zone than the transplanted cardiac fibroblasts (24 ± 0.7%; P <
0.0001) or the control media–treated hearts (20 ± 0.2%; P < 0.0001; Figure 8C). We were
able to quantify the myocardial regeneration attributable to hCDCs compared with that
attributable to cardiac fibroblasts or control media. The increase in viable myocardium in
hearts transplanted with hCDC was 1.4-fold and 1.8-fold greater than in hearts receiving
cardiac fibroblasts or media, respectively.

Discussion
To the best of our knowledge, this is the largest and first systematic investigation of the
presence of progenitor cells in young, maturing, postnatal human myocardium. The major
findings of our study are that resident hCDCs are present in the maturing postnatal human
heart and are most abundant during the neonatal period. Regardless of age-dependent
variations in resident hCPC numbers or congenital cardiac diagnoses, we demonstrated the
validity of the cardiosphere method to reproducibly isolate and expand progenitor cells from
RA tissues. In addition, we have shown the unique heterogeneity of cardiospheres with a
spectrum of differentiated and undifferentiated cells, including ISL1- and c-kit–expressing
cells. Finally, we showed that transplantation of hCDCs triggered myocardial regeneration
and functional improvement after myocardial infarction.

Comparison With Other Pediatric and Adult Studies
The first critical step toward clinical therapeutic application of autologous hCPCs in CHD
patients is to anatomically locate resident hCPC populations within the young myocardium
and to characterize their profile. Amir et al18 examined resident hCPCs in right ventricular
outflow tract tissue from young CHD patients and noticed a decline in c-kit+ cells during the
neonatal period. The samples were not taken from any other anatomic sites within the heart,
and hCPCs were examined only during the neonatal period. Their study reported that c-kit+
expression levels in human right ventricular outflow tract were significantly lower (≤1%)
than what we report for RA (3% to 9%), suggesting that RA is a richer source of hCPCs; this
has been confirmed separately by our finding of c-kit expression within the heart.
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Furthermore, Amir et al18 performed no functional assays to determine the regenerative
ability of the c-kit+ cells. In adult human hearts, an initial study by Pouly et al16 reported
that the right-sided septum had higher c-kit+ cells than the RA appendage in heart transplant
patients who had varying degrees of active rejection. Recently, however, Itzhaki-Alfia10

showed by multivariable linear regression analysis that more c-kit+ cells were isolated in
adult human hearts in the RA than any other site within the heart, which corroborates our
results from CHD patients. Furthermore, our findings are consistent with the distribution of
resident hCPCs in the adult human heart, which is inversely correlated to regions sustaining
the greatest hemodynamic load and wall stress.13 This suggests increased accumulation of
hCPCs in areas of reduced wall stress such as the RA.

Recently, a study by Anderson et al19 raised the question of whether CDC populations and
their novel characteristics were related to myofibroblastic contamination. In their study,
CDC expression of CD90 and CD105 and production of collagen I were inferred as
exclusive fibroblast markers, whereas the missing CDC expression of c-kit, ISL1, and
NKX2–5 was presented as evidence of noncardiac progenitor status. A subsequent study by
Davis et al20 contradicted these findings, suggesting that experimental techniques may have
altered the “CDC” population. Our present work corroborates the Davis et al publication and
the majority of other cardiosphere studies.6,8,11,21–24 We demonstrated expression of c-kit,
NKX2–5, and ISL1 in intact cardiospheres and c-kit and NKX2–5 in our hCDCs.20–22

Although we consistently observed CD90 and CD105 in hCDCs, these markers (also
observed, for example, in adipose-derived progenitor cells) indicate only a mesenchymal
phenotype and do not definitively identify fibroblasts.24 Whereas Anderson et al noted a
CD45+ CDC subpopulation, our hCDCs were consistently negative for other Lin1
hematopoietic surface markers (CD3, CD14, CD16, CD19, CD20, and CD56). Finally, our
hCDCs did not confirm the collagen I expression that Anderson et al observed in their other
CD45 collagen 1+ subpopulation (Figure V in the online-only Data Supplement).

Implications for CHD Patients
We demonstrated that transplanted hCDCs derived from CHD patients have robust
regenerative ability. Our data further support the strong regenerative ability of the young
heart that is reflected by the higher percentage of stem cells indicated by elevated c-kit+
expression in the neonates. A recent study reported similarly increased levels of c-kit+
resident CPCs in neonatal mouse hearts and speculated that this phenomenon was associated
with the greater cardiomyogenic differentiative potential of neonatal CPCs than adult-
derived CPCs.23 Although the mechanism(s) of cardiomyogenic differentiation by CPCs
remain unclear, they may involve directed regeneration and/or paracrine effects. Our results
would suggest that directed myocardial regeneration may play a key role in the functional
improvement of the hCDC-transplanted hearts. A recent report suggests that adult cardiac
resident progenitors elicit most of their beneficial effects by a paracrine mechanism.24 Thus,
it will be important to further determine the paracrine effects of hCDCs that serve to
promote myocardial regeneration.

Although potentially broad areas of therapeutic utility for stem cell-based therapy in
congenital heart patients include ischemic injuries, the vast majority of potential clinical
applications would involve cardiomyopathy or congenital lesions. In patients with cardiac
failure resulting from complex congenital heart disease, stem cell–based therapy may have
promise as an alternative to transplantation. For instance, patients with single-ventricle
lesions and severely depressed cardiac function have no long-term option other than
transplantation. In this patient population, reversal of ventricular dysfunction with stem cell–
based therapy has the potential to allow maintenance of the Fontan circulation. We also
speculate that the delivery of stem cells to these single-ventricle lesion patients early in life
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at the time of their palliative surgeries may have the most beneficial improvement in their
outcomes.

Conclusions
Resident hCPCs are most abundant and proliferative during the neonatal period but decline
rapidly with age. The RA is the most surgically accessible region in the hearts of young
CHD patients and represents a uniquely rich source of endogenous hCPCs. The need for
frequent surgical interventions in young CHD patients illustrates the utility of reserving RA
tissue for hCDC harvest. We demonstrated the strong regenerative ability of hCDCs from
CHD patients in an animal model of myocardial ischemia. Understanding the mechanisms
regulating CDC differentiation after transplantation in nonischemic cardiomyopathic hearts
is a prerequisite to the development of cell-based regenerative strategies for CHD.
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Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

Visionaries in the field of cardiac therapeutics have long looked to a future when
damaged hearts could be rebuilt from the cellular level. Reports on bone marrow–derived
stem cells and, more recently, endogenous cardiac progenitor cells have focused on their
function and utility in rebuilding the hearts of adults. In the pediatric population, the
majority of potential clinical applications would involve patients with cardiomyopathy or
congenital lesions rather than adulthood ischemic injury. Our study investigated the
presence of a resident pool of human cardiac progenitor cells and demonstrated how it
changes during postnatal maturation in the nondiseased myocardium of young patients
with congenital heart disease. We showed that resident human cardiac progenitor cells
are present in the young myocardium and are most abundant during the neonatal period.
Furthermore, these cells can be isolated from a wide range of congenital heart patients,
including neonates and adolescents, as well as those with cyanosis. Our study suggests
that the best source of human cardiac progenitor cells is the right atrium, from which
small, clinically relevant myocardial specimens can be obtained. These isolated cells can
be expanded in vitro and therefore provide a large number of cells for therapeutic
applications. Our functional findings with these cells could enhance the development of
novel cell-based regenerative approaches not yet explored in congenital heart patients.
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Figure 1.
C-kit and NKX2–5 expression was greater in neonates and declined with age. Confocal
microscopy images identify c-kit+ (A through C) and NKX2–5+ cells (E through G) in intact
RA. Cardiac TnI with nuclear DAPI staining is shown (A and E). Serial staining for
myocardial TnI (A and E), c-kit (B), and NKX2–5 (F) is shown with DAPI nuclear staining
in blue. Merged images are shown (C and G) to illustrate colocalization with muscle
bundles. The inserts show a magnified field. Graphs indicate the relative mean percentages
of c-kit+ (D) and NKX2–5+ (H) cells across patient age groups (error bars are ±SEM). **P <
0.0001, ***P < 0.0001.
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Figure 2.
Confocal microscopy images identify c-kit+NKX2–5+ coexpression (A through C) and c-
kit+Ki67+ coexpression (E through G) in intact RA. C-kit+ and NKX2–5+ expression is
shown with nuclear DAPI staining in A and B, respectively. C, Merged image showing c-
kit+NKX2–5+ coexpression. D, Graph illustrating age-related trends for c-kit+NKX2–5+

coexpression which was highest during the neonatal period (2.9 ± 0.1%) and declined
significantly with increasing age. C-kit+ and Ki67+ expression is shown with nuclear DAPI
staining (blue; E and F) and merged c-kit+Ki67+ coexpression is displayed in G. H, Graph
illustrating age-related trends for c-kit+Ki67+ coexpression. Total Ki67 expression and c-
kit+Ki67+ coexpression were highest in neonates (15.0 ± 0.1% and 5.4 ± 0.2%, respectively)
and significantly declined with age. I, C-kit+Ki67+ cells as a fraction of the total c-kit+ cells.
In neonates, c-kit+Ki67+ cells represented 61.1 ± 3.7% of total c-kit+ cells. Infants and
children >2 years of age had 28.1 ± 1.5% and 29.2 ± 1%, respectively. Error bars are ±SEM.
**P < 0.0001, ***P < 0.0001.
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Figure 3.
Confocal microscopy images demonstrate NUMB and GATA-4 expression and
coexpression with c-kit and Ki67 in intact neonatal RA with nuclear DAPI staining (blue).
Graphs indicate age-related trends for NUMB and GATA-4 expression (C and F). NUMB
expression was low in neonatal RA (1.2 ± 0.42%) and declined with age, being undetectable
in patients >2 years of age (C). GATA-4 expression did not differ among neonates (11.25 ±
0.78%), infants (12.42 ± 0.94%), and children >2 years of age (12.75 ± 0.86%) (F). Error
bars are ±SEM. Activated NOTCH1 was detected in neonates (1.3%) but was absent in
older groups (G).
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Figure 4.
A through E, The generation of hCDCs from RA explant cultures. A, Image showing an
adherent explant at 1 week after plating. The edge of an adherent tissue explant (B) and
surrounding fibroblast-like monolayer (C) are shown. Phase-bright cells migrating above the
fibroblast-like monolayer are indicated. D, Removal and replating of phase-bright cells in
cardiosphere-growing medium–induced cardiosphere formation. Cardiospheres were
replated in HCSCEM to expand hCDC monolayers (E). Intact cardiospheres were sectioned
and stained for c-kit (F), NKX2–5 (G), GATA-4 (H), ISL1(I), and TnI (J). Nuclei were
identified by DAPI staining (blue). Scale bar = 50 μm.
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Figure 5.
Confocal microscopy images of CDC at late passage (P4) are shown. A through C,
Expression of cardiomyocyte-specific markers. A, Clusters of CDCs expressed connexin 43
(Cx43). The majority of CDC expressed α-sarcomeric actin (α-actin) and SERCA2 (B and
C). CDCs at P4 also expressed NKX2–5 (D) and mesenchymal markers CD90 and CD105
(E and F). Flow cytometry analysis of CDC at P4 (G). CDCs were negative for
hematopoietic lineage (Lin1) and positive for CD90 (65 ± 5%) and CD105 (81 ± 3%). C-
kit+ CDCs were higher in neonates (9 ± 3%) and infants (7 ± 2%) compared with children
>2 years of age (3 ± 0.3%). Coexpression of c-kit with CD90 and CD105 was observed
(45% to 64%) in the majority of patient samples with no difference between patient age
groups. Error bars are ±SEM.
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Figure 6.
Differentiation of the hCDCs in vitro and in vivo into cardiac lineages. In vitro assays for 14
days determined the cardiac lineage potential by differentiating toward myogenic,
endothelial, and smooth muscle lineages (A through C). Cardiomyogenic differentiation of
the hCDCs was confirmed by positive staining for cardiac TnI(A). Smooth muscle and
endothelial differentiation as confirmed by α-smooth muscle actin (B) and PECAM (C)
staining, respectively. hCDCs were injected into the infarcted myocardium of the rat, and
histological analysis was performed at 28 days (D through F). Transplanted hCDCs were
tracked by their expression of human nuclear antigen protein (HNA; red) and colocalization
with sarcomeric α-actin (green) and gap junction protein connexin 43 (Cx43; orange; D).
Inset, The tracked HNA protein (red; marked with arrows). The transplanted hCDCs
differentiated into smooth muscle cells, which colocalized with α-smooth muscle actin
(SMA; red; E) and into endothelial cells, which colocalized with von Willebrand factor
(vWF; red; F). Nuclei are stained blue with DAPI.
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Figure 7.
A and B, Functional improvement after myocardial infarction in transplanted rat hearts. Left
ventricular ejection fraction (EF) and fractional shortening were analyzed by
echocardiography for all 3 experimental groups in triplicate recordings: hCDCs (n = 6),
cardiac fibroblasts (n = 4), and control (n = 5). A, At 7 days, *P = 0.08 and **P = 0.001
relative to the hCDC group; at 28 days, *P = 0.01 and **P = 0.004 relative to the hCDC
group. B, *P < 0.05 relative to the hCDC group at 28 days.
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Figure 8.
Quantification of regenerated myocardium was determined by Masson trichrome staining. A
representative of the hCDCs transplanted into the infarcted myocardium (A) and media
control (B). C, The calculated viable myocardium determined within the total infarct area of
the hCDCs, fibroblast, and media control. *P = 0.02 relative to cardiac fibroblast treated vs
control; ***P < 0.0001 relative to the hCDC group vs the cardiac fibroblast or control
groups. The percentage of myocardium regenerated between the hCDC and control
fibroblast groups was 9% and between the hCDC and control groups was 11.3%.
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