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Abstract
BACKGROUND
Mesenchymal stem cells (MSC) modified by gene transfer to express cardiac
pacemaker channels such as HCN2 or HCN4 were shown to elicit pacemaker
function after intracardiac transplantation in experimental animal models. Human
MSC derived from adipose tissue (haMSC) differentiate into cells with pacemaker
properties in vitro, but little is known about their behavior after intracardiac
transplantation.
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METHODS
haMSC under native conditions (nhaMSC) or after pre-conditioning by medium
differentiation (dhaMSC) (n = 6 pigs each, 5 × 106 cells/animal) were injected into
the porcine left ventricular free wall. Animals receiving PBS injection served as
controls (n = 6). Four weeks later, total atrioventricular (AV)-block was induced
by radiofrequency catheter ablation, and electronic pacemaker devices were
implanted for backup stimulation and heart rate monitoring. Ventricular rate and
rhythm of pigs were evaluated during a follow-up of 15 d post ablation by 12lead-ECG with heart rate assessment, 24-h continuous rate monitoring recorded
by electronic pacemaker, assessment of escape recovery time, and
pharmacological challenge to address catecholaminergic rate response. Finally,
hearts were analyzed by histological and immunohistochemical investigations.
RESULTS
In vivo transplantation of dhaMSC into the left ventricular free wall of pigs elicited
spontaneous and regular rhythms that were pace-mapped to ventricular injection
sites (mean heart rate 72.2 ± 3.6 bpm; n = 6) after experimental total AV block.
Ventricular rhythms were stably detected over a 15-d period and were sensitive to
catecholaminergic stimulation (mean maximum heart rate 131.0 ± 6.2 bpm; n = 6;
P < 0.001). Pigs, which received nhaMSC or PBS presented significantly lower
ventricular rates (mean heart rates 47.2 ± 2.5 bpm and 37.4 ± 3.2 bpm, respectively;
n = 6 each; P < 0.001) and exhibited little sensitivity towards catecholaminergic
stimulation (mean maximum heart rates 76.4 ± 3.1 bpm and 60.5 ± 3.1 bpm,
respectively; n = 6 each; P < 0.05). Histological and immunohistochemical
evaluation of hearts treated with dhaMSC revealed local clusters of transplanted
cells at the injection sites that lacked macrophage or lymphocyte infiltrations or
tumor formation. Intense fluorescence signals at these sites indicated membrane
expression of HCN4 and other pacemaker-specific proteins involved in cardiac
automaticity and impulse propagation.
CONCLUSION
dhaMSC transplanted into pig left ventricles sustainably induced rate-responsive
ventricular pacemaker activity after in vivo engraftment for four weeks. The data
suggest that pre-conditioned MSC may further differentiate along a pacemakerrelated lineage after myocardial integration and may establish superior
pacemaker properties in vivo.
Key Words: Biological cardiac pacemaker; Mesenchymal stem cells; Differentiation;
Animal model; Cell transplantation; Stem cell therapy
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Core Tip: Differentiated human mesenchymal stem cells from adipose tissue (dhaMSC)
transplanted into the myocardium of domestic pigs are able to generate a biological
pacemaker system in vivo. Electrocardiogram recordings and immunohistochemical
analyses of pigs with transplanted dhaMSC indicated successful biological pacemaker
generation. Pre-conditioning of cells was achieved by in vitro treatment of human
mesenchymal stem cells in differentiation culture medium. Due to their reduced
immunoreactivity, xenogeneic transplantation of human MSC into pig hearts was
feasible without immunosuppression. dhaMSC maintained their immunoprivileged
status over time.
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INTRODUCTION
Loss or dysfunction of sinoatrial nodal cells causes sick sinus syndrome, often
requiring the implantation of an electronic pacemaker[1]. With respect to technical
limitations of electronic pacemaker devices, research efforts are aimed at developing
biological alternatives that might adapt more adequately to physiological
requirements of the patients. In search for a novel approach to overcome electronic
pacemakers, multiple approaches successfully utilized biological pacemakers in vitro
and/or in large animal models using multiple gene or cell therapeutic strategies[2,3].
Gene therapy approaches have used pacemaker-specific genes delivered to cardiac
tissue by viral vectors[4,5]. In vivo studies conducted in dogs[6] and pigs[7] demonstrated
the generation of biological pacemaking by expressing depolarizing ion channels such
as HCN2[8], HCN4[9], or sinoatrial nodal transcription factor TBX18[7]. However, gene
therapy is limited by non-sustained effects of gene transfer[7] and risk of neoplasia[10].
Stem cell therapy offers an alternative approach to biological pacemaking, aiming at
the replacement of lost or dysfunctional pacemaker cells. Human mesenchymal stem
cells (MSC) are attractive candidates as they are easily obtained from adipose tissue or
bone marrow, can be expanded to high numbers in vitro and show the ability to
differentiate into several mesenchymal cell lineages[11]. Applied in a xenogeneic setting,
hMSC were reported not to induce immune responses or inflammation[12,13]. However,
the efficacy of MSC differentiation into cardiac myocytes is limited as
transdifferentiation requires potentially teratogenic substances such as 5-azacytidine
(5-aza) or amphotericin (AMPH), hampering its use with respect to a future clinical
application[14,15]. To establish biological pacemaking, a hybrid model combining gene
and stem cell therapy by introducing HCN2 into MSC[16] has been proposed.
According to this approach, MSC primarily served as a "vector shuttle" to guide the
depolarizing gene HCN2 to the heart. Recently, we reported the differentiation of
human MSC (hMSC) derived from adipose tissue into cells with cardiac pacemaker
characteristics[17]. Pacemaker cell differentiation was achieved by cell culture using a
customized cell medium, omitting the need for genetic manipulation.
Here, we asked whether differentiated hMSC derived from adipose tissue
(dhaMSC), according to our customized protocol[17] may elicit biological pacemaker
function after transplantation into porcine myocardium. To this end, we performed
intramyocardial implantation of dhaMSC in pigs with experimental total AV block to
elucidate the capacity of dhaMSC to integrate within the myocardium and to generate
escape pacemaker activity.

MATERIALS AND METHODS
Isolation and culture of human mesenchymal stem cells derived from adipose tissue
Human mesenchymal stem cells from adipose tissue (haMSC) were isolated by
abdominal plastic surgery. Isolation and handling of haMSC were approved by the
local ethical committee (University of Heidelberg ethical committee number: S462/2010). Cells were cultured in hMSC expansion medium as previously described[17].

Cell culture medium-mediated differentiation of haMSC
Native haMSC (nhaMSC) were cultured for 4 wk in serum-free differentiation
medium[17] free from teratogenic substances. In detail, differentiation medium
comprised RPMI 1640 (Thermo Fisher Scientific, Waltham, MA, United States), 10 mL
50x B27 supplement (Thermo Fisher Scientific), 5 mL 105 UI penicillin (Thermo Fisher
Scientific), 5 mL 105 µg/mL streptomycin (Thermo Fisher Scientific) and 10 ng/mL
human recombinant BMP4 (PeproTech, Rocky Hill, NY, United States)[18].

Infection of dhaMSC and nhaMSC with enhanced green fluorescence proteinlentivirus
To visualize MSC within porcine myocardium, dhaMSC and nhaMSC were incubated
with enhanced green fluorescence protein (eGFP)-lentivirus (CMV-Null-GB, Amsbio,
Abingdon, United Kingdom) before they were injected into porcine myocardium. A
multiplicity of infection (MOI) of 10 proved to be optimal for successful cell infection.
Twenty-four hours after infection, fresh medium was added without discarding the
medium containing the lentiviral particles. Forty-eight hours post-infection, the
medium was changed and 72-96 h after infection, the eGFP signal was visualized
using fluorescence microscopy. eGFP positive cells were sorted by “BD FACSAriaII”
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(Becton Dickinson, Franklin Lakes, NJ, United States) in order to achieve high purity of
eGFP positive cells.

Labeling of dhaMSC with superparamagnetic iron oxides and magnetic resonance in
vivo imaging
To localize dhaMSC within porcine myocardium, cells were labeled with
superparamagnetic iron oxides (SPIOs)[19]. In brief, cells were incubated for 18 h in
expansion medium containing 25 µg iron (Endorem®, Guerbet GmbH, Germany) and
0.75 µg Poly-L-lysine (PLL, Sigma-Aldrich, St. Louis, MO, United States) per mL,
respectively. The cells were then washed three times with phosphate-buffered saline
(PBS, Thermo Fisher Scientific), trypsinized and resuspended in PBS containing 1%
fetal bovine serum (FBS, Thermo Fisher Scientific) and 2 mmol/L
ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich) at a final concentration of 1 ×
107 cells/mL. Pigs with transplanted SPIO-labeled dhaMSC underwent magnetic
resonance imaging (MRI) in deep propofol-sedation (intravenous (IV) bolus of 1
mg/kg body weight (BW) followed by 5 mg/kg BW/h; AstraZeneca GmbH, Wedel,
Germany) 2, 5 and 20 d post-cell transplantation using a 1.5 Tesla magnetic resonance
imaging system (Philips, Amsterdam, The Netherlands).

Animal model for the implementation of a biological pacemaker system
All experiments were carried out in accordance with the Guide for the Care and Use of
Laboratory Animals published by the United States National Institute of Health (NIH
Publication No. 85-23, revised 1996) and the European Community guidelines for the
use of experimental animals. Protocols were approved by the local regulatory
authority (AZ #359185.81/G-67/11, Regierungspräsidium Karlsruhe, Germany). A
summary of the experimental procedure is depicted in Figure 1.

Transplantation of haMSC into porcine myocardium and implantation of a
transvenous single-chamber electronic pacemaker device
A total of 18 domestic pigs (body weight 30 to 40 kg) were used in the study. Prior to
first surgical procedure, each pig was sedated with azaperone (2 mg/kg BW; JanssenCilag GmbH, Neuss, Germany) intramuscular (i.m.), ketamine (10 mg/kg BW;
Intervet, Unterschleißheim, Germany) i.m. and midazolam (0.5 mg/kg BW; Roche,
Basel, Switzerland) i.m. Anesthesia was managed using propofol IV (1 mg/kg BW)
and isoflurane ventilation (1%-2%; Baxter, Unterschleißheim, Germany). Median
thoracotomy and pericardiotomy were performed and 5 × 106 eGFP-labeled dhaMSC (
n = 6) or 5 × 106 eGFP-labeled nhaMSC (n = 6), resuspended in 0.6 mL differentiation
expansion medium or 0.6 mL of PBS were injected subepicardially into the free wall of
left ventricle, using a 30 Gauge needle, respectively. The injection site was marked
with a suture. We then implanted a transvenous single-chamber cardiac pacemaker
device (Medtronic Kappa, Medtronic, Minneapolis, MN, United States) for backup
ventricular pacing. A bipolar active fixation pacing lead (4042 CapSure SP, Medtronic,
Minneapolis, MN, United States) was inserted via the right external jugular vein and
fixed in the right ventricle under fluoroscopic guidance. The lead was connected to the
pacemaker unit placed in a subcutaneous pocket at the neck of the animals.
Postoperatively, penicillin/dihydrostreptomycin suspension IV (20 mg/kg BW;
Livisto, Senden-Bösensell, Germany) and Temgesic (0.3 mg; Indivior PLC, VA, United
States) IV were administered.

Radiofrequency catheter ablation of the atrioventricular node
Four weeks after cell/PBS application, atrioventricular (AV) node ablation was
performed by radiofrequency catheter ablation (RFCA). To this end, pigs were sedated
with azaperone (2 mg/kg BW) i.m., ketamine (10 mg/kg BW) i.m. and midazolam (0.5
mg/kg BW) i.m. AV node ablation was performed by transvenous power-controlled
RFCA (Cerablate easy catheter, bipolar, 4-mm tip and HAT 200 RF generator; Dr.
Osypka GmbH, Rheinfelden, Germany). The ablation catheter was inserted via
preparation of the right femoral vein and guided to the heart under fluoroscopic
control. Successful ablation of the AV node was confirmed by repeated postprocedural ECGs. Immediately after RFCA, the intervention rate of the electronic
pacemaker device was set to 80 beats/min (bpm) (VVI 80). One day later and during
the subsequent 15-d observation period, it was programmed to 40 bpm (VVI 40).

Intrinsic heart rate assessment and evaluation of chronotropic response
Throughout the 15-d observation period following RFCA, the intrinsic heart rate of
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Figure 1 Schematic overview of in vivo experiments. Eight healthy pigs (matched in sex, age and weight) were equally and randomly divided into 3 groups
[phosphate-buffered saline (PBS), native human mesenchymal stem cells derived from adipose tissue, and differentiated human mesenchymal stem cells derived
from adipose tissue]. Protective implantation of an electronic pacemaker was performed in each pig and cells or PBS were injected into the free left ventricular wall.
After a 4-wk period, radiofrequency catheter ablation of the atrioventricular (AV) node was performed to establish third degree AV block in each animal. A 15-d period
of observation and testing was followed by animal euthanasia and tissue sampling for histological studies. PBS: Phosphate-buffered saline; nhaMSC: Native human
mesenchymal stem cells derived from adipose tissue; dhaMSC: Differentiated human mesenchymal stem cells derived from adipose tissue; AV: Atrioventricular.

pigs was measured every other day. To this end, the intervention rate of the electronic
pacemaker device was switched from 40 to 30 bpm. Moreover, the heart rate and
rhythm of pigs were evaluated by 12-lead-electrocardiography (ECG), continuous rate
monitoring (24-h recording by electronic pacemaker) and assessment of ventricular
escape recovery times (VERT). To evaluate VERT, pigs were electrically paced with an
intervention rate of 80 bpm for 30 s. The electronic pacemaker device was then
programmed to a pacing frequency of 30 bpm to start recording ventricular escape
rhythms. The time between the last paced QRS complex and the first intrinsic QRS
complex was described as VERT. At day 14 of the observation period, chronotropic
response of rhythm was evaluated by delivery of epinephrine (1 mg; Sanofi, France) IV
and atropine (0.5 mg; B. Braun Melsungen AG, Melsungen, Germany) IV.

Epicardial pacing and total heart harvesting
After a 15-d period of observation and testing, the final experiment aimed at
harvesting of the hearts and histological analysis of the myocardium containing the
nhaMSC and dhaMSC injected was conducted. For the final experiment, the pigs were
anesthetized with propofol (1 mg/kg BW), and ventilated with isoflurane (1%-2%).
Hearts were then exposed through a median sternotomy. Pace-mapping experiments
were undertaken by stimulation at the site of cell injection using an epicardial
electrode connected to an external pacemaker (Osypka, PACE 101 H) choosing a
pacing rate 20 bpm higher than the prevalent escape rate. 12-lead ECG monitoring was
performed, and the electrical activation front of spontaneous and paced rhythms was
evaluated with respect to similarity and origin. Hearts were finally arrested by
application of KCl (1 mol/L) IV in anesthetized animals, and washed in 0.9% NaCl.
Cardiac regions of interest were excised and probes were frozen on isopentane/dry ice
and stored at -80°C.

Histology and immunohistochemistry
Frozen cardiac tissue was sliced into sections of 10 mm at -15°C to -20°C using a
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cryotome (microtome 5030; Bright Instrument Co. Ltd., Huntingdon, United Kingdom)
and stored at -20°C. After several washes with PBS, the sections were stained with
hematoxylin and eosin (HE) following standard protocols and analyzed by light
microscopy using a Zeiss Axioplan 2 fluorescence microscope (Carl Zeiss AG,
Oberkochen, Germany). For immunohistochemistry, sections were rinsed with PBS,
incubated in 0.5% Triton X-100 for 15 min at room temperature, treated with 0.1 mol/L
glycine for 60 min, and incubated in blocking solution (2% bovine serum albumin in
PBS) for 30 min. The sections were incubated with first antibodies overnight at 4°C in
2% BSA/PBS: anti-HCN1 (IgG, Alomone Labs) 1:200, anti-HCN2 (IgG, Alomone Labs)
1:200, anti-HCN4 (IgG, Alomone Labs) 1:200, anti-Cav1.2 (IgG, Abcam) 1:100, antiCx31.9 (IgG, Santa Cruz Biotechnology) 1:200, anti-Cx45 (IgG, Santa Cruz
Biotechnology) 1:200 and anti-calprotectin (Chemicon, Temecula, CA, United States)
1:200. The next day, the sections were rinsed with PBS (3 × 2 min) and incubated with
secondary antibodies, diluted 1:200 in 2% BSA/PBS for 4 h at 4°C: MFP555 goat antirabbit IgG (H+L) and MFP488 goat anti-mouse IgG (H+L) (MoBiTec, Göttingen,
Germany). Nuclei were counterstained with 300 nmol/L 4′,6-diamidino-2phenylindole (DAPI, Thermo Fisher Scientific)/PBS solution. Sections were mounted
with Citifluor Glycerol/PBS Solution (Agar Scientific, Stansted, United Kingdom) and
analyzed by fluorescence microscopy using an Olympus IX 70 fluorescence
microscope (Olympus, Tokyo, Japan). Confocal microscopy was performed using a
Leica SP2 AOBS confocal microscope (Leica Microsystems, Wetzlar, Germany).

Statistical analysis
Heart rate values were depicted by calculating the arithmetic mean as well as the
standard error of the mean ± SE). Comparisons between multiple groups were
performed using one-way ANOVA followed by the Tukey posthoc test. Pairwise
comparisons were performed using the two-tailed unpaired Student’s t-test.
Differences were judged significant at confidence levels > 95% (P < 0.05).

RESULTS
Heart rate assessment
We assessed heart rate by ECG recordings in 18 pigs treated with dhaMSC, nhaMSC or
PBS injection (6 pigs per group, respectively) (Figure 2A). During the first 4 wk
following cell or PBS injection prior to AV node ablation, sinus heart rates of pigs were
stable over time and similar within the 3 groups. Average values of heart rate at rest
were 65 ± 0.8 bpm in pigs with transplanted dhaMSC, 64 ± 0.9 bpm in pigs with
transplanted nhaMSC and 64 ± 0.8 bpm in pigs treated with PBS (Figure 2A). Fourteen
days after RFCA of the AV node, pigs transplanted with dhaMSC showed regular
ventricular rhythms with rates at physiological levels (mean rate 72.2 ± 3.6 bpm, n = 6)
(Figure 2A). By contrast, ventricular rate was significantly lower in pigs transplanted
with nhaMSC or treated with PBS (47.2 ± 2.5 bpm and 37.4 ± 3.2 bpm, respectively, P <
0.001 for both) (Figure 2A). Of note, persistent total AV block could be confirmed by
multiple ECG recordings in all animals evaluated throughout the observation period.

Pace-mapping and visualization of escape rhythms by ECGs
To evaluate the nature and origin of escape rhythms after experimental total AV block,
the intervention rate of the electronic pacemaker device was changed to 30 bpm. To
localize the origin of the escape beats, we performed pace-mapping by stimulating the
injection site with an epicardial electrode using a pacing rate 20 bpm higher than the
prevalent escape rate. For pigs transplanted with dhaMSC, a complete 12/12 matching
of escape and pace-mapped beats was observed in the 12-lead ECG (Figure 3). By
contrast, pace-maps and escape rhythms of pigs transplanted with nhaMSC or treated
with PBS differed, indicating an origin of spontaneous rhythms other than the site of
injection (Figure 4, left column).

Evaluation of the effect of chronotropic response
At observation day 14, pigs were stimulated with epinephrine (1 mg) IV and atropine
(0.5 mg) IV. Catecholaminergic stimulation increased heart rate in all groups, but pigs
transplanted with dhaMSC in particular showed pronounced chronotropic response
(Figure 2B; Figure 4, right column) with a rise in heart rate from 72.2 ± 3.6 bpm to 132.5
± 6.5 bpm (P < 0.001) (Figure 2B). In pigs transplanted with nhaMSC, heart rate
increased from 47.2 ± 2.5 bpm to 76.4 ± 3.1 bpm (P < 0.05), and in pigs treated with PBS
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Figure 2 Heart rate assessment. Evaluated by electrocardiogram (ECG) recordings in pigs with transplanted differentiated human mesenchymal stem cells
derived from adipose tissue (green, n = 6) or transplanted native human mesenchymal stem cells derived from adipose tissue (red, n = 6) and in pigs treated with
PBS (blue, n = 6). A: Intrinsic heart rate recordings before ablation and on day 14 after ablation (intervention rate of the electronic pacemaker device switched from 40
to 30 bpm during recordings); B: Basal and stimulated heart rates, recorded on day 14 after ablation. Chronotropic responsiveness was induced by simulation with
epinephrine (1 mg) IV and atropine (0.5 mg) IV. aP < 0.05, bP < 0.001, showing statistical significance. PBS: Phosphate-buffered saline; nhaMSC: Native human
mesenchymal stem cells derived from adipose tissue; dhaMSC: Differentiated human mesenchymal stem cells derived from adipose tissue.

from 37.4 ± 3.2 bpm to 60.5 ± 3.1 bpm (P < 0.05) (Figure 2B).

Intrinsic heart rate and 24-h continuous rate recording
During the 15-day observation period following RFCA, intrinsic heart rates of pigs
transplanted with dhaMSC, nhaMSC or treated with PBS were recorded every other
day (Figure 5A). To avoid electrically paced rhythms being recorded, the intervention
rate of the electronic pacemaker device was switched from 40 to 30 bpm. Importantly,
intrinsic heart rates of pigs with transplanted dhaMSC remained high and stable over
time (Figure 5A). During 24-h continuous rate recording, heart rate in the majority of
pigs with transplanted dhaMSC ranged between 60-70 bpm (Figure 5B). By contrast,
the heart rate of pigs with transplanted nhaMSC mainly ranged between 40-50 bpm or
even below 40 bpm (Figure 5B). Pigs treated with PBS primarily displayed heart rates
below 40 bpm (Figure 5B). To determine if the recorded heartbeats were electrically
paced or spontaneous ventricular captures, we analyzed the percentage of ventricular
paced (V-paced) and sensed (V-sensed) rhythms on pacemaker interrogation
(Figure 5C). The 24-h continuous rate recordings mainly comprised spontaneous
ventricular rhythms in pigs with transplanted dhaMSC, whereas the majority of
rhythms in pigs treated with PBS were paced (Figure 5C).

Ventricular escape recovery time
To analyze characteristics and response of ectopic ventricular pacemaker activity after
experimental total AV block, we investigated the ventricular escape recovery time
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Figure 3 Electrocardiograms of escape and pace-mapped beats recorded in pigs with transplanted differentiated human mesenchymal
stem cells derived from adipose tissue. Left: 12-lead-electrocardiogram (ECG) showing escape beats (ectopic rhythm); Right: 12-lead-ECG showing pacemapped beats (pace-map at injection site). ECGs recorded at a speed of 25 mm/s.

(VERT), using the implanted electronic pacemaker device. Pigs with transplanted
dhaMSC displayed average VERT values of 1135 ± 23 ms, which were significantly
shorter than VERT values recorded in pigs transplanted with nhaMSC (1390 ± 21 ms, P
< 0.05) or treated with PBS (1724 ± 29 ms, P < 0.05) (Figure 6).

Histological analysis of porcine myocardium with transplanted dhaMSC and
nhaMSC
Histological examinations of cardiac sections at the area of dhaMSC and nhaMSC
transplantation aimed to determine cellular localization and characterization of the
injection sites. Moreover, we aimed to elucidate whether there were signs of
immunorejection after xenogeneic haMSC transplantation or tumor formation.
dhaMSC and nhaMSC were localized within the left ventricle by HE staining
(Figure 7A, Figure 8A and Figure 9A), eGFP fluorescence detection (Figure 7A) and
MRI (Figure 7C). In order to rule out the possibility that transplanted cells might
stimulate an immune reaction leading to infiltration of macrophages, we performed
anti-macrophage staining that specifically labels calprotectin (Figure 7A, B). Areas
with a high density of basophilic cells showed no infiltration by macrophages,
indicating that immunogenicity of xenotransplanted dhaMSC is negligible,
corresponding to the known immunoprivileged characteristics of MSC[12].
Furthermore, no tumors were observed in the heart of any pigs investigated in this
study.
Immunohistochemical analyses revealed specific fluorescence signals for the
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Figure 4 Electrocardiograms of ventricular escape rhythms after atrioventricular node ablation. A: Phosphate-buffered saline group; B: Native
human mesenchymal stem cells derived from adipose tissue group; C: Differentiated human mesenchymal stem cells derived from adipose tissue group. 1: Baseline
ventricular escape rhythms. 2: Stimulated ventricular escape rhythm by epinephrine (1 mg) IV and atropine (0.5 mg) IV. Electrocardiograms recorded at a speed of 25
mm/s. PBS: Phosphate-buffered saline; nhaMSC: Native human mesenchymal stem cells derived from adipose tissue; dhaMSC: Differentiated human mesenchymal
stem cells derived from adipose tissue.

pacemaker-specific markers HCN1, Cav1.2, Cx31.9 and Cx45 (Figure 8B) in
transplanted dhaMSC at injections sites, while anti-HCN2 antibodies showed only low
signals[20] (Figure 8B). It is noteworthy that dhaMSC engrafted within pig hearts for 6
weeks showed considerable anti-HCN4 fluorescence signals (Figure 8B), which were
not detected at dhaMSC membranes, when cultured in vitro[17]. Furthermore, nhaMSC
transplanted in pig hearts for 6 wk according to the similar protocol lacked HCN4 or
any pacemaker-typical markers (Figure 9B).

DISCUSSION
Efforts to differentiate pacemaker cells from MSC primarily utilized gene therapeutic
approaches to express depolarizing HCN channels in MSC, an approach, which
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Figure 5 Paced and spontaneous ventricular rhythm recordings after atrioventricular node ablation. A: Assessment of intrinsic heart rate every
second day (intervention rate of electronic pacemaker devices was switched from 40 to 30 bpm); B: 24-h heart rate recordings stratified by heart rate (intervention
rate of electronic pacemaker devices was left at 40 bpm); C: 24-h heart rate recordings stratified by percentage of paced and ventricular escape rhythms (intervention
rate of electronic pacemaker devices was left at 40 bpm). PBS: Phosphate-buffered saline; nhaMSC: Native human mesenchymal stem cells derived from adipose
tissue; dhaMSC: Differentiated human mesenchymal stem cells derived from adipose tissue.
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successfully established short-term in vivo biological pacemaker function in multiple
proof-of-concept studies[12,16,21]. Considering the disadvantages of genetic
manipulation[10] and taking into account the beneficial aspects of MSC-based cell
therapy, we recently reported partial differentiation of hMSC derived from adipose
tissue into cells with cardiac pacemaker cell characteristics using a cell culture
medium-based differentiation approach (RPMI-B27+BMP4 supplement)[17]. Although
the cellular phenotype of unique pacemaker cells was not fully established, i.e., lacking
the depolarizing ion channel HCN4[20,22] and a nodal-specific connexin profile, dhaMSC
displayed important cardiac pacemaker cell characteristics and function[17]. Notably,
additive lentiviral HCN4-transduction, produced a cellular phenotype that controlled
spontaneous activity in co-culture with neonatal rat ventricular myocytes[17].
Here we show that dhaMSC elicit biological pacemaker function in vivo after
transplantation into pig hearts. In order to study the pacemaker potential of the
transplanted cells, we performed RFCA of the AV node and implanted electronic
pacemaker devices as backup. dhaMSC were differentiated in vitro according to our
customized protocol[17], and pre-conditioned cells were injected into the left ventricular
myocardium 4 wk prior to RFCA to facilitate engraftment and further in vivo
differentiation. Short-term re-allocation of cells was excluded by serial cardiac MRI
after cell injection, using SPIO-labeled MSC. Evaluation of ventricular pacing rate after
experimental total AV block compared 3 groups consisting of pigs transplanted with
dhaMSC, nhaMSC or treated with PBS (n = 6 each). Pigs with transplanted dhaMSC
exhibited highest rates of ventricular rhythms with average values of 72.2 ± 3.6 bpm
during a 15-d observation period. These values were similar to an approach using
gene therapy-based biological pacemaking in dogs expressing adenylyl cyclase 1
(AC1) or a combination of HCN2 and AC1 in the heart[6], and appeared even higher
than rates reported in another canine study with genetically modified HCN2expressing hMSC[12]. Importantly, pace-mapping at day 15 of the observation period
confirmed that spontaneous ventricular rhythms of animals treated by dhaMSC
transplantation originated from injection sites at the left ventricular free wall. In pigs
treated with PBS or nhaMSC, by contrast, heart rate remained significantly lower after
induced total AV block, and pace-mapping indicated ectopic ventricular rhythms that
originated from cardiac regions other than the injection site of PBS/nhaMSC,
respectively.
Furthermore, pigs transplanted with dhaMSC showed a pronounced increase in
ventricular rate when exposed to catecholaminergic stimulation despite total AV
block. Pigs transplanted with nhaMSC or treated with PBS, however, failed to
adequately increase ventricular rate, indicating lack of pacemaker-like cell response.
Accordingly, in vitro characterization of dhaMSC[17] revealed abundant expression of
adrenergic receptors and high responsiveness to isoproterenol stimulation, which may
explain these findings.
We next aimed to elucidate the cellular phenotype and fate of dhaMSC that had
been transplanted into the left ventricular myocardium 6 wk previously. Importantly,
we detected eGFP-positive cell accumulation at the site of injection and observed no
inflammation or signs of immunorejection, indicating that xenotransplanted dhaMSC,
as previously reported for native MSC, persisted at injection sites and maintained
immunoprivileged properties. Thus, immunotolerance may be preserved despite
differentiation and may render transplantation possible without immunosuppression,
an important advantage of MSC[12,23]. Furthermore, we did not observe any signs of
malignancy or tumor formation in the hearts of any pig that received MSC.
To elucidate the nature of spontaneous activity derived from the site of injection, we
asked, whether in vivo cardiac environment might further drive differentiation of
dhaMSC towards the nodal-type direction. Immunohistochemical analyses of sections
derived from the site of cell injection indicated abundant expression of pacemakerspecific proteins in dhaMSC, including HCN1 and HCN4, both implicated in
spontaneous diastolic depolarization within the human sinus node[22,24], the L-type
calcium channel alpha subunit Cav1.2, contributing to the action potential upstroke of
cardiac pacemaker cells[25], and the pacemaker-specific connexins Cx31.9 and Cx45,
which play a crucial role in impulse propagation within nodal tissue[26]. These markers
were only poorly expressed or even absent in undifferentiated nhaMSC[17]. Of note,
differentiation medium RPMI-B27 supplemented with BMP4 caused a significant
upregulation of these markers and other pacemaker-related genes, while HCN4 was
still lacking[17]. Interestingly, in vivo transplantation of nhaMSC was not associated
with increased membrane surface expression of pacemaker-related markers. In
contrast, pre-conditioning with RPMI-B27/BMP4 medium induced the expression of
multiple pacemaker-related genes and further improved the expression of these
markers, including HCN4, after in vivo myocardial integration. Thus, in vitro pre-
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Figure 6 Ventricular escape rhythm recovery time after atrioventricular node ablation. A: Phosphate-buffered saline (PBS) group; B: Native human
mesenchymal stem cells derived from adipose tissue (nhaMSC) group; C: Differentiated human mesenchymal stem cells derived from adipose tissue (dhaMSC)
group. 1: Ventricular escape rhythm before overstimulation by electronic pacemaker. 2: Overstimulation with VVI 80 bpm for 30 s by electronic pacemaker. 3:
Ventricular escape rhythm after overstimulation by electronic pacemaker. Depicted ventricular escape rhythm recovery time values are exemplary for one pig of each
group (dhaMSC, nhaMSC or PBS), average values of n = 6 pigs are included in the text. Electrocardiograms recorded at a speed of 25 mm/s. PBS: Phosphatebuffered saline; nhaMSC: Native human mesenchymal stem cells derived from adipose tissue; dhaMSC: Differentiated human mesenchymal stem cells derived from
adipose tissue; VERT: Ventricular escape rhythm recovery time.
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conditioning of MSC may act as a prerequisite for further in situ pacemaker-lineage
differentiation after transplantation. In this regard, it is widely accepted that the
cardiac environment has an important impact on MSC characteristics after
transplantation[27] and additional factors such as mechanical stretch and regular
electrical stimulation may endorse further lineage differentiation toward the nodal
phenotype[28].
The efficiency of MSC differentiation may be importantly regulated by BMP4, which
is one of the major components of the differentiation medium. As previously
shown[17], supplementation of the differentiation medium with BMP4 resulted in
pronounced upregulation of the sinus node transcription factor SHOX2, and of BMP4
itself, considering that SHOX2 activates BMP4 during early sinoatrial development[29].
This mechanism may activate a positive feedback-loop, driving cell differentiation
towards a cardiac pacemaker phenotype.

Limitation
Within this study we did not carry out experiments on the molecular pathways
underlying in vivo differentiation of “pre-conditioned” dhaMSC after cardiac
transplantation. Such studies will be necessary to elucidate the effect of the myocardial
environment on cell differentiation. The expression of HCN4 in dhaMSC, which we
observed weeks after transplantation into the beating myocardium may in fact explain
the superior pacemaker properties originating from the site of dhaMSC injection.
However, the experimental conception of our study with a focus on physiological
experiments in the large animal model did not allow an elucidation of in-depth
cellular mechanisms after cardiac transplantation. To answer this question, further
studies are required.

CONCLUSION
Here, we show in a proof-of-concept study that pre-conditioned MSC, differentiated
towards a nodal-type lineage in vitro, sustainably and catecholamine-responsively
pace the hearts of pigs at physiological rates after engraftment within the ventricular
myocardium. Based on this approach, a cell-based biological pacemaker may become
feasible using adult stem cells and bypassing viral transduction of pacemaker genes or
transcription factors.
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Figure 7 Localization and immunogenicity of xenotransplanted differentiated human mesenchymal stem cells derived from adipose
tissue and native human mesenchymal stem cells derived from adipose tissue in the left ventricle of porcine myocardium. A: Localization of
enhanced green fluorescent protein-transfected differentiated human mesenchymal stem cells derived from adipose tissue (dhaMSC) and native human
mesenchymal stem cells derived from adipose tissue (nhaMSC) within porcine myocardium. dhaMSC and nhaMSC are negative for calprotectin, a marker of immune
reaction; B: Control test with monocytes, which are positive for calprotectin. Scale bars: 50 nm; C: Magnetic resonance imaging of superparamagnetic iron oxideslabeled dhaMSC (orange circle) transplanted into porcine myocardium, performed on days 2, 5 and 20 after cell injection. dhaMSC: Differentiated human
mesenchymal stem cells derived from adipose tissue; nhaMSC: Native human mesenchymal stem cells derived from adipose tissue; eGFP: Enhanced green
fluorescent protein; DAPI: 4’,6-diamidino-2-phenylindole.
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Figure 8 Microscopic analysis of transplanted differentiated human mesenchymal stem cells derived from adipose tissue within porcine
myocardium. A: HE staining of cryosections showing the engraftment of injected differentiated human mesenchymal stem cells derived from adipose tissue
(dhaMSC) into porcine myocardium. Overview and dhaMSC area (a); B left: Immunohistochemistry of HCN1, HCN2, HCN4, Cav1.2, Cx31.9 and Cx45. B middle:
Nuclei counterstained with 4′,6-diamidino-2-phenylindole (DAPI). B: Right, overlay of immunohistochemistry and DAPI counterstain. Scale bars: 50 nm. DAPI: 4’,6diamidino-2-phenylindole.
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Figure 9 Microscopic analysis of transplanted native human mesenchymal stem cells derived from adipose tissue within porcine
myocardium. A: HE staining of cryosections showing the engraftment of injected native human mesenchymal stem cells derived from adipose tissue (nhaMSC) into
porcine myocardium. Overview and nhaMSC area (a); B left: Immunohistochemistry of HCN1, HCN4 and Cx31.9. B middle: Nuclei counterstained with 4′,6-diamidino2-phenylindole (DAPI). B: right, overlay of immunohistochemistry and DAPI counterstain. Scale bars: 50 nm. DAPI: 4’,6-diamidino-2-phenylindole.

ARTICLE HIGHLIGHTS
Research background
Loss or dysfunction of sinoatrial nodal cells leads to sick sinus syndrome, often
requiring the implantation of an electronic pacemaker. With respect to technical
limitations of electronic pacemaker devices, research efforts are aimed at developing
biological alternatives that might adapt more adequately to physiological
requirements of the patients. In the search for a novel approach to overcome electronic
pacemakers, multiple approaches have successfully utilized biological pacemakers in
vitro and/or in large animal models using multiple gene or cell therapeutic strategies.

Research motivation
Gene and cell therapy are two different possible approaches that can be pursued to
establish a biological pacemaker. As gene therapy strategies are hampered by nonsustained effects of gene transfer and the risk of neoplasia, stem cell therapy offers a
promising alternative approach to biological pacemaking, aiming at the replacement of
lost or dysfunctional pacemaker cells. Human mesenchymal stem cells (MSC) are
attractive candidates as they are easily obtained from adipose tissue or bone marrow,
can be expanded to high numbers in vitro, show the ability to differentiate into several
mesenchymal cell lineages, and dispose of immunotolerant properties discarding the
need for immunosuppression. However, the efficacy of MSC differentiation into
cardiac myocytes is limited as transdifferentiation requires potentially teratogenic
substances such as 5-azacytidine or amphotericin, hampering its use with respect to a
future clinical application. To establish biological pacemaking, a hybrid model
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combining gene and stem cell therapy by introducing HCN2 into MSC has been
proposed. According to this approach, MSC primarily served as a "vector shuttle" to
guide the depolarizing gene HCN2 to the heart. Recently, we reported the
differentiation of human MSC (hMSC) derived from adipose tissue into cells with
cardiac pacemaker characteristics. Pacemaker cell differentiation was achieved by cell
culture using a customized cell medium, omitting the need for genetic manipulation.

Research objectives
The main objective of this study was to show whether in vitro differentiated hMSC
derived from adipose tissue (dhaMSC) may elicit biological pacemaker function after
transplantation into porcine myocardium. To this end, we performed intramyocardial
implantation of dhaMSC in pigs with experimental total atrioventricular (AV)-block to
elucidate the capacity of dhaMSC to integrate within the myocardium and to generate
escape pacemaker activity.

Research methods
In vitro differentiation of native hMSC derived from adipose tissue (nhaMSC) was
realized by treating nhaMSC in differentiation medium, which mainly consisted of
RPMI 1640, B27 supplement and human recombinant BMP4. nhaMSC or dhaMSC (n =
6 pigs each, 5 × 106 cells/animal) were injected into the porcine left ventricular free
wall. Animals receiving PBS injection served as controls (n = 6). Four weeks later, total
AV block was induced by radiofrequency catheter ablation, and electronic pacemaker
devices were implanted for backup stimulation and heart rate monitoring. Ventricular
rate and rhythm of pigs were evaluated during a follow-up of 15 d post-ablation by 12lead-ECG with heart rate assessment, 24-h continuous rate monitoring recorded by an
electronic pacemaker, assessment of escape recovery time, and a pharmacological
challenge to address catecholaminergic rate response. Pace-mapping experiments were
undertaken on the exposed heart by stimulation at the site of cell injection using an
epicardial electrode connected to an external pacemaker choosing a pacing rate 20
bpm higher than the prevalent escape rate. Twelve-lead ECG monitoring was
performed, and the electrical activation front of spontaneous and paced rhythms was
evaluated with respect to similarity and origin. Finally, hearts were analyzed by
histological and immunohistochemical investigations.

Research results
In vivo transplantation of dhaMSC into the left ventricular free wall of pigs elicited
spontaneous and regular rhythms that were pace-mapped to ventricular injection sites
(mean heart rate 72.2 ± 3.6 bpm; n = 6) after experimental total AV block. Ventricular
rhythms were stably detected over a 15-d period and were sensitive to
catecholaminergic stimulation (mean maximum heart rate 131.0 ± 6.2 bpm; n = 6; P <
0.001). Pigs, which received nhaMSC or PBS presented significantly lower ventricular
rates (mean heart rates 47.2 ± 2.5 bpm and 37.4 ± 3.2 bpm, respectively; n = 6 each; P <
0.001) and exhibited little sensitivity towards catecholaminergic stimulation (mean
maximum heart rates 76.4 ± 3.1 bpm and 60.5 ± 3.1 bpm, respectively; n = 6 each; P <
0.05). To evaluate the nature and origin of escape rhythms after experimental total AV
block, we performed pace-mapping. For pigs with transplanted dhaMSC, a complete
12/12 matching of escape and pace-mapped beats was observed in the 12-lead ECG.
By contrast, pace-maps and escape rhythms of pigs with transplanted nhaMSC or
treated with PBS differed, indicating an origin of spontaneous rhythms other than the
site of injection. Histological and immunohistochemical evaluation of hearts treated
with dhaMSC revealed local clusters of transplanted cells at the injection sites that
lacked macrophage or lymphocyte infiltrations or tumor formation. Intense
fluorescence signals at these sites indicated membrane expression of the pacemakerspecific proteins HCN1 and HCN4, the calcium channel Cav1.2, and the connexins
Cx31.9 and Cx45 involved in cardiac automaticity and impulse propagation.

Research conclusions
In our proof-of-concept study we were able to show that pre-conditioned MSC,
differentiated towards a nodal-type lineage in vitro, sustainably and catecholamineresponsively pace the hearts of pigs at physiological rates after engraftment within the
ventricular myocardium and further differentiate towards a cardiac pacemaker
phenotype in vivo as shown by the presence of HCN4 staining. In contrast,
immunohistochemical analysis indicated that transplanted non-pre-conditioned
nhaMSC did not express relevant pacemaker-specific markers leading to the
assumption that prior in vitro differentiation (“pre-conditioning”) of MSC is a
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prerequisite for further in vivo pacemaker differentiation. Based on this approach, a
cell-based biological pacemaker may become feasible using adult stem cells and
bypassing viral transduction of pacemaker genes or transcription factors.

Research perspectives
To establish a biological pacemaker system in a human setting, high ethical and safety
standards have to be set. The use of immunotolerant, viral-free differentiated MSC is
an important step forwards to meet these requirements. Considering the results of our
proof-of-concept study, we advocate larger animal trials with long-term follow-up to
validate our findings and to eventually pave the way for human translation.
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