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Abstract

Engraftment and functional integration of stem cells or stem cell-derived cells within cardiac tissue is an important prerequisite
for cell replacement therapy aiming at the treatment of heart disease. Recently, a novel intravenous approach for application of
mesenchymal stromal cells (MSCs) to cardiac sites has been established using radiofrequency catheter ablation (RFCA)-guided
targeting, bypassing the need for open chest surgery or direct myocardial cell injection. However, little is known about the
quantitative efficacy and longevity of this strategy. We performed selective power-controlled RFCA with eight ablation pulses
(30 W, 60 s each) to induce heat-mediated lesions at the right atrial appendices (RAAs) of pigs. Different concentrations of
human bone marrow-derived MSCs (10° to 1.6 x 10° cells/kg bodyweight) labeled with superparamagnetic iron oxide (SPIO)
particles were infused intravenously in nine pigs one d after RFCA treatment and hearts were explanted 8 d later to quantify
the number of engrafted cells. Prussian blue staining revealed high numbers of SPIO-labeled cells in areas surrounding the
RFCA-induced lesions. Cell numbers were evaluated by quantitative real-time polymerase chain reaction using specific pri-
mers for human MSCs (hMSCs), which indicated that up to 10° hMSCs, corresponding to ~ 3.9% of the systemically applied
human cells, engrafted within the RAAs of RFCA-treated pigs. Of note, infused hMSCs were observed in nontargeted organs,
as well, but appeared at very low concentrations. To assess long-term deposition of MSCs, RAAs of three pigs were analyzed
after 6 months, which revealed few persisting hMSCs at targeted sites. RFCA-mediated targeting of MSCs provides a novel
minimal invasive strategy for cardiac stem cell engraftment. Qualitative and quantitative results of our large animal experi-
ments indicate an efficient guidance of MSCs to selected cardiac regions, although only few cells remained at targeted sites 6
mo after cell transplantation.
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Introduction

Strategies for stem cell application in cardiology are multi-
ple, including cell therapy approaches to treat ischemic,
structural, or degenerative cardiac diseases' . Besides the
choice of a suitable cell type aiming at cardiac transdiffer-
entiation and functional integration, the development of
effective and gentle cell delivery methods is of high prior-
ity*. Recently, in addition to thoracotomy and open chest cell
injection, transendocardial, intracoronary, and intravenous
(IV) approaches for cell application have been established
and beneficial effects using these techniques have been
shown by several independent groups*®. However, prob-
lems to track and quantify the number of viable cells that
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integrated into the myocardium made it difficult to assess
efficacy of these approaches’®. Like ischemic myocardium,
which is capable to elicit homing effects on multiple stem
cell sources, radiofrequency catheter ablation (RFCA) has
been used to induce local stem cell delivery to specified
regions of the atrium after IV cell application”'’. In search
for a novel approach to overcome electrical pacemakers,
several groups were able to create a biological pacemaker
in large animal models based on plasmid-mediated overex-
pression of pacemaker genes in mesenchymal stromal cells
(MSCs)'""!2. However, these studies were limited by the
necessity of open thoracotomy and direct cell injections to
guide transduced stem cells to a selected myocardial region.
The novel approach using RFCA-guided homing®'® may
allow for targeting MSCs close to the sinoatrial node to
reestablish pacemaker function, avoiding open chest sur-
gery. However, open questions concerning efficacy of the
method, long-term outcome including safety issues such as
immune tolerance, oncogenicity, and cell migration to non-
targeted organs remain to be addressed.

In the present study, we used RFCA to guide intrave-
nously applied human MSCs (hMSCs) to the right atrium
in a pig model. In an effort to quantify the number of
migrated cells we established a quantitative real-time poly-
merase chain reaction (qQRT-PCR) approach using highly
specific primers for hMSC detection to evaluate the efficacy
of the method. Furthermore, we evaluated the hearts 6 mo
post hMSC application to investigate targeted and remote
organ engraftment.

Materials and Methods

All experiments were carried out in accordance with the
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institute of Health (NIH publica-
tion number 85-23, revised 1996), and with the European
Community guidelines for the use of experimental animals
as well as all relevant ethical regulations. Protocols were
approved by the local regulatory authority (AZ
#359185.81/G-128/05 and AZ #359185.81/G-67/11, Regier-
ungsprasidium Karlsruhe, Germany).

Radiofrequency Catheter Ablation

An IV cannula in the ear vein was used for administration of
fluids and drugs. Domestic swine (body weight 20 to 25 kg)
were sedated with ketamine (100 mg/kg; Roche, Grenzach-
Wyhlen, Germany) and midazolame (15 mg/kg, intramuscu-
lar; Roche), and anesthetized with disoprivane (1 ml ofa 1%
solution; Astra Zaneca, Wedel, Germany) and isoflurane
(1% to 2%; Baxter, Unterschleissheim, Germany). Lesions
in the right auricle were induced by transvenous power-
controlled RFCA (Cerablate easy catheter, bipolar, 4 mm tip
and HAT 200™ RF generator; Sulzer Osypka GmbH,
Grenzach-Wyhlen, Germany). The ablation catheter was
introduced via preparation of the right femoral vein and

inserted under fluoroscopic guidance until the tip was
located at the wall of the auricle in the right atrium. Each
animal obtained eight ablation pulses (30 W/500 kHz,
power-controlled mode, each pulse 60 s). Electrocardio-
graphic leads I, II, III, aVR, aVL, and aVF were continu-
ously monitored with a VR12™-recorder (Electronics for
Medicine, Pleasantville, NY, USA).

Isolation of hMSCs

MSCs were obtained from bone marrow aspirates from the
iliac crest of healthy donors after approval by the local ethi-
cal committee (University of Heidelberg ethical committee
numbers 042/2000 and 251/2002) as published previ-
ously”'*™'*_ In brief, approximately 10 to 30 ml of bone
marrow was collected in a syringe containing 10,000 TU
heparin to prevent coagulation. The mononuclear cell frac-
tion was isolated by density gradient centrifugation (Biocoll,
Biochrom, Berlin Germany) and plated on tissue culture
flasks (Nunc, Thermo Fisher Scientific, Waltham, MA,
USA) coated with 10 ng/ml fibronectin (Sigma, Kawasaki,
Kanagawa, Japan). Expansion medium consisted of 58%
low-glucose Dulbecco’s modified Eagle medium (Cambrex,
East Rutherford, NJ, USA), 40% MCDB201 (Sigma), 2%
fetal calf serum (FCS, Hyclone, Thermo Fisher Scientific)),
supplemented with 2 mM L-glutamine, 100 U/ml Pen/Strep
(Gibco, Eggenstein, Germany), 1% insulin transferrin sele-
nium, 1% linoleic acid bovine serum albumin, 10 nM dex-
amethasone, 0.1 mM L-ascorbic acid-2-phosphate (all from
Sigma), platelet-derived growth factor, and epidermal
growth factor (10 ng/ml each, R&D Systems, Minneapolis,
MN, USA). At 80% confluency, cells were trypsinized
(0.25% trypsin/l mM ethylenediaminetetraacetic acid
[EDTA], Invitrogen, Karlsruhe, Germany), washed with
phosphate buffered saline (PBS, Cambrex), and reseeded
at a density'>!'* of 5 to 10,000 cells/cm?. To confirm cell
identity, flow cytometry as well as in vitro differentiation
assays were performed as published previously'>. Antibo-
dies were tested in advance for specificity in vitro. Appro-
priate controls were performed in all experiments.

Labeling of MSCs

To track MSCs after transplantation, cells were labeled with
superparamagnetic iron oxides (SPIOs)'®. In brief, cells were
incubated for 18 h in expansion medium containing 25 pg
iron (Endorem®, Guerbet GmbH, Villepinte, France) and
0.75 pg poly-L-lysine (Sigma) per ml, respectively. After-
wards, cells were washed three times with PBS, trypsinized
and resuspended in PBS containing 1% FCS and 2 mM
EDTA at a final concentration of 1 x 10 cells/ml.

MSC Application and Terminal Experiment

For proof of concept using the porcine model, two swine
received 5 x 10° hMSCs, each labeled with SPIOs. MSCs
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were applied 1 d after RFCA via an IV cannula in the ear
vein by 10 ml 0.9% saline to wash the cannula. For quanti-
tative assessment, different numbers (1.0 x 10° to 1.6 x 10°
per kg bodyweight [BW]) of hMSCs were applied in nine
swine, each receiving a defined number of hMSCs. Two
sham experiments were performed, using animals that were
only treated by RFCA but received PBS infusion only for
control purpose. For evaluation of long-term deposition,
three additional animals were treated with 5 x 10° MSCs/
kg BW each, 1 d after RFCA of the RAAs, and transplant
recipients were followed up for 6 mo (please refer to supple-
mental Table 1 for overview). Final experiments were per-
formed under deep propofol anesthesia 1 and 24 wk after
MSC application using 4 mEq KCI IV to arrest the heart.
Hearts were then exposed through a midsternotomy and
washed in 0.9% NaCl. After optical inspection, right auricles
were excised, cut into two pieces and frozen on isopenthan/
dry ice or fixed in 3% formaldehyde at 4°C for at least 72 h.
For PCR investigation of local stem cell distribution, sam-
ples from isopenthan frozen sections were dissected in
defined intervals from the central lesion using a specified
die cutter (sample diameter 2 mm). For calculation of total
cell numbers migrated to RAAs, whole RAA sections were
frozen on isopenthan/dry ice and analyzed by qRT-PCR.

Histology and Immunohistochemistry

Frozen right appendices were dissected by slices from the
basis to the apex using sections of 15 and 30 pum, which
were prepared at —15°C to —20°C using a cryotome (Bright
Microtome 5030, Huntingdon, England) and stored at —
20°C. Prussian blue staining was performed with 15, 30, and
300 pm slices prepared from fixed appendices at 2-mm
intervals. Slices were rinsed with PBS (3 x 2 min), and
incubated for 15 min with 1% potassium ferrocyanide
(Perl’s reagent for Prussian blue staining) in 1% hydrochlo-
ric acid. Following several washes with PBS, sections were
counterstained with hematoxylin and eosin following
standard protocols and analyzed using a Stemi SV6 loupe
microscope (Zeiss, Jena, Germany). Immunofluorescence
analysis was performed in a two-step staining protocol.
Sections were rinsed with PBS, fixed in 1% formaldehyde
for 30 min at room temperature, and incubated in blocking
solution (0.1 M glycine, 2% bovine serum albumin, and 2%
horse serum in PBS) for 2 to 3 h. MSCs were detected by
overnight staining at 4°C using the primary anti-CD44
antibody (rat anti-CD44 immunoglobulin G [IgG], EMD
Biosciences, San Diego, CA, USA) diluted 1:200 in block-
ing solution. After washes with PBS (3 x 2 min), sections
were incubated for 3 h at 4°C with a secondary antibody
Alexa Fluor® 568 goat anti-rat IgG antibody (Invitrogen),
rinsed with PBS (3 x 2 min) and counterstained with DAPI.
Sections were mounted in Citifluor™ glycerol/PBS solu-
tion (Agar Scientific, Stansted, England) and analyzed by
light and fluorescence microscopy using a Zeiss Axioplan

2 fluorescence microscope (Zeiss) with an Intas LC110C
camera (Intas, Gottingen, Germany).

Isolation of RNA and cDNA Synthesis

For isolation of total RNA the tissues were homogenized and
prepared using a polytron homogenizer and the TRIzol-
Reagent (Invitrogen) method, according to the manufactur-
er’s instructions. Total RNA was reverse transcribed in
100 pl containing 5x First Strand Buffer (Invitrogen),
30 U RNAguard (GE Healthcare Europe, Freiburg, Ger-
many), 1.1 mM dNTP (Invitrogen, Carlsbad, CA, USA),
11.3 mM DTT (Invitrogen), 5 pg Pd(N)s random hexamer
primers (GE Healthcare), and 1,000 U Superscript I Reverse
Transcriptase (Invitrogen). Fifteen micrograms of total RNA
was added to the mixture after being incubated for 5 min at
68°C, put 2 min on ice and incubated for 1 h at 37°C.

Quantitative real-time polymerase chain reaction

Quantification was performed using an ABS 7500 RT-PCR
system and 96-well optical detection plates (Thermo Fisher,
Waltham, MA, USA). Wells were loaded to a total volume
of 25 pl consisting of 10 to 50 ng cDNA, and 1x TagMan
Universal Master Mix and TaqMan primers and probes (Tag-
Man Gene Expression Assays, Thermo Fisher). We designed
PCR primers and a TagMan probe, hybridizing specifically
to sequences encoding human glycerinaldehyde-3-
phosphate-dehydrogenase (hGAPDH) transcripts (forward:
AATCCCATCACCATCTTCCA, reverse: TGGACTC
CACGACGTACTCA), yielding negligible signals of repor-
ter dye fluorescence in samples containing exclusively por-
cine myocardial transcripts, while predesigned TagMan
probes and primers (TagMan Gene Expression Assays,
Thermo Fisher) were used to detect porcine GAPDH
(pGAPDH; Ss03374854_gl). Probes were labeled with the
fluorescent reporter dye 6-carboxyfluorescein (Thermo
Fisher) at the 5'-end and with the nonfluorescent quencher
at the 3’-end. Cycling conditions comprised an initial dena-
turing step at 95°C (10 min), and 45 cycles with 95°C (15 s)
and 60°C (40 s). Data were analyzed using the threshold
cycle (Cr) relative quantification method'”'°. All PCRs
were performed in triplicate, and the data are expressed as
an average of the triplicates.

Data Analysis

The AACt method'” was used for data analysis, where the
Cr value of a target transcript is expressed as a relative
change between the two experimental conditions. We calcu-
lated target gene expression relative to that of the house-
keeping gene GAPDH, which was shown to be expressed
relatively stable throughout the pig’s cardiac development,
between different cardiac tissues and in cardiomyocytes
under various conditions.
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Table I. Mean hMSC signal (\GAPDH/pGAPDH) detected in samples (I to 5) of the RAA with defined distance from the RFCA lesion.

2.3 x 10° hMSCs/kg BW 6.8 x 10° hMSCs/kg BW I.I x 10® hMSCs/kg BW 1.2 x 10° hMSCs/kg BW 1.6 x 10® hMSCs/kg BW

1.0 x 10° hMSCs/kg BW

Sample

+10 x 10°*

0*+04x10*

44 x
381 x
0.14 x
0.1 x

+13x107*

0* 1 02x 10"

0*+65x107*

33 x
13.4 x

0*+008x10* 493 x
0.96 x

0*+04x10*

2.4 x

0% + 0007 x 10°* 0.18 x
0.12 x

+ 0.1 x10°*

04+ 05x 10

0%+ 06x 107

0~*+ 00l x 107*

o+

| (RGAPDH/pGAPDH) 0.04 x
2 (RGAPDH/pGAPDH) 1.62 x
3 (hGAPDH/pGAPDH) 2.31 x
4 (hGAPDH/pGAPDH) 0.01 x
5 (\GAPDH/pGAPDH) 0.4] x

BW: body weight; hGAPDH: human glycerinaldehyde-3-phosphate-dehydrogenase; hMSCs: human mesenchymal stem cells; pGAPDH: porcine glycerinaldehyde-3-phosphate-dehydrogenase; RFCA: radio-

frequency catheter ablation.

Statistical Analysis

The average of the relative transcript levels of each group of
samples was characterized by calculating the arithmetic
means as well as the standard deviation of the individual
reactions. We used Microsoft Excel 2010 (Microsoft Corpo-
ration, Redmond, WA, USA) and SPSS 18 (IBM SPSS Sta-
tistics 18, Somers, NY, USA) for statistical analysis. Data
were further evaluated with Fisher’s exact test and matched
with the Mann—Whitney U-test because of the small number
of pigs for the experiments (n < 6).

Results

Qualitative Evidence for RFCA-Mediated Targeting
of hMSCs in a Pig Model

RFCA-induced lesions were shown to target systemically
applied MSCs to the right atrial appendix (RAA) of dogs
without the need for open chest surgery or direct cell injec-
tion”!'®. We set out to transfer this approach to a swine model
using xenogeneic transfer of hMSCs to swine atrial myocar-
dium. To this end we performed selective power-controlled
RFCA with eight ablation pulses (30 W, 60 s each) to induce
heat-mediated lesions at the RAAs of two pigs (Fig. 1A, B).
The next day, 5 X 10° hMSCs, labeled with SPIOs, were
infused intravenously in each animal. Eight days later, hearts
were explanted and the RAA was cryosectioned. Adjacent to
the necrotic lesion, myocardial structure was destroyed and
interstitially rearranged (Fig. 2A-E). Intercellular spaces
were filled with small cells heavily loaded with Prussian
blue-positive particles thought to cause the bluish appear-
ance of the border zone, indicating that SPIO-labeled MSCs
had engrafted within the lesion border zone (Fig. 2D, E).
Counterstaining with anti-CD44, a typical surface marker
of MSCs, displayed a close morphological correlation of
Prussian blue-stained cells and CD44-positive mesenchymal
structures (Fig. 3A—D). These observations pointed to an
abundant engraftment of systemically applied xenogeneic
hMSCs to the lesion border zones, confirming the results
of our previously published dog model using allogeneic
canine MSCs’.

Mapping the Distribution of hMSC Engraftment
by RT-PCR

To address the efficacy of the method, we aimed to quantify
the distribution and peak concentration of engrafted hMSCs
within the border zone adjacent to the RFCA lesion, but also
the average content of hMSCs in the whole RAA of the
treated pigs. To this end, we designed PCR primers and a
TagMan probe, hybridizing specifically to sequences encod-
ing hGAPDH transcripts, yielding negligible signals of
reporter dye fluorescence in samples containing exclusively
porcine myocardial transcripts, while producing clear and
reproducible signals in myocardial samples containing
>0.001% human cDNA (supplemental Figure S1). Thus,
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V. cava sup.

lesion

Figure |. Macroscopic view of the heart of a domestic pig treated by RFCA on the basis of the RAA. (A) Lesion at the RAA 7 d after
radiofrequency catheter ablation. (B) Endocardial aspect of an isolated RAA with transmural RFCA lesion.

RAA: right atrial appendix; RFCA: radiofrequency catheter ablation.

we established an RT-PCR assay that utilized the relation
between human and pGAPDH levels to evaluate the propor-
tion of engrafted xenogeneic hMSCs within the porcine
tissue.

Quantitative Analysis of hMSCs Within the Border Zone of the
RFCA Lesion. Based on the distinct gradient of Prussian blue-
stained cells adjacent to the central necrotic lesion, we asked
whether different transcript levels of hGAPDH derived from
migrated hMSCs could be detected, as well. Starting from the
necrotic lesion five tissue samples were dissected from the
frozen RAA in 3 to 4 mm steps (Fig. 4). While the samples
from the inner part of the necrotic lesion showed negligible
hGAPDH signals, the border zone (sample 2) yielded the
highest hGAPDH levels, declining toward the periphery (Fig.
4, Table 1). This distribution was evident in RFCA-treated
RAAs of all animals irrespective of the number of hMSCs that
were administered. However, the hGAPDH/pGAPDH ratios
detected were strictly dependent on the number of the sys-
temically applied hMSCs, showing peak hGAPDH/pGAPDH
ratios of 79.5 x 10™* + 4 x 10~* at the border zone (sample
2) of animals that had received the maximum cell number (1.6
x 10® hMSCs/kg BW) (Fig. 5A, Table 1).

Total Yield of hMSCs Within the RAA. Regarding the number of
hMSCs totally migrated to the RAA, we performed RNA
isolation of the whole RAA using the TRIzol method and
the consecutive cDNA reverse transcriptase to examine the
total yield of hGAPDH transcripts within the RAA. Concen-
tration of engrafted hMSCs was evaluated through
hGAPDH/pGAPDH ratios using the designed, highly
species-specific primers. As expected, we observed increas-
ing hGAPDH/pGAPDH ratios within the RAAs, rising in
parallel with the number of infused hMSCs up to a ratio of
2.6 x 107*at 1.1 x 10° hMSCs/kg BW (Fig. 5B). Interest-
ingly, IV application of higher numbers of hMSCs did not
yield further increase of hGAPDH/pGAPDH ratios in the

RAAs (Fig. 5B), suggesting that migration of hMSCs to the
myocardium may reach steady-state saturation and cannot be
further augmented by raising the number of infused cells.

Based on the calibration curves of hGAPDH transcripts
derived from defined numbers of hMSCs (supplemental Fig-
ure S1) we calculated the number of hMSCs engrafted within
the whole RAA. Assuming the maximum hGAPDH/
pGAPDH ratio of 2.6 x 10~ (supplemental Table S1), up
to 3.9 + 1.4% of hMSCs that were applied intravenously 1
wk prior were detectable within the RAA, corresponding to a
total number of ~ 10° engrafted hMSCs. In control animals,
however, which received PBS injection only, no hGAPDH
signal was detected in the RAAs.

Evidence for hMSCs at Nontargeted Organs

To evaluate distribution and quantity of hMSCs at nontar-
geted organs we carefully examined lung, liver, spleen, and
kidney samples of animals treated with SPIO-labeled hMSCs.
Even in animals that received highest hMSC numbers in our
experimental setting (1.1 to 1.6 x 10° cells’kg BW) Prussian-
blue-positive cells were detected only sporadically within
lung tissue (Fig. 6A, B), while spleen and kidney samples did
not provide evidence of nontargeted hMSC spread. With
regard to liver tissue it is important to note that Prussian-
blue cells are ubiquitously detectable, which is well explained
by liver Kupffer cells, known to be Prussian-blue positive,
yielding similar effects in control animals only treated with
PBS (not shown). Using our RT-PCR-based quantification
assay for hMSCs, we observed negligible hGAPDH signals,
with hGAPDH/pGABDH <10~ in samples of all nontargeted
organs investigated, indicating an aberrant yield of hMSCs
beyond the detection level of the assay.

Long-Term Deposition of hMSCs at the RAAs

We next asked whether engrafted hMSCs persist at their
position adjacent to RFCA lesions throughout a period of 6
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Figure 2. Microscopic analysis of Prussian blue-stained lesion of the RAA. (A) Loupe-microscopic view of a 300 pm section of the RAA
showing necrotic tissue caused by RFCA, a bluish-stained border zone, 5and unaffected intact myocardium. Scale bar = 5 mm. (B)
Unaffected myocardium. Scale bar = 100 pm. (C) Lesion with necrotic tissue. Scale bar = 100 pm (D-E) Migration of Prussian blue-
positive cells into the border zone and along intercellular spaces, indicating engraftment of SPIO-labeled MSC toward the affected

myocardium. Scale bar = 100 um.

MSC: mesenchymal stem cell; RAA: right atrial appendix; RFCA: radiofrequency catheter ablation.

mo post IV injection. To address this question three animals
were treated with 5 x 10° hMSCs/kg BW each, 1 d after
RFCA of the RAAs according to our customized protocol,
with one animal receiving SPIO-labeled hMSCs. Transplant
recipients were followed up for 6 mo, and animals were
sacrificed thereafter. Hearts were harvested and prepared for
histological and molecular evaluation. It required in-depth
histological examination to recognize scarred areas of the
RAAs corresponding to RFCA lesions after 6 mo. Qualita-
tive assessment was undertaken in the animal that had
received SPIO-labeled MSCs using Prussian blue staining,
which unmasked few small punctual accumulations of bluish
deposits in the vicinity of the scarred regions (Fig. 6C, D).
Molecular evaluation was undertaken using qPCR to detect
xenograft hMSC transplants in the two additional animals.
hGAPDH signals derived from whole RAA preparations
were tiny and hGAPDH/pGAPDH ratios were below 107>
(2.37 x 10 °and 4.61 x 10~°, respectively). In addition, we
carefully examined nontargeted organs lung, liver, spleen,
and kidney by Prussian blue staining and qPCR for

hGAPDH signals in these animals, respectively, and did not
find evidence for measurable aberrant deposition of hMSCs.

Thus, >90% of hGAPDH/pGAPDH levels, which are
related to hMSC engraftment within the RAAs 1 wk post
application, were nondetectable 6 mo later, most likely due
to cellular redistribution and dilution or death/rejection of
transplanted cells. Of note, all hearts were free from macro-
phage or lymphocyte infiltrations, neoplasm-like cell accu-
mulations, or tumors.

Discussion

We here report the quantification and evaluation of long-
term fate of hMSCs guided to a specified cardiac site by
local RFCA. An important issue, crucial to any cell therapy,
is sufficient cell engraftment within the target region. To
address this critical point we have developed a gPCR-based
assay for quantifying the levels of hMSCs transplanted to
the porcine myocardium. Using this assay we could show
that hMSCs that were systemically applied to pigs, which
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Figure 3. Histological characterization of Prussian blue-positive regions. (A) Prussian blue-stained cryosection (15 um) of the right atrial
appendix border zone counterstained with 4',6-diamidino-2-phenylindole (B), immunostained with antibodies directed against the mesench-
ymal cell surface marker CD44 (red) (C). (D) Overlay of A, B, and C. Scale bar (A-D) = 100 um.

underwent RFCA of the RAAs the day prior, could be
detected within the border zone of the lesions in a dose-
dependent fashion, 1 wk after cell application. Further-
more, our data suggest that the total number of cells
engrafted to the RAA may reach steady-state saturation and
cannot be further augmented by raising the number of
infused cells.

Usually evaluation of cell transplantation efficiency
within an organ is extrapolated from histological sections
using microscopic strategies>® or by tracking of labeled cells
using in vivo imaging techniques®'*?. Accuracy of histolo-
gical methods depends on the quality of sectioning, and
possible bias comprises different thickness of sections, var-
iations of cell diameters, and local accumulation of cells?.
These concerns also apply to cell tracking by in vivo ima-
ging, which requires high-resolution cell detection to distin-
guish transplanted cells from background noise’. Recent
works have revealed shortcomings of in vivo magnetic reso-
nance imaging, as cell tracking techniques often do not
clearly distinguish between living cells and extracellular
nanoparticle remnants®.

Using a molecular assay that is based on the detection of
xenogeneic human GAPDH messenger RNA by qPCR, we
took advantage from the unique and species-specific design
of TagMan probes employed to evaluate the copy number of
target template in transplanted cells. This strategy detects the

molecular footprint of transplanted cells and as such is
highly sensitive, precise, and fast. Furthermore, evidence
of mRNA presumes that it derives from viable cells, provid-
ing evidence for the integrity of engrafted MSCs.

Our results indicate that a relatively high proportion of
cells temporarily engraft to cardiac injury border zones.
This is in agreement with previous data from studies inves-
tigating stem cell homing after myocardial infarction,
which could show that applied MSCs were detected adja-
cent to myocardial necrosis and may contribute to reverse
remodeling2’5’8‘24’25. However, the observation that cells,
which engrafted at cardiac sites of injury, have the tendency
to reallocate or undergo local apoptosis was described previ-
ously in studies using in vivo models of myocardial
infarction®®, and was observed in the present study using
RFCA-induced cardiac lesions, as well. Using a TUNEL
assay-based approach Ma et al.® could show that allogeneic
MSCs, which were transplanted successfully after myocardial
infarction in a rat model, underwent apoptosis gradually over
time, and almost disappeared after several weeks. Their
results indicated that the microenvironment of damaged car-
diac tissue, infiltrated by macrophages and inflammatory
cells, activates apoptotic pathways in the transplanted MSCs®.

Based on these data, it is questionable whether permanent
cellular deposition at cardiac target sites, qualifying for cell
replacement therapy, can be achieved using this approach, i.e.,
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hGAPDH / pGAPDH in %

Figure 4. Loupe-microscopic view of a right atrial appendix section indicating a central radiofrequency catheter ablation lesion adjacent to a
border zone with local accumulation of Prussian blue-positive hMSCs. Samples in defined distance to the lesion were dissected for
quantification of hMSC engraftment using quantitative polymerase chain reaction (hGAPDH/pGAPDH signal ratios), as indicated.

hGAPDH: human glycerinaldehyde-3-phosphate-dehydrogenase; hMSC: human mesenchymal stem cell; pPGAPDH: porcine glycerinalde-

hyde-3-phosphate-dehydrogenase.
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Figure 5. Quantitative evaluation of the engrafted hMSCs by quantitative polymerase chain reaction—based analysis of local h\GAPDH
signals. (A) Presentation of the hGAPDH/pGAPDH ratios at the border zones (sample 2) adjacent to the lesion in relation to the number of
systemically applied hMSCs (n = 3 to 6). (B) Average hGAPDH/pGAPDH ratios of the whole right atrial appendix (n = 3 to 6 experimental
replications) in relation to the number of systemically applied hMSCs. *P < 0.05 related to hGAPDH/pGAPDH in animals that received
2.3exp5 MSCs/kg bodyweight. Data are expressed as mean + standard error of the mean.

hGAPDH: human glycerinaldehyde-3-phosphate-dehydrogenase; hMSC: human mesenchymal stem cell; pGAPDH: porcine glycerinalde-

hyde-3-phosphate-dehydrogenase.

in the case of a cellular biological pacemaker, transplanted
cells might exert only temporal pacemaker function and may
cease functioning after a relatively short period of time. Nev-
ertheless, the strategy could be of interest to bridge cardiac

pacemaking for a limited period in situations like cardiac infec-
tion with the necessity to extract leads of an electronic pace-
maker. However, accumulation of systemically applied cells at
a selected cardiac region for a limited time frame may appear
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Figure 6. Aberrant and long-term RAA deposition of hMSCs. (A, B) Paraffin slice (30 um) of the lung stained by hematoxylin and eosin and
Prussian blue staining. Singular Prussian blue-positive cells are indicated by arrow, next to the bronchus (A) or to alveoli (B), and suggestive
for aberrant engraftment of systemically applied hMSCs. Scale bar: A = 200 um, B = 100 um. (C, D) Macroscopic view of RAA sections
derived from a pig, treated by RFCA and superparamagnetic iron oxide—labeled hMSC application 6 mo prior. Localized, small punctual
accumulations of bluish deposits in the vicinity of the scarred regions are indicated by arrow. Scale bars (C, D) = 100 pm.

RAA: right atrial appendix; hMSC: human mesenchymal stem cell.

tempting for alternative approaches, as well. Remarkably, in
this context, 1 wk after systemic application, up to 3.9% of
cells, which correspond to a total number of ~ 10° presumably
viable MSCs, were guided to the RAAs. These cells may be
utilized for therapeutic purpose, i.e., delivery of paracrine med-
iators, shuttle for gene therapy, or pharmacological substances.
In this context, novel adjuvant strategies using cell-based
approaches after RFCA of cardiac arrhythmias may be of inter-
est. For example, after catheter ablation of cardiac arrhythmias
electrical instability is typically increased for several weeks,
originating from the site of ablation, not necessarily indicating
worse outcome of the procedure (so-called early recurrence or
blanking period)?’. Short-term pro-arrhythmic mechanisms
are most likely caused by local inflammatory reactions post
ablation. MSCs are known to electrically integrate within the
myocardium via gap junctions'' and by this transport mem-
brane potential to neighbor cardiomyocytes. Forced in vitro
expression of ionic currents in MSCs that counteract sponta-
neous electrical activity by hyperpolarizing membrane poten-
tial, like inward rectifying K(+) current (mediated by Kir2.1

channels), and subsequent delivery of MSCs to RFCA sites in
vivo may effectively reduce the pro-arrhythmic risk post abla-
tion. The antiarrhythmic effect of such a hybrid gene/cell ther-
apeutic approach has been reported previously by
transplantation of embryonic stem cell-derived cardiomyo-
cytes overexpressing Kir2.1 to mouse hearts post myocardial
infarction®. Furthermore, MSCs have been shown to attenuate
inflammation in acute myocardial infarction®’ and may exert
similar effects at cardiac ablation sites, counteracting early
arrhythmia recurrence from local inflammatory reactions.
Noteworthy, we did not observe any signs of malignancy or
tumor formation in the animals that received transplanted
MSCs, not in the heart or in the other organs that were macro-
scopically and microscopically examined, given the small
number of pigs that underwent long-term follow-up.

Limitations

The quantification approach for transplanted cells used in
this study is based on xenogeneic cell transfer. Although
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MSCs were reported to comprise a reduced immunoreactiv-
ity even in xenogeneic applications''~**>! it cannot be ruled
out that the marked reduction of cells after 6 mo of follow-up
is caused by immunorejection and consecutive death of
transplanted cells. Immunoprivilege of MSC is most likely
mediated by masking of cellular surface antigens, through
cellular secretion of prostaglandins and other immune mod-
ulators®'*?. Noteworthy, transplanted MSCs may differenti-
ate into more mature cell types and it is questionable whether
they will maintain their immunoprivileged status over
time™>. Thus, it might be important that transplanted hMSCs
remain in an undifferentiated state and additional studies are
required to determine whether maturation and differentiation
may cause loss of immunoprotection and may promote rejec-
tion. Alternatively, use of autologous MSCs could prevent
immunorejection and cell death®?, although additional
mechanisms that result in reduction of local cell numbers,
like re-allocation of transplanted cells, may remain. Only a
limited number of pigs were subjected to this large animal
study, which was primarily designed as a pilot trial, implying
some restrictions with respect to the statistical strength of the
data.

Conclusion

Considerable numbers of systemically applied MSCs can be
temporarily directed to a cardiac target site using RFCA, and
may be utilized for specified therapeutic purpose. By pro-
viding a method of quantifying the amount of engrafted cells
within the target region, our qPCR-based assay serves as a
novel and precise tool to evaluate the efficacy of cell engraft-
ment applications to specified organs.
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