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Abstract—Resident cardiac stem cells, known as “cardiogenic progenitor cells” (CPCs), are a heterogeneous
population of immature cells residing in the myocardium and capable of self-renewal and differentiation into
cardiomyocyte-like and vascular-like cells. CPCs are usually isolated by long enzymatic digestion of heart tis-
sue and selection with stem cell markers. However, long exposure to enzymatic digestion and the small size
of a myocardial sample significantly hinder acquiring a large number of viable cells. To avoid these problems,
we developed a method based on CPC growth ex vivo and subsequent immunomagnetic selection.
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INTRODUCTION

Cellular cardiomyoplasty employing stem and pro-
genitor cells is a promising approach to treat various
heart diseases, such as chronic ischemic heart disease,
myocardial infarction, and heart failure. However,
numerous studies using postnatal stem somatic cells
(progenitor cells) from nonheart tissue (bone marrow,
peripheral blood, skeletal myoblasts) show a statisti-
cally significant, but very modest, recovery of heart
contractile function with a good safety profile (Fisher
et al., 2015). The positive effect observed after trans-
plantation of these cells is mediated mostly by their
paracrine activity, which inhibits apoptosis of cardio-
myocytes and stimulates angiogenesis. Nevertheless,
transplanted cells are unable to generate new myocar-
dial cells and replace them with their loss (Kikuchi and
Poss, 2012).

The discovery of cardiac residential pool of stem
(progenitor) cells involved in myocardial renewal/par-
tial regeneration and with the ability to differentiate
into major cardiac cell types opened a new possibility
for their use as an optimal material for cellular cardio-
myoplasty (Anversa et al., 2013). Expression of the
receptor to stem cell factor (c-kit), transcription factor
MEF2C, and lack of hematopoietic cell markers

(CD45 and CD34) are common properties of these
cells. In the myocardium, these cells are localized
preferentially in the specific microenvironment of cell
niches located in the apex and atria, which are known
to be the areas with the least hemodynamic load (Leri
et al., 2014). It has been shown that these cells display
properties of postnatal stem (progenitor) cells: self-
renewal, clonogenity, and multipotency, They are
involved in repair of damaged myocardium due to
mobilization from niches, working with injured tissue,
and differentiation into cardiomyocytes and endothe-
lial and smooth muscle cells (Goichberg et al., 2014).

Cardiac progenitor cells (CPCs) are able to replace
lost myocardial cells with new cell elements that sig-
nificantly improve the systolic function, affect remod-
eling, and slow down the progression of heart failure.
However, the number of autologous residential CPCs
obtained from endomyocardial biopsy or heart surgery
in volumes safe for patients is very low for clinical
application; thus, development of effective isolation
methods is required. Most techniques for human CPC
isolation rely on enzyme treatment of myocardium
samples followed by cell sorting using c-kit or sca-1-
like markers (Beltrami et al., 2003; Oh et al., 2003;
Smits et al., 2009a). However, the small size of myo-
cardial material and long-term enzymatic treatment
limit acquisition of large number of viable cells for
clinical application and research.

We have suggested a method of residential CPC
isolation that may obtain stem cells from human or

1 Abbreviations: CPC–cardiogenic progenitor stem cells, RA—
right atrium, c-kit—receptor to SCF (stem cell factor), PBS—
phosphate buffered saline, VEGF—vascular endothelial growth
factor, sca-1—stem cell antigen 1.
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animal myocardial tissue independent of its size or
heart area. This method relies on cell culture in vitro to
increase CPC mass followed by immunomagnetic
selection.

MATERIALS AND METHODS
CPC isolation and culture. Fifty samples of myocar-

dial appendage from the right atrium (RA) were taken
from patients with ischemic heart disease who had
undergone examination and routine surgery at the
Department of Cardiovascular Surgery, Myasnikov
Institute of Clinical Cardiology of the Federal State
Institution Russian Cardiology Research and Produc-
tion Complex (Russian Ministry of Health). The
appendage was excised during RA cannulation for
heart–lung machine connection during bypass sur-
gery. Excised myocardial pieces were treated with
0.1% collagenase A (Roche diagnostic, United States)
for 10 min at 37 °С twice. Culture plates were coated
with 20 μg/mL fibronectin (Sigma, United States).
Cells were maintained in IMDM medium (Invitro-
gen, United States) supplemented with 20% fetal calf
serum (ATCC, United States), 100 units/mL penicil-
lin and 100 μg/mL streptomycin (Thermo Scientific,
United States), 2 mM L-glutamine (Invitrogen,
United States), and 3 IU/L erythropoietin (Sigma,
United States). Accutase (ICT, United States) was
used for the cell detachment. A human Lineage Cell
Depletion Kit (Miltenyi Biotec, United States) and
human CD117 MicroBead Kit (Miltenyi
biotec, United States) were used for magnetic cell
sorting. C-kit (+)Lin(–) cells were cultured in Car-
diac CellutionsTM Medium (DV Biologics, United
States).

Evaluation of immunophenotype of obtained CPCs.
CPCs were assayed using f low cytometry as follows. A
cell suspension obtained with Accutase™ Enzyme Cell
Detachment Medium was stained with antibodies in
PBS with 1% bovine serum albumin. The antibody
panel included c-kitPeCy7 and sca-1 FITC (Miltenyi
Biotec, United States); CD105 FITC, CD90 PeCy5,
LinFITC, CD34 FITC, and CD45 FITC (BDBiosci-
ences, United States); VEGFR2/KDRAPC (Bioleg-
end, United States); snf Notch 1 FITC (Abcam,
United States). Live (not fixed) cells were incubated
with antibodies at +4°С for 30 min, washed with PBS,
and assayed with a BD FACSCanto™ II f low cytome-
ter (BD, United States).

Clonogenic analysis of c-kit(+)Lin(–) cells. The cell
clonogenic potential was assayed in medium com-
posed of 35% IMDM and 65 DMEM/F12 media
(Invitrogen, United States) supplemented with 2%
B27 (Gibco, United States); 10 ng/mL EGF and
20 ng/mL bFGF (R&D, United States); 40 nM car-
diotrophin-1 (Biovision, United States); 40 nM
thrombin (Sigma, United States); and 100 U/mL pen-
icillin, 100 μg/mL streptomycin, and 2 mM L-gluta-
mine.

Proliferation assay of c-kit(+)Lin(–) cells. A num-
ber of cells of 3 x 104 were seeded in fibronectin-coated
in Petri dishes with Cardiac CellutionsTM medium.
Every 24 h, the cells were detached with HyQtase
(Invitrogen, United States) and counted manually in a
hematocytometer under a microscope. The popula-
tion doubling time was calculated according to the
instructions available at http://www.doubling-
time.com.

Differentiation potency of c-kit(+)Lin(–) cells. For
cardiomyogenic differentiation, 20 000 cells/cm2 were
seeded in Cardiomyocyte CellutionsTM Differentiation
Media with 10 μM 5-azacytidine and cultured for
72 h, with the medium being changed every 24 h. The
medium was then replaced by Cardiomyocyte Cellu-
tionsTM Differentiation Media with 10 ng/mL
TGFβ, and the cells were cultured in this medium
for 21 days. Endothelial differentiation was induced by
c-kit(+)Lin(−) cell plating (20 000 cells/cm2) in
DMEM/F12 medium with 1% fetal calf serum, 1%
100 penicillin/streptomycin, 2 mM L-glutamine, 10-8
dexamethasone, and 10 hg/mL VEGF. The cells were
cultured for 21 days changing the medium every 48 h.

Immunofluorescent staining. Cells were fixed and
stained according to the protocol recommended by
Abcam Co. (www.abcam.com). The primary antibod-
ies were c-kit (Dako and Biolegend, United States),
sarcomeric α-actinin and α-actin (Sigma, United
States), CD31 and CD34 (BDPharmingen, United
States); von Willebrandt factor (Sigma, United
States), CD45 and Nkx 2.5 (Abcam and Santa Cruz,
United States), and Gata 4 (Santa Cruz, United
States). Samples were visualized with an Axiovert
200M fluorescence microscope (Zeiss, Germany).
Images were captured with an Axiocam НRС digital
video camera (Zeiss, Germany) and analyzed in the
Axiovision 3.1 (Zeiss, Germany) and Adobe Photo-
Shop CS (Adobe Systems, United States) software.

Patient clinical characteristics and CPC number in
explant cultures. The amount of с-kit+Lin(–) CPCs in
explants was assessed with a BD FACSCanto™ II f low
cytometer. The number of CPCs was evaluated in
patients according to their sex, age, body mass index,
and cardiovascular disease risk factors (diabetes melli-
tus, smoking, hyperlipidemia, arterial hypertension),
as well as echocardiogram exams of the functional
heart state. Correlative analysis was performed using
the Spearman rank correlation method in the Statis-
tica 10.0 software.

mRNA isolation, reverse transcription, and real-time
PCR. mRNA was isolated with the RNeasy Miniprep
Kit (Qiagen, Germany). Isolated mRNA was used for
cDNA synthesis with the Revert Aid Kit (Fermentas,
Latvia). Real-time PCR was performed with reagents
from Synthol Co. (Russia). Product accumulation was
measured with Applied Biosystems equipment
(United States). The primers were Oct4 gene: forward
CTGCAGCAGATCAGCCACATCGCCCAGCAG
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and reverse ACTCGGACCACATCCTTCTCGAGC;
Sox2 gene: forward GGGAAATGGGAGGGGTG-
CAAAAGAGG, reverse TTGCGTGAGTGTGG;
Klf4 gene: forward ACCCACACAGGTGAGA-
AACCTTACC, reverse TGATTGTAGTGCTTTCT-
GGCTGGGCTCC; c myc gene: forward CCCGAG-
CAAGGACGCGACTC, reverse TCGCGGGAG-
GCTGCTGG; Nanog gene: forward CAGCCCT-
GATTCTTCCACCAGTCCC, reverse TGGAAC-
CAGGTCTTCACCTGTTTG; β-actin gene: forward
CCTGGCACCCAGCACAAT, reverse GGGCCG-
GACTCGTCATAC; GAPDH gene: forward TGCAC-
CACCAACTG, reverse GGCATGGACTGTGG.
Human skin and heart fibroblasts were used as nega-
tive controls while lung and kidney cells of human
embryos served as positive controls. Fluorescent high-
resolution DNA melting curves of PCR products were
used to determine the specificity of amplified products
in real-time PCR.

RESULTS

RA myocardial appendage tissues were delivered
within 1 h after coronary artery bypass surgery (Fig.
1a). Under sterile conditions, tissues were minced
with scissors into 1- to 3-mm3 pieces (Fig. 1b), washed
with PBS, treated with 0.1% collagenase A in IMDM
medium twice (Fig. 1c), and washed with the culture
medium. The cell suspension was seeded in fibronec-
tin-coated plates (Fig. 1d). Every 3 days, the
culture medium was partially changed (about half
of the total volume). Explants were cultured until
transparent round cells appeared on the fibroblast
monolayer (21 days) (Fig. 2c). The average number of
c-kit(+)Lin(−) cells in these cultures was 3329 ± 823/
per 105 explanted cells. The CPC c-kit(+)Lin(−)
number negatively correlated with end-diastolic
dimension (r = –0.59, p = 0.05) and was significantly
less in patients with chronic heart failure (2413 ± 1297
and 3635 ± 304, p = 0.033) compared to subjects with
preserved left ventricular systolic function. This find-
ing seems to indicate a decline of these cells under
insufficient blood supply due to cell death or constant
lack of nutrients.

Immunomagnetic selection performed after cul-
ture of explanted cell for 21 days enriched the culture
with residential c-kit(+)Lin(–) CPC. Bone marrow
cells were depleted with a human Lineage Cell Deple-
tion Kit (Miltenyi Biotec, United States). Cell cultures
with depleted bone marrow cells were used for resi-
dential CPC selection by human CD117 MicroBead
Kit. Cultures enriched with c-kit(+)Lin(–) cells were
maintained in Cardiac Cellulation Media (Fig. 3). The
population doubling time of c-kit(+)Lin(−) cells from
the RA appendage was 38.5 ± 4.5 h, and CPCa exhib-
ited major properties of stem (progenitor) cells. For
example, CPCs generated cell aggregates in culture
with low serum content and 2–5% of c-kit(+)Lin(−)
cells were clonogenic, which is comparable with the
potential of bone marrow mesenchymal stromal cells.

The cells did not carry hematopoietic markers or
markers of mature bone marrow or cardiac mast cells
CD34 and CD45 (Fig. 4). Most cells expressed mes-
enchymal stem cell marker CD105 but not CD90. A
small number of cells exhibited KDR and Notch1
markers common for CPCw with vasculogenic poten-
tial (Bearzi et al., 2009). c-kit(+)Lin(−) cells did not
stain with antibodies to sarcomeric α-actin or α-acti-
nin (cardiomyocyte markers), as well as von Wille-
brand factor or PEGAM/CD31 (vascular markers).
Like embryonic stem cells, c-kit(+) cells expressed
pluripotent genes (Oct4, Sox2, KLF4, с-myc, and
Nanog) (Fig. 4) indicating c-kit(+)Lin(−) cells’ capa-
bility for self-renewal, proliferation, and maintenance
of undifferentiated status in vitro.

An important property of residential CPCs is
multipotency (Fig. 5). Cardiogenic differentiation of
c-kit(+)Lin(−) cells was induced by the cell cultiva-
tion in Cardiac Differentiation Media included TGFβ
(an embryonic cardial differentiation factor) and syn-
thetic nucleoside 5-aza-cytidine applied as a DNA
methylation inhibitor (Smits et al., 2009b). c-
kit(+)Lin(−) cell cultivation in this differentiation
medium did not induce the appearance of contractile
structures but facilitated the expression of Nkx 2.5
transcription factors and sarcomeric α-actin and
α-actinin (markers of cardiomyocyte contractile
apparatus). C-kit(+)Lin(−) cells cultured in differen-

Fig. 1. Stages of human cardiogenic progenitor cells (CPCs) isolation. (a) Right atrial appendage, (b) minced tissue, (c) enzy-
matic treatment, (d) explant culture, and (e) immunomagnetic selection.

(a) (b) (c) (d) (e)
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tiation medium with dexamethasone and VEGF pro-
duced capillary-like structures composed of cells
expressing endothelial marker CD31 and von Wille-
brand factor.

DISCUSSION

The discovery of resident CPCs has revolutionized
the field of regenerative medicine as drastically
changed the idea that the heart is incapable of renewal.
It has been shown that new cardiomyocytes are
steadily generated from resident stem cells throughout
life in states of health and disease (Anversa et al.,
2013). However, the rate of renewal is a subject of
debate (Bergmann et al., 2009; Kajstura et al., 2010).
Nevertheless, endogenous regenerative potential of
myocardium is insufficient to maintain cell homeosta-
sis in chronic diseases (coronary heart disease, con-
gestive heart failure, diabetes mellitus) or great myo-
cardial injury (infarction) and aging. Under these con-
ditions, the functional activity of CPCs (proliferation,
migration, differentiation) declines and the number of
CPCs undergoing apoptosis increases. Altogether, this
results in a reduced number of functionally valuable
CPCs and ineffective myocardial regeneration, lead-
ing to disease progression.

A solution to this problem may be cellular cardio-
myoplasty based on autologous residential CPCs
obtained from a patient and cultured in vitro to reach
applicable volume of cellular mass. CPCs’ capacity for
cardiomyocyte and vascular differentiation makes
them a unique object for restoration of lost myocardial
cells. However, CPC isolation can be very challenging,
as samples of very small volume (0.1–0.3 mg) may be
obtained from a patient’s heart, which limits the appli-
cability of CPCs for transplantation.

Typically, intrasurgery myocardial biopsy is used as
a source for cell isolation with most methods to isolate
progenitor cells relying on enzymatic treatment fol-
lowed by immunomagnetic selection using beads with
antibodies to stem cell markers (Beltrami et al., 2003;
Oh et al., 2003; Parfenova et al., 2009) or gradient cen-
trifugation (Oh et al., 2011). However, myocardial
biopsy is not a routine patient examination and is
applied only under strict medical indications (pro-
gressing congestive heart failure of unknown etiology,
rhythm and conduction disturbances of unknown ori-
gin, myocarditis and cardiomyopathy diagnostics).
Therefore, biopsy of myocardial material is not an
optimal source for CPC isolation. Moreover, enzy-
matic treatment of myocardial samples alters the

Fig. 2. Explant culture and primary CPC population. (a, b, c) Explant cultures after 48 h and 10 and 19 days of culture, respec-
tively; (d, e) c-kit(+)Lin(−) CPC primary cultures 8 and 10 days after isolation, respectively; and (f) immunofluorescent staining
of primary CPC culture with antibodies to c-kit-marker (green); nuclei are stained with DAPI (blue).

(a)(a) (b)(b) (c)(c)

(с)(с) (d)(d) (e)(e)

(a) (b) (c)

(с) (d) (e)
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expression of cell surface molecules, modifying CPC
viability and proliferative potential.

Another approach to acquiring CPCs is cardio-
sphere production, which provides CPCs in numbers
sufficient for autotransplantation (Messina et al.,
2004). However, it also has drawbacks, as cardio-
spheres are cell aggregates composed of cells with dif-
ferent phenotypes and at various differentiation stages.
These cells express markers of myocardial progenitor
cells, as well as mesenchymal and endothelial cells and
fibroblasts. It has been suggested that interaction
between these cells facilitates myocardial progenitor
cell differentiation into cardiomyocytes, endothelial
and smooth muscle cells. Cardiomyocytes obtained
from mouse and human cells have been seen to exhibit
spontaneous contraction (Messina et al., 2004). To
the contrary, some authors have failed to obtain func-
tionally mature cardiomyocytes differentiated from
cardiospheres (Shenje et al., 2008). In these studies,
cardiospheres induced to differentiation did not

exhibit expression of stem cell markers (с-kit, sca-1,
SSEA-1) or the proliferation and differentiation
potency common for stem cells. Another group
(Andersen et al., 2009) also stated that cardiospheres
do not possess cardiomyogenic potential and cardio-
sphere cell properties are explained by culture con-
tamination with fragments of initial myocardial mate-
rial or bone marrow stem cells rather than CPC prolif-
eration and differentiation.

The CPC isolation method that we have described
can be used to obtain progenitor cells from myocar-
dium pieces from any human heart segments indepen-
dent their size. This allows one to increase ex vivo the
yield of residential CPCs by explant culture followed
by selection of specific stem cell population using
immunomagnetic sorting. We used the method of
explants relying on the suggestion that microenviron-
ment paracrine factors regulate the viability and pro-
liferation of stem cells both in vitro and in vivo
(Urbanek et al., 2006). Thereby, explant culture may

Fig. 3. Immunophenotype of human cardiac progenitor cells. CPC c-kit(+) distribution, f low cytometry. (a) Control antibodies,
(b) antibodies to c-kit, and (c) quantification of various markers in CPC population: (1) c-kit, (2) sca-1, (3) D105, (4) CD90,
(5) KDR, (6) Notch1, (7) CD34, (8) CD25, and (9) Lin.

0

10

20

30

40

50

60

70

80

90

100

1 2

@
К

ол
ич

ес
тв

о 
кл

ет
ок

,
эк

сп
ре

сс
ир

ую
щ

их
 м

ар
ке

р,
 %

3 4 5 6 7 8 9

105

104

103

102

0

105

(a)

1041031020

0.23%
PE

-C
y7

-A
:: 

lo
g G

105

104

103

102

0

105

(b)

(с)

1041031020

97.3%

c-kit+

PE
-C

y7
-A

:: 
c-

ki
t



354

CELL AND TISSUE BIOLOGY  Vol. 10  No. 5  2016

DERGILEV et al.

mimic the cellular niche ex vivo maintaining prolifer-
ation of resident CPCs by autocrine/paracrine factors
of the microenvironment.

The second stage of the protocol is hematopoietic
cell depletion and selection of residential CPCs from
explanted cells. A C-kit—a receptor of stem cell factor
(SCF)—was used for identification and isolation of

resident CPCs from rats, mice, dogs, and human
beings (Beltrami et al., 2003; Oh et al., 2003; Linke
et al., 2005; Urbanek et al., 2005). The properties of
myocardial c-kit(+) cells (clonogenicity, migratory
and differentiation potential) are significantly better
than those of other CPC types (sca-1(+) and
MDR1(+) cells) (Linke et al., 2005).

Fig. 4. Expression of pluripotent genes in (1) human CPCs, (2) embryonic lung cells, (3) embryonic kidney cells, (4) skin fibro-
blasts, and (5) heart fibroblasts.
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CPCs isolated from explant culture express c-kit
receptor on their surface and are capable of renewal in
vitro. Clones of kit(+)Lin(−) cells from the RA
appendage express pluripotent genes common to
embryonic stem cells (Oct4, Sox2, Klf4, c–myc,
Nanog) required for self-renewal of stem cells (Nichols
et al., 1998; Avilion et al., 2003; Miyagi et al., 2008).
Expression of these genes regulates the undifferenti-
ated state of embryonic stem cells, mediates their
unlimited proliferation in vitro, and indicates low dif-
ferentiation of CPCs.

It should be noted that the number of CPCs in
explant culture was reduced in samples obtained from
patients with systolic heart failure. This may be
because CPCs undergo cell death by necrosis or apop-
tosis in patients with heart failure due to insufficient
blood supply. Release of active compounds and
inflammation products during cell death in the injured
area inhibits CPC proliferation and differentiation,
resulting in even further decline of their number (Liu
et al., 2011). Another major issue may be increased
angiotensin 2 production by hypertrophic cardiomyo-
cytes (Traktuev et al., 2009; Casellas, 2011), as its
binding to AT1 receptor accelerates CPC aging and
may reduce their survival potency (Renny et al., 2014;
Chalothorn et al., 2010).

In our study, myocadial c-kit(+)Lin(−) cells
obtained from patients with ischemic heart disease
were clonogenic and prone to differentiation into vas-
cular and cardiomyocyte lineages, indicating their
multipotency. CPCs cultured in medium with
5-azacytidine and TGF-β expressed mature cardio-
myocyte proteins (Nkx 2.5, sarcomeric actin, and
α-actinin). However, we observed no cells with cross-
striated sarcomeres capable of spontaneous contrac-
tion; i.e., the differentiation process was incomplete
and no mature cardiomycytes were produced. Differ-
entiation agents triggered endothelial differentiation in
c-kit(+)Lin(−) cells to cells expressing mature endo-
thelial markers—CD31 and vWF. C-kit and Sca-1 are
considered markers of endothelial cell progenitors
(Takamiya et al., 2006; Kaminski et al., 2008), and it
has been suggested that c-kit(+)Lin(–) cells from the
RA appendage are endothelial progenitor cells with
limited capacity to differentiate into cardiomyocytes
(Sandstedt et al., 2010). The authors found that c-
kit(+) cells carried CD31, CD34, CXCR4, and Flk-1
surface markers and had an expression pattern resem-
bling mature endothelium. Our results show that c-
kit(+)Lin(–) cells from the AR appendage do not
express endothelial markers ex vivo and endothelial
differentiation may be triggered only by specific differ-
entiation agents, which is typical for multipotent cells.

In conclusion, this method based on explant cul-
ture and immunomagnetic separation is applicable for
isolation of c-kit(+) cells from a human RA append-
age or ventricular tissue. These cells in vitro show clo-
nogenicity and capability for self-renewal and express

pluripotency genes common to embryonic stem cells,
indicating the presence of poorly differentiated cells in
the human CPC population. Certain clones of these
cells may be induced to differentiate into cardiomyo-
cyte and endothelial lineages, yet cardiomyocyte-like
cells were immature in terms of their contractile func-
tion. Isolation of human c-kit(+) CPC using the
method that has been elaborated will facilitate evalua-
tion of their reparative properties in animal models so
as to advance the application of stem cells towards in
patients.
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