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Abstract
Objectives: Cardiac atrial appendage stem cells
(CASCs) have recently emerged as an attractive
candidate for cardiac regeneration after myocardial
infarction. As with other cardiac stem cells, CASCs
have to be expanded ex vivo to obtain clinically rel-
evant cell numbers. However, foetal calf serum
(FCS), which is routinely used for cell culturing, is
unsuitable for clinical purposes, and influence of
long-term in vitro culture on CASC behaviour is
unknown.
Materials and methods: We examined effects on
CASC biology of prolonged expansion, and evalu-
ated a culture protocol suitable for human use.
Results: In FCS-supplemented medium, CASCs
could be kept in culture for 55.75 � 3.63 days,
before reaching senescence. Despite a small
reduction in numbers of proliferating CASCs
(1.37 � 0.52% per passage) and signs of progres-
sive telomere shortening (0.04 � 0.02 kb per pas-
sage), their immunophenotype and myocardial
differentiation potential remained unaffected dur-
ing the entire culture period. The cells were suc-
cessfully expanded in human platelet plasma
supernatant, while maintaining their biological
properties.
Conclusions: We successfully developed a protocol
for long-term culture, to obtain clinically relevant
CASC numbers, while retaining their cardiogenic
potential. These insights in CASC biology and

optimization of a humanized platelet-based culture
method are an important step towards clinical
application of CASCs for cardiac regenerative med-
icine.

Introduction

Over the past decade, discovery of resident cardiac stem
cells (CSCs) has raised high hopes for regenerating
functional myocardium and restoring cardiac function
after myocardial infarction (MI). CSCs can be found
clustered in niches located in specific areas of the adult
heart, such as the atria, apex and epicardium (1–3); they
are self-renewing, clonogenic and multipotent (4–6).
Data from preclinical animal models have provided
strong support that CSCs play a fundamental role in car-
diac regeneration after ischaemic insult (7,8). They are
tissue-specific, pre-committed to cardiac fate and can be
isolated from a target patient population making them
suitable for autologous use. As a consequence, CSCs
have recently been investigated in phase I clinical trials
in which MI patients were transplanted with autologous
CSCs to assess their safety, feasibility and efficacy
(9,10).

Very recently, our research group described the isola-
tion of cardiac atrial appendage stem cells (CASCs)
from ischaemic heart disease (IHD) patients (11). The
isolation procedure relies on elevated activity of alde-
hyde dehydrogenase (ALDH), a well-known feature of
several types of stem cell, such as haematopoietic, mes-
enchymal (MSC) and neural stem cells (12–14). In
native tissue, CASCs are typically ALDH+, CD34+,
CD45� and c-kit�, but CD34 expression is lost during
cell culture. The cells are clonogenic, express a number
of pluripotency associated genes, and display functional
cardiogenic differentiation in co-culture with neonatal
rat cardiomyocytes (NRCMs). In addition, autologous
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injection of expanded CASCs into the peri-infarct zone
has resulted in successful engraftment and cardiac differ-
entiation in a minipig MI model (11). Results of a
functional repair follow-up study in this preclinical
animal model, have shown the potential of CASCs for
clinical use in cardiac regenerative medicine (article
submitted).

Many key questions regarding the biological proper-
ties of CASCs, which may directly affect their clinical
success in IHD patients, remain unanswered. In addition,
as for other CSCs, CASCs are found in relatively low
frequency in the human heart (0.9 � 0.8% total heart cell
population). Thus, patient application of CASCs requires
their isolation and subsequent large-scale ex vivo expan-
sion, to obtain sufficient relevant cell quantities for clini-
cal use. Moreover, CASCs have to be collected from
elderly patients, which might constrain their cardiac
regeneration potential as they may already display signs
of cell ageing, such as telomere shortening and dysfunc-
tion, causing cells to enter a crisis phase. In addition,
long-term in vitro culture might exacerbate these ageing
processes resulting in early senescence and loss of differ-
entiation potential. Consequently, these concerns need to
be addressed before CASCs can be applied in regenera-
tive medicine.

Traditional cell culture protocols use foetal calf
serum (FCS) as a nutritional supplement. Considering
clinical application, however, FCS is a less suitable
additive as it has a number of disadvantages, such as
potential risk of transmitting infectious agents, inducing
xenogeneic immune reactions and high cost (15–17). In
this context, human-derived platelet lysate (PL) and
platelet plasma supernatant (PPS) have been suggested
to be adequate alternatives for FCS in large-scale cell
culture for clinical settings (18–20). PPS can be easily
collected from common platelet units, while PL can be
simply generated from the same units by freeze–thaw
procedures.

The goal of the present study was to examine bio-
logical characteristics of CASCs over long-term ex vivo
expansion. Thus, we evaluated CASC proliferation, age-
ing, immunophenotype and differentiation characteristics
at various time points during culture. In addition, with a
view to future transplantation studies, we evaluated suit-
ability of a CASC culture method based on blood plate-
let-derived supplements.

Material and methods

All procedures were carried out in accordance with the
principles set forth in the Helsinki Declaration. Approval
by the Jessa Institutional Review Board and informed
consent from each patient were obtained. All animal

studies were approved by the Hasselt University Institu-
tional Animal Care and Use Committee.

Preparation of platelet plasma supernatant

Outdated platelet concentrates obtained by platelet
aphaeresis were provided by the blood bank of the Jessa
Hospital, maximum 1 week after collection. Platelet con-
centration was in the order of 1 9 109/ml. Platelet con-
centrates were centrifuged for 15 min at maximum speed
(3600 g), PPS was collected and aliquots were stored at
�20 °C until use. The platelet pellet was suspended in X-
Vivo 15 medium at 5.7 9 109 platelets/ml and platelets
were either snap frozen in liquid nitrogen or frozen at
�80 °C followed by rapid thawing at 37 °C to lyse them.
This freeze/thaw cycle was repeated twice. The suspen-
sion was centrifuged for 15 min at maximum speed
(3600 g) and obtained PL suspension was collected and
aliquots which were stored at �20 °C until use.

Isolation and expansion of CASCs

Cardiac atrial appendage stem cells were isolated from
atrial appendages obtained from IHD patients undergo-
ing routine cardiac surgery, as previously described by
Koninckx et al. (11). Cells were seeded in fibronectin
(8–24 lg/ml)-coated culture plates (Becton & Dickin-
son, Franklin Lakes, NJ, USA) and expanded at 37 °C
in humidified atmosphere containing 5% CO2. After the
first cell passage, 20% FCS was reduced to 10% FCS
or alternatively, replaced by 10% PL or different con-
centrations of PPS, in the presence of 2% penicillin–
streptomycin–amphotericin B (Lonza) and 5 IU/ml hep-
arin (Leo). For comparison of 10% FCS and 7.5% PPS,
two different platelet units were tested for every CASC
culture. Average values of these replicates were calcu-
lated and used for further analysis. Each time 80–85%
confluence was reached, cells were replated at
5 9 103 cells/cm². Medium was changed twice a week.
CASCs were uninterruptedly maintained in long-term in
vitro cultures until a state of proliferative arrest was
reached. This was characterized by population doubling
(PD) of less than one, which leads to stabilization of
the population doubling level (PDL) and cumulative cell
number.

Determination of growth kinetics

Cells were counted, following trypan blue exclusion
testing, at every passage. Total number of cells at each
passage was calculated as ratio of total number of cells
harvested at the current passage to total number of cells
seeded at the previous passage, multiplied by total
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number of cells harvested at the previous passage. PDs
were calculated using the formula:

PD ¼ ½logðA=A0Þ�=log(2)
where A0 represents initial cell number and A represents
cell harvest number (21). To calculate cumulated PDL at
a particular passage, calculated PD for this passage was
added to PDs of previous passages. Population doubling
time (PDT) was obtained from the formula:

PDT ¼ ln2=½lnðA=A0Þ=t�
where A0 signifies initial cell number, A is cell number
at time point ‘t’ and t represents time (in days) since the
last passage (22).

Cell cycle analysis

Cell cycle distribution was analysed using the BD Cyclet-
estTM Plus DNA Reagent Kit (Becton & Dickinson)
according to the manufacturer’s instructions. To this end,
2.5 9 105 CASCs were cultured under standard culture
conditions and 10 ng/ml KaryoMAX ColcemidTM solution
(Invitrogen) was added the following day, for 48 h, to
obtain mitotic arrest in metaphase. Cells were then har-
vested after trypsinization, frozen in buffer solution and
stored until analysis. Cell DNA content was analysed
using FACSCanto (Becton & Dickinson) apparatus. CAS-
Cs in S and G2M phase were defined as actively prolifer-
ating cells. DNA QC particles (Becton & Dickinson) were
used for quality control according to the manufacturer’s
protocol. Normal peripheral blood cells collected from
healthy individuals was utilized as diploid DNA reference
for calibration and had <0.5% proliferating cells. Mitotic
indices were calculated with ModFit LT software 3.0 (Ver-
ity Software House, Topsham, ME, USA).

Immunophenotyping by flow cytometry

Antigenic expression profile of CASCs was determined
by flow cytometry. 5 9 104 CASCs/tube were incubated
for 20 min in the dark with human monoclonal antibodies
as recommended by the manufacturer. Fluorescence
minus one combined with mouse IgG isotype control was
used for correct gating and to identify non-specific stain-
ing. All antibodies were purchased from Becton & Dick-
inson, except for CD105-FITC (Serotec, Kidlington, UK).

Analysis of aldehyde dehydrogenas expression

Flow cytometric analysis of ALDH expression in CASCs
was performed using AldefluorTM kit (Aldagen, Inc., Dur-
ham, NC, USA). For this, 4 9 104 cells were incubated
in 500 ll Aldefluor assay buffer containing 1.5 lM acti-

vated Aldefluor reagents (Aldagen, Inc). ALDH+ and
ALDH� CASC populations were flow sorted and sepa-
rately seeded in 96-well plates in X-Vivo 15 medium sup-
plemented with 20% FCS and 2% P/S, to evaluate their
continued growth. In addition, a fraction of both popula-
tions was flow sorted into FACS tubes containing Aldeflu-
or assay buffer. Subsequently, cytospin centrifugation was
performed for microscope visualization of the green fluo-
rescent reaction product using an Axiovert 200M micro-
scope (Zeiss, Oberkochen, Germany). Alternatively,
ALDH expression was directly analysed on cultured
CASCs by seeding 1 9 104 cells/well in 24-well plates
and performing similar incubation steps in the well plates.
After incubation at 37 °C for 30 min, cells were washed
and kept in Aldefluor assay buffer for microscope visuali-
zation of green fluorescent reaction product. For all
microscopy data acquisitions, exposure times were kept
constant during each recording.

Production of green fluorescent protein lentiviruses
and transduction of CASCs

Prior to setting up co-culture differentiation assays, CASCs
were labelled with green fluorescent protein (GFP). Pro-
duction of GFP-containing lentiviruses and transduction of
CASCs was performed as previously described (23).

Functional cardiomyogenic differentiation assays

To stimulate cardiomyogenic differentiation, co-culture
systems were set up between GFP+ CASCs and NRCMs
as previously described. After 1 week, cardiac differenti-
ation was evaluated by immunofluorescence for cardiac
troponin (cTn)T and I (11).

Telomere length measurement with real-time PCR

Genomic DNA was isolated from CASCs by ethanol pre-
cipitation or using QIAamp DNA mini kit (Qiagen Ltd.,
Venlo, The Netherlands), according to the manufacturer’s
instructions. The 1301 cell line (T-cell lymphoblastic leu-
kaemia), which has been reported to have long and con-
stant telomeres, was used as positive control (24).

Singleplex real-time PCR reactions were carried out
in duplicate with Rotor-Gene Q (Qiagen Ltd.), based on
methods of Cawthon et al. (25). Final reaction master
mix composition consisted of 1X Platinum SYBR Green
qPCR SuperMix-UDG (Invitrogen), 1 M Betaine
(Sigma-Aldrich, St. Louis, MO, USA), 900 nM albumin
or 450 nM telomere primer, respectively, and 20 ng
DNA. PCR reaction consisted of the following steps:
95 °C for 15 min, 2 cycles of 94 °C for 15 s and 50 °C
for 15 s, 32 cycles of 94 °C for 15 s, 62 °C for 10 s,
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74 °C for 15 s (acquisition of telomere product fluores-
cence), 84 °C for 10 s and 86 °C for 15 s (acquisition
of albumin product fluorescence), followed by melt
curve analysis. To quantify absolute telomere length
(aTL), standard curves of albumin and telomere plas-
mids were generated as previously described (26).

Telomerase expression with real-time RT-PCR

Total RNA was extracted from CASCs using RNeasy
Micro Kit Isolation System (Qiagen Ltd.), according to
the manufacturer’s instructions. RNA quality and integrity
were analysed on an Agilent 2100 BioAnalyzer (Agilent
Technologies, Santa Clara, CA, USA). RNAwas eluted in
RNase-free H2O and stored at �80 °C. cDNA was syn-
thesized using SuperscriptTM First-Strand cDNA Synthesis
System (Invitrogen), according to the provider’s protocol.
Real-time RT-PCR reactions were performed in duplicate
on Rotor-Gene Q (Qiagen Ltd.). Reaction conditions con-
sisted of 1X Absolute qPCR Sybr Green Mix (Thermo
Scientific, Waltham, MA, USA), 300 nM human telomer-
ase reverse transcriptase (hTERT) primers or 450 nM
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
primers and 1 ll of cDNA. As previously described by
Anedchenko et al., hTERT primers were designed specifi-
cally to amplify the only functional full-length hTERT iso-
form 1: hTERT forward primer 50-CTGTACTTT
GTCAAGGTGGATGTGA-30 and hTERT reverse primer
50- GTACGGCTGGAGGTCTGTCAAG-30 (27). The sin-
gle copy gene (scg) primers were designed in-house by
primer express 3.0 with: GAPDH forward primer 50-AG-
TCAACGGATTTGGTCGTATTG-30 and GAPDH
reverse primer 50-ATCTCGCTCCTGGAAGATGGT-30.
PCR reaction was performed as previously described:
5 min at 95 °C, 50 cycles at 95 °C for 15 s, 60 s at the
corresponding annealing temperature (AT) (57 °C for
GAPDH and 59 °C for hTERT) and 72 °C for 20 s,
which was followed by melt curve analysis (27).

Statistical analysis

To analyse whether starting number correlated to maxi-
mal cumulative number of CASCs, CASC populations
were categorized into two groups: CASCs with
<4 9 104 initial cells (A0low; n = 10) and CASCs
>4 9 104 initial cells (A0high; n = 10). Comparisons
between groups were performed in GraphPad version
5.01 using Mann–Whitney testing. Linear mixed models
were used for data measured at repeated time points dur-
ing the follow-up period (patient evolution data). Linear
mixed models were used to compare aTL per passage
(random intercept) as well as number of proliferative
CASCs per passage (random intercept and slope), after

outlier detection and removal, with software ‘R’ version
2.10.1 (Vienna, Austria). For comparison of CASC aTL
in FCS and PPS, a treatment–time interaction was
included. All statistical analyses for linear mixed models
were performed in SAS version 9.2 (SAS Institute, Cary,
NC, USA). For each test, at least three patients per pas-
sage were analysed, unless stated otherwise.

Results

Isolation and long-term in vitro expansion of CASCs

Growth properties of CASC cultures from different IHD
patients (n = 21; Table 1) were evaluated over the entire

Table 1. Patient characteristics

CASC group (N = 21)

Age 71.71 � 9.95
Male 16 (76)
Risk factors
Weight (kg) 80.00 � 11.78a

Body mass index (kg/m²) 27.54 � 3.72a

Last creatinine level pre-operation (mg/dl) 1.01 � 0.24
Smoker 10 (50)a

Family history of CAD 5 (25)a

Diabetes 5 (25)
Hyperlipidaemia 14 (70)
Renal dysfunction 4 (20)
Hypertension 14 (67)
Chronic lung disease 1 (5)
Peripheral vascular disease 4 (19)
Cerebrovascular disease 6 (29)
Pre-operative cardiac status
Myocardial infarction 7 (35)
Congestive heart failure 4 (20)
Angina 17 (81)
Arrythmia 4 (19)
Classification: NYHA I/II/III/IV 0/11/4/5a (0/55/20/25)a

Pre-operative medicine
Beta-blockers 13 (60)
Nitrates PO 10 (50)
Nitrates IV 5 (25)
Diuretics 2 (10)
ACE inhibitors 6 (30)
Ca antagonists 4 (15)
Antiarrythmias 3 (15)
Lipid lowering 15 (75)
Aspirin 18 (85)
Other antiplatelets 6 (30)
N vessels: 0/1/2/3 1/0/6/13 (5/0/29/67)
Surgical procedure
CABG/valve/other 19/4/0 (95/20/0)

Values are expressed as mean � SD or n (%).
CASC, cardiac atrial appendage stem cell; NYHA, New York Heart
Association; ACE, angiotensin-converting enzyme; Ca, calcium; CABG,
coronary artery bypass.
aN = 20.
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expansion period. Cultures that did not grow beyond P5
were excluded from further analysis (n = 4). In general,
CASC cultures had an early, exponential growth phase
(P2–P5), followed by a late phase (P6–P9) characterized
by slow decay in growth rate. Cells remained in culture
for 51.88 � 2.60 days on average and performed
9.04 � 0.98 PDs until ultimately reaching a state of
proliferative arrest. This was accompanied by apparently
enlarged volume morphology and formation of cell
structures resembling apoptotic blebs and necrotic cell
debris (data not shown). In terms of growth and in vitro
lifespan, a wide inter-individual variability was observed
among CASC cultures. This was clearly reflected in the
maximum calculated cumulative number of cells, which
ranged between 0.34 9 106 and 11.07 9 109 (Fig. 1a).
However, maximal cumulative number of cells did not
correlate with their starting number as initially harvested
from tissue specimens (P = 1.00, data not shown).
Furthermore, early phase CASCs had an average of
2.01 � 0.12 PDs, which reduced slightly to
1.60 � 0.15 PDs for late phase cells. CASCs had aver-
age PDL of 6.02 � 0.60 at P5 and 13.65 � 1.89 at P9
(Fig. 1b). According to PDT data, 52.9% of CASCs had
high initial growth rate, slowing towards the end of the
culture period, while 41.2% of the populations displayed
variable growth rates, with alternating periods of
slow and fast expansion. In 5.9% of CASC cultures, a
rather slow expansion rate was observed during
early phases which accelerated towards the end of the
culture period, prior to reaching growth arrest. PDT
measured in early phase CASCs was 3.58 � 0.45 days,
increasing to 6.54 � 0.79 days in late phase CASCs.
Average PDT commonly increased throughout all CASC
cultures.

Additionally, proliferation assays were performed to
follow cell cycle progression over long-term in vitro
expansion (n = 13; P4–P9). On average 19.40 � 1.07%
of all CASCs were in mitosis (Fig. 2a). This prolifera-
tive percentage ranged from maximum of
22.77 � 2.45% at P5 to 17.10 � 2.98% at P9. There
was a slight but significant reduction of 1.37 � 0.52%

in the number of proliferating CASCs at each passage
(P = 0.046) (Fig. 2b). This analysis revealed also that
CASCs showed no signs of aneuploidy over the course
of expansion, even at higher passages.

Ageing and cell senescence dynamics of CASCs

To assess the influence of concomitant serial passaging
on cell ageing, aTL was determined in CASCs over
their expansion period. Cells were collected and
expanded from 19 different patients, subsequently har-
vested at consecutive passages (P4–P9) and aTL was
measured with real-time PCR assay. Expanded CASCs
had average aTL of 0.69 � 0.33 kb for the entire cul-
ture period, ranging from 1.10 � 0.28 kb at P4 to
0.59 � 0.24 kb at P9. Statistical analysis revealed that
CASCs showed overall and significant reduction in aTL
with increasing number of passages (P = 0.019)
(Fig. 2c). More specifically, at each passage, the aTL
declined with 0.04 � 0.02 kb, on average. These results
indicate that, despite inter-individual variation between
patients, change of aTL in CASCs was consistent over
time. In agreement with these observations, hTERT tran-
scripts were not expressed in expanded CASC cultures
up to P9 (n = 2, data not shown).

Biological characteristics of expanded CASCs

The immunophenotype of CASCs (n = 14, P4–P9) was
continuously monitored at different passages throughout
the culture period and retained a stable phenotype with-
out any specific alteration. Expanded CASCs remained
CD34, CD45 and CD117 negative. In contrast, the
cells stably expressed CD29, CD55dim, CD73, CD90
and CD105. For CD90 in particular, two subpopula-
tions were demonstrated to be present, CD90dim and
CD90+. Data retrieved from distinct CASC populations
are summarized in Fig. 3 (red line). Furthermore,
ALDH expression in the cells was monitored over their
long-term expansion period (n = 9). Our data indicate
that ALDH activity tended to be constant, with average

(a) (b)

Figure 1. Cardiac atrial appendage stem
cell growth kinetics over long-term expan-
sion. Graphs represent cumulative cell num-
ber (a) and population doubling level (PDL,
b). Graphs are displayed in function of pas-
sage number (P2–P9) as mean � SEM. At
each passage N ≥ 4.
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50.65 � 2.24% of ALDH+ CASCs during their
expansion from P4 to P9. CASCs displayed no sign of
decaying ALDH activity with increasing days in culture

(Fig. 4a). Interestingly, when ALDH+ and ALDH�

CASC subpopulations were flow sorted and seeded
in separate culture plates, only the ALDH+

(a)

(b)

(c)

Figure 2. Proliferation and absolute telomere length (aTL) of expanded cardiac atrial appendage stem cells (CASCs). Representative cytom-
etry output of cell cycle distribution of peripheral blood cells (negative control, a left) and expanded CASCs (P4–P9) (a right). (b) Individual (grey
lines) and average (bold red line) linear reduction in percentage of proliferating CASCs with increasing passages (P = 0.046). (c) Individual (grey
lines) and average (bold red line) inverse linear relation between aTL and passage number (P = 0.019).
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fraction attached to the culture plate and revealed con-
tinued growth and expansion (Fig. 4b). In contrast,
ALDH� CASCs remained unattached, undergoing cell
death.

To evaluate preservation of cardiogenic potential of
CASCs (n = 17) over long-term expansion, GFP+ cells
were harvested at different time points and brought into
co-culture with NRCMs. CASC cultures from P4 to P9
maintained their ability to differentiate towards cardio-
myocytes, as demonstrated by expression of cardiac-
specific proteins TnT and TnI (Fig. 5a,b).

PPS as a culture supplement for CASC expansion in a
clinical setting

For the purpose of a future CASC cell therapy study,
we aimed to establish a non-FCS-based culture method.
To this end, we evaluated the use of human PL and
PPS as potential alternative medium supplements for
FCS for long-term in vitro culture of CASCs. Initial
experiments showed that CASCs adhere to tissue culture
plates within 24 h of seeding, when cultured in the
presence of 10% FCS or 10% PPS, but not in 10% PL

Figure 3. Immunophenotypic analysis of ex vivo expanded cardiac atrial appendage stem cells (CASCs). Long-term in vitro expanded CASCs
(P4–P9) displayed continuous stable phenotype with expression of CD105, CD73, CD29, CD90 and CD55, while lacking CD106, CD117, CD34
and CD45. N ≥ 3 at each passage for each antigen marker.
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(n = 4/group; data not shown). Further optimization
experiments with 5%, 7.5% and 10% PPS revealed an
optimal concentration of 7.5% PPS in the culture med-
ium (n = 4/group; data not shown); this was therefore

selected as the medium supplement for further experi-
ments.

Subsequently, biological characteristics of CASCs
expanded in medium enriched with 7.5% PPS were

(a)

(b)

Figure 4. Aldehyde dehydrogenase (ALDH)
expression of expanded cardiac atrial
appendage stem cells. (a) Flow cytometry
analysis of ALDH activity in expanded cardiac
atrial appendage stem cells (P4–P9), displayed
by mean � SEM. (b) ALDH� (left) and
ALDH+ cells (right) in culture. N ≥ 4 per
passage.

(a) (b)

Figure 5. Cardiomyogenic differentiation of expanded cardiac atrial appendage stem cells. Immunofluorescence images illustrating cTnT (red,
a) and cTnI staining (red, b) on GFP+ CASCs (green; P4–P9) after 1 week in co-culture with NRCMs. Nuclei stained with 40,60-diamidino-2-pheny-
lindole (DAPI) (blue). N ≥ 3 measurements at each passage. Scale bar = 20 lm.
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compared to those of CASCs cultured in 10% FCS
(n = 4/group). In general, CASC growth kinetics in
PPS were similar to those of cells cultured in FCS-
based medium (Fig. 6a,b). Maximal cumulative cell
number ranged from 1.34 9 106 to 2.56 9 108 when
the cells were cultured in medium with FCS, and max-
imal cumulative CASC numbers in PPS-supplemented
medium ranged from 1.58 9 106 to 6.65 9 107. CAS-
Cs cultured in FCS- and PPS-supplemented medium
displayed average maximal PDL of 10.43 � 3.78 and
9.46 � 2.20 respectively. Furthermore, average aTL of
CASCs (P5–P9) cultured in PPS and FCS was similar
with values of 0.69 � 0.30 kb and 0.55 � 0.16 kb,
respectively. Indeed, no significant differences were
detected between aTL of CASCs cultured in PPS- or
FCS-enriched medium at the same passage (P = 0.134;
n = 4/group) (Fig. 6c). Flow cytometry analyses
revealed the same antigenic profile for CASCs cultured
in PPS- compared to FCS-enriched medium (P2–P9;
n = 3/group; Fig. 3 green line). Finally, in comparison
with FCS, co-culturing GFP+ CASCs expanded in
PPS-enriched medium (P4–P9) with NRCMs revealed
equally effective cardiomyogenic differentiation poten-

tial as demonstrated by expression of cTnT and cTnI
(n = 4/group; Fig. 7a,b).

Discussion

We have recently shown that CASCs may show great
promise for cardiac regenerative therapies (11). As for
other CSC-types, ex vivo expansion is an essential step in
production of therapeutically meaningful cell numbers.
However, long-term expansion protocols have been
reported to negatively impact the differentiation capacity
of cells (28). Therefore, the aim of this study was to inves-
tigate extensively the influence of prolonged culture, not
only on differentiation potential of CASCs but also on
their growth, phenotype and ageing processes.

In the present study, we have demonstrated that
CASCs isolated from elderly IHD patients had good
expansion capacity and could be maintained in culture
for approximately 2 months. None of the CASC cultures
bypassed the senescence phase. Using this expansion
protocol, large quantities of cells were generated, equal-
ling ranges used in previously conducted phase I clinical
trials with CSCs (29,30). Although high inter-patient

(a) (c)

(b)

Figure 6. Comparison of growth kinetics and absolute telomere length (aTL) of cardiac atrial appendage stem cells (CASCs) expanded in
medium enriched with platelet plasma supernatant (PPS) or foetal calf serum (FCS). Graphs illustrating cumulative cell count (a) and PDL (b)
of expanded CASCs (P2–P9) in medium enriched with FCS and PPS. Data represent mean � SEM. In general, at each passage N = 4, except for
P2 N = 1 and P9 N = 2 or N = 3 for respectively FCS and PPS. Graphs illustrative of individual (grey lines) and average (bold red line) aTL evo-
lutions with increasing passages (c). No significant differences were detected between aTL of CASCs cultured in FCS- (top), PPS- (bottom)
enriched medium of the same passage (P = 0.134).
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variability was observed in growth profiles and expan-
sion potential of CASCs, this is a recurrent observation
in most expansion evaluation protocols. Despite observ-
ing rather stable growth up to P9, we noticed gradual
reduction in proliferative percentage, accompanied by
minor but consistent reduction in aTL. This is not
remarkable as CASCs lack expression of telomerase cat-
alytic subunits, and these findings are consistent with
previous reports describing telomere kinetics in cardiac
progenitor cells (31,32). As telomere shortening is a
known trigger for cell senescence and one of the side
effects associated with cell proliferation, excessive ex
vivo expansion should be kept to a minimum to avoid
detrimental effects on telomere maintenance and stem
cell ageing. Nevertheless, despite progressive telomere
shortening with an accumulating number of passages,
cell cycle analysis demonstrated that CASCs did not dis-
play any genomic aneuploidy, suggesting the absence of
major chromosomal aberrations, although this would
have to be investigated in more detail in future experi-
ments. The results here also demonstrate that CASCs
can be expanded in the long-term while retaining their
antigenic expression profile, ALDH expression and more
importantly their cardiomyogenic differentiation capac-
ity. Interestingly, ALDH expression remained constant
during the entire culture period, with an average of 50%
of CASCs displaying elevated ALDH levels. Separate
flow sorting of ALDH� and ALDH+ subpopulations
revealed that only ALDH+ cells could be further
expanded. This suggests that these two fractions most
likely arose from asymmetrical cell division, in which

loss of ALDH expression contributes to a more mature
cell fate. Overall, despite a decline in growth rate and
progressive telomere shortening at higher passages,
CASCs preserved their regenerative capacity through
cardiac differentiation until the end of the culture period,
indicating that their proliferative arrest over long-term
expansion is most likely due to senescence. Neverthe-
less, ongoing research in a minipig model of MI will
have to determine transplantation efficiency and func-
tional impact of these cells.

Foetal calf serum, which is traditionally used in cell
expansion protocols, is less suitable for clinical use as it
is a potential source of unknown xenogeneic antigens
which might elicit immunological reactions in a recipi-
ent (33). Moreover, animal pathogens might cause infec-
tion and lead to rejection of transplanted cells (34). In
this regard, use of human platelet-derived growth factors
as medium supplement offers great advantages, avoiding
risks associated with FCS. Human PL has already been
shown to represent an attractive medium supplement for
large-scale expansion of bone marrow MSCs while they
maintained stable phenotype and differentiation capacity
(19,35,36). Noticeably, in this study, CASCs only dem-
onstrated successful growth and expansion in PPS-sup-
plemented but not PL-supplemented medium. A
reasonable explanation might be that here, medium PL
was prepared from expired platelets, which could no
longer be used for platelet transfusion. Possibly, sponta-
neous activation of platelets during this prolonged stor-
age period might have caused release of large
contributors to their intragranular growth factor content

(a) (b)

Figure 7. Cardiomyogenic differentiation of cardiac atrial appendage stem cells expanded in platelet plasma supernatant-supplemented
medium. Immunofluorescence images illustrating cTnT (red, a) and cTnI staining (red, b) on platelet plasma supernatant-cultured GFP+ cardiac
atrial appendage stem cells (green; P4–P9) after 1 week in co-culture with neonatal rat cardiomyocytes. Nuclei stained with DAPI (blue). N = 4.
Scale bar = 20 lm.
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(37,38). Our results show that PPS was equally efficient
for large-scale expansion of human CASCs compared to
FCS. Moreover, no significant differences between aTL
of CASCs cultured in PPS-, in comparison to FCS-
enriched, medium were observed. Furthermore, CASCs
expanded in PPS preserved their antigenic expression
profile and their ability to differentiate to cardiomyo-
cytes, even after prolonged culture periods. To our
knowledge, we are the first to provide detailed informa-
tion on the influence of PPS on growth and differentia-
tion of CSCs, in particular CASCs. Our findings are
comparable to studies evaluating bone marrow MSCs
cultured in platelet-derived medium supplements
(35,36). Thus, we suggest that replacement of FCS with
human platelet-originating growth factors is very favour-
able for large-scale expansion of human CSCs in future
clinical settings.

In conclusion, we have demonstrated that CASCs
could be successfully isolated then expanded for a pro-
longed period of time, from elderly IHD patients, pro-
ducing high cell numbers relevant to therapeutic
application. Although serial passaging and concomitant
ageing of CASCs resulted in progressive decline of telo-
mere length, the cells cardiomyogenic differentiation
potential remained unaffected. Despite this and absence
of aneuploidy, more detailed examination on biosafety
and tumour formation needs to be performed in a pre-
clinical study to guarantee patient safety. Nevertheless,
preservation of CASC biology, reported herein, and use
of PPS as efficient replacement for FCS for large-scale
clinical expansion of CSCs represent an important step
towards clinical use of CASCs in cardiac regenerative
medicine.
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