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Abstract
Purpose—Human embryonic stem cell (hESC)-derived cardiomyocytes are a promising cell source
for cardiac repair. Whether these cells can be transported long distance, survive, and mature in hearts
subjected to ischemia/reperfusion with minimal infarction is unknown. Taking advantage of a
constitutively GFP-expressing hESC line we investigated whether hESC-derived cardiomyocytes
could be shipped and subsequently form grafts when transplanted into the left ventricular wall of
athymic nude rats subjected to ischemia/reperfusion with minimal infarction. Co-localization of
GFP-epifluorescence and cardiomyocyte specific marker staining was utilized to analyze hESC-
derived cardiomyocyte fate in a rat ischemia/reperfused myocardium.

Methods—Differentiated, constitutively green fluorescent protein (GFP) expressing hESCs
(HES3-GFP; Envy) containing about 13% cardiomyocytes were differentiated in Singapore, and
shipped in culture medium at 4°C to Los Angeles (shipping time ~3 days). The cells were dissociated
and a cell suspension (2×106 cells for each rat, n=10) or medium (n=10) was injected directly into
the myocardium within the ischemic risk area 5 minutes after left coronary artery occlusion in athymic
nude rats. After 15 minutes of ischemia the coronary artery was reperfused. The hearts were harvested
at various time points later and processed for histology, immunohistochemical staining, and
fluorescence microscopy. In order to assess whether the hESC-derived cardiomyocytes might evade
immune surveillance, 2×106 cells were injected into immune competent Sprague-Dawley rat hearts
(n=2), and the hearts were harvested at 4 weeks after cell injection and examined as in the previous
procedures.

Results—Even following 3 days of shipping, the hESC-derived cardiomyocytes within embryoid
bodies (EBs) showed active and rhythmic contraction after incubation in the presence of 5% CO2 at
37°C. In the nude rats, following cell implantation, H&E, immunohistochemical staining and GFP
epifluorescence demonstrated grafts in 9 out of 10 hearts. Cells that demonstrated GFP
epifluorescence also stained positive (co-localized) for the muscle marker alpha-actinin and exhibited
cross striations (sarcomeres). Furthermore cells that stained positive for the antibody to GFP
(immunohistochemistry) also stained positive for the muscle marker sarcomeric actin and
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demonstrated cross striations. At 4 weeks engrafted hESCs expressed connexin 43, suggesting the
presence of nascent gap junctions between donor and host cells. No evidence of rejection was
observed in nude rats as determined by inspection for lymphocytic infiltrate and/or giant cells. In
contrast, hESC-derived cardiomyocytes injected into immune competent Sprague-Dawley rats
resulted in an overt lymphocytic infiltrate.

Conclusions—hESCs-derived cardiomyocytes can survive several days of shipping. Grafted cells
survived up to 4 weeks after transplantation in hearts of nude rats subjected to ischemia/reperfusion
with minimal infarction. They continued to express cardiac muscle markers, exhibit sarcomeric
structure, and were well interspersed with the endogenous myocardium. However, hESC-derived
cells did not escape immune surveillance in the xenograft setting in that they elicited a rejection
phenomenon in immune competent rats.

Keywords
myocardial regeneration; human embryonic stem cell; cardiomyocytes; cell transplantation;
immunology

Introduction
Over the past few years, various cell types, such as fetal or neonatal cardiomyocytes, skeletal
muscle myoblasts, mesenchymal stem cells, hematopoietic stem cells, adult cardiac resident
stem cells, embryonic stem (ES) cells and others, have been used for cell transplantation therapy
in the heart [for review see 1,2]. Among these cell types, ES cells are a promising cell source,
because of their capability to undergo unlimited expansion in an undifferentiated state and their
ability to undergo inducible differentiation into bona fide cardiomyocytes in vitro. Human ES
cell (hESC) -derived cardiomyocytes have been shown to have the structural and functional
properties of early-stage fetal cardiomyocytes [3]. Thus, in theory, hESC could potentially
provide an unlimited supply of cardiomyocytes for cell therapy aimed at regenerating
functional myocardium.

Although numerous studies have examined the fate and consequences of murine ESC-derived
cardiomyocyte transplantation [4], only a limited number of studies examining transplantation
of hESC-derived cardiomyocytes have been reported. These studies [5, 6, 7] used hESC-derived
cardiomyocytes generated locally or regionally, a situation that would unlikely be the case in
a clinical setting. The purpose of the current study was to determine whether hESC-derived
cardiomyocytes can be transported over a long distance, and could survive and mature
following transplantation into hearts subjected to ischemia/reperfusion with minimal
infarction. Another goal of this study was to follow the fate of donor cells in the myocardium
by the robust, GFP-epifluorescence signal marking the employed human cell line.

Materials and Methods
The present study was approved by the Institutional Animal Care and Use Committee of Good
Samaritan Hospital, and conformed to the “Guide for the Care and Use of Laboratory
Animals” (NIH publication No. 85-23, National Academy press, Washington DC, revised
1996). The Association for Assessment and Accreditation of Laboratory Animal Care
International accredits Good Samaritan Hospital. Use of hESC was approved by the Western
Institutional Review Board.

Culture of hESCs
The hES cell line HES3-GFP (Envy) [8] from ES Cell International,
(http://stemcells.nih.gov/research/registry/esci.asp) at passage numbers between 75-125,
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displaying a normal karyotype was used. hESCs were seeded onto mitotically inactive
(Mitomycin C, 10μg/ml, Sigma) human fibroblast feeder cells CCD-919Sk obtained from
ATCC (American Type Culture Collection) (cat# CRL-1826) using KO-DMEM (Dulbecco’s
Modified Eagle’s Medium) with 20% KO-serum replacement, 1% non-essential amino acids,
2mM L-glutamine and antibiotics (penicillin/streptomycin, all Invitrogen). hESCs were
subcultured every 7 days by treatment with collagenase IV (1mg/ml, Gibco) followed by
mechanical partitioning of individual colonies.

hESC EB formation and GFP flow cytometry
To induce hESC differentiation, cells were washed once with PBS+ and treated with
collagenase IV (1 mg/ml) for 3-4 min at 37°C. Collagenase was replaced by serum-free medium
(DMEM medium supplemented with 1% MEM non-essential amino acids, 2mM L-glutamine,
1× ITS, 0.1mM β-Mercaptoethanol and Penicillin/Streptomycin (all Invitrogen) and culture
plates were scored with a 10 μl pipette tip. Cells were scraped off the culture dish using a cell
scraper and transferred to a 50 ml tube (Falcon). The cell pellet was resuspended in fresh serum-
free medium and an equal volume transferred to ultra low attachment 6 well plates (Costar).
After overnight EB formation, the medium was changed to either fresh serum-free or END2
cell-conditioned medium (END2-CM) generated by exposure of serum-free medium to END2
cells [9] for 4-5 days, followed by filtration through a 0.22 μM Millipore filter. END2 is a
visceral-endoderm-like mouse embryonal carcinoma cell line derived from P19 cells.
Subsequent medium changes were performed every 3 days, over a period of 12 days. EBs were
scored for beating 12 days after formation and a value was assigned as a percentage of
contractile EBs versus total EBs in a 6 well plate; about 25-30 EBs per well (150-180 EBs per
6 well plate) were usually observed. To test GFP expression either undifferentiated hESC
cultures or day 12 EBs were dissociated to single cells using trypsin (Invitrogen), strained
through a 40 μm strainer (BD Biosciences) and analyzed on a flow cytometer (GFP signal vs.
forward or side scatter; FACS Calibur, BD Biosciences) applying standard methods.

Cardiomyocyte quantification
To determine the cardiomyocyte content, EBs from 3 independent wells of a 6 well plate were
pooled and dissociated to single cells using trypsin (Invitrogen). Cells were collected via
centrifugation at 2500 rpm for 4 minutes at 4°C. The cell pellet was resuspended in PBS and
a cell count performed. 1 ×105 cells were then spun at 500rpm for 5 minutes onto glass slides
at low acceleration using a cytospin system (Shandon). Adherent cells were fixed, stained and
the total cell number (via DAPI staining of cell nuclei) and the number of alpha myosin heavy
chain positive cells (αMHC, MF-20 Ab, Hybridoma Bank, Iowa; 1:200 followed by respective
rabbit-anti mouse Cy3-labeled secondary Ab 1:500, Zymed) were counted in at least 3
independent fields of view at 20× magnification with at least 300 nuclei per field; fields were
randomly selected in the DAPI channel (Zeiss Axiovert 200M, Zeiss) avoiding bias towards
cardiomyocyte content. The percentage of cardiomyocytes compared to the total cell nuclei
number was calculated.

Cell shipment and dissociation
Before shipment EBs were combined and aliquots were collected for total cell count, vitality
stain (trypan blue exclusion), and cardiomyocyte quantification (cytospin). END2-CM was
replaced by serum-free medium and EB-aliquots representing 2×106 cells were placed into a
T25 flask (Costar), filled with serum-free medium and tightly closed. Flasks were cooled to
4°C, placed in thermal control boxes (Aeris Dynamics Pte LTD) and shipped (shipping time
ranged from 48-72 hours). At their destination surplus medium was removed and flasks were
placed back in a cell culture incubator in serum-free medium.
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Intracellular calcium transient measurements
For the measurements of intracellular calcium transients, EBs were washed free of the culture
medium by continuous superfusion with normal Tyrode’s solution for 15 minutesat 2 mL/
minute, exposed to rhod-2 (10 micromol/L + 0.02 % [wt/vol] Pluronic F127 [Molecular Probes,
Eugene, OR] in normal Tyrode’s solution) for 20 minutes at room temperature, then returned
to superfusion with dye-free solution for 20 minutes at 2 mL/minute before experimentation.
For calcium transient recording, the normal Tyrode’s solution was supplemented with 50
micromoles/l cytochalasin D to eliminate motion artifacts [10]. EBs in 60-mm dishes were
placed on the stage of an upright microscope modified for 2-photon illumination (Zeiss
LSM510-Meta; Carl Zeiss, Jena, Germany) and imaged through a 40× 0.8 NA water dipping
objective (Achroplan IR; Zeiss). Two-photon illumination was provided by a mode-locked
Ti:Sapphire laser (Spectraphysics, Mountain View, CA) tuned to a center wavelength of 810
nm. Pulse duration and pulse repetition rate were 100 fs and 83 MHz, respectively. Emitted
light was collected by two photomultipliers fitted with a narrow bandwidth filter for 500 to
550 nm (GFP) and 560 to 650 nm (rhode-2). To induce action potential-evoked calcium
transients, EBs were field stimulated via 2 ms square wave pulses with approximately 1.2-fold
threshold amplitude. The stimuli were delivered by a programmable stimulator (SD9, Grass-
Telefactor) via a pair of platinum wire electrodes. A single line across the entire EB width was
repeatedly scanned at a frequency of 325 Hz, and composite line-scan images were constructed
by stacking scan lines vertically. Fluorescence signals were digitized at 8-bit resolution and
stored on the computer’s hard disk for off-line analysis. The experiment was performed at room
temperature.

Cell transplantation
EBs were washed twice in PBS− (Gibco) incubated in a diluted trypsin solution (0.05% in
PBS−, Gibco) for up to 15 minutes and carefully triturated. Cells were collected via
centrifugation at 1200rpm for 5 minutes and resuspended in serum-free injection medium.

Under aseptic conditions, athymic nude rats (Charles River Laboratories, Inc., Wilmington,
MA) were anesthetized with intraperitoneal ketamine (75 mg/kg) and xylazine (5 mg/kg),
intubated and mechanically ventilated with filtered room air (rate 60 cycles/minute, tidal
volume 1 ml per 100 g body weight, Harvard Apparatus Rodent Ventilator, Model 683, South
Natick, Mass). The heart was exposed by a left thoracotomy through the 4th intercostal space.
The free wall of the left ventricle was exposed after the pericardium was excised. The left
anterior descending coronary artery was encircled with a silk suture. The artery was occluded
and 5 minutes later cells (2×106 cells in 100 μl serum free medium for each rat, n=10) or serum
free medium (100 μl, n=10) were injected directly into the risk area with a 28-gauge needle
attached to an insulin syringe. Previously we have reported that retention of cells is greater
when injected directly into an occluded coronary artery bed compared to injection into a non-
occluded coronary artery bed, presumably due to less washout of cells [11]. Each heart received
only one injection at one site. The duration of coronary artery occlusion was 15 minutes after
which the coronary artery was fully reperfused. The rats were monitored postoperatively and
were housed in sterilized cages. Buprenex (0.001mg/100g body weight, twice daily) was given
for 2 days as analgesic.

In order to assess whether the hESC might evade immune surveillance, 2×106 hESC-derived
cardiomyocytes were injected into two immune-competent Sprague-Dawley rat hearts, and the
hearts were harvested at 4 weeks after cell injection and examined as the same methods used
for nude rats.
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Identification of transplanted cells; histological and cytological studies
Rats were anesthetized, and hearts were arrested in diastole by an intravenous injection of 2
milli-equivalents KCl at 1, 2 or 4 weeks after transplantation. The excised hearts were processed
for detection of grafted cells by histology, immunohistochemical staining, or fluorescence
microscopy and immunofluorescence microscopy.

For Hematoxylin and Eosin (H&E) staining and immunohistochemical staining, hearts were
fixed in 10% formalin, embedded in paraffin and sectioned at 5 μm. For GFP epifluorescence
and immune staining, hearts were perfusion fixed in paraformaldehyde and cacodylic acid,
cryoprotected in 30% sucrose and sectioned as described previously [12].
Immunohistochemical and cytological staining was performed with primary antibody against
GFP (1:50, Chemicon), sarcomeric actin (1:75, Dako), myosin light chain-2a (MLC-2a; 1:50,
Synaptic Systems), Tropomyosin (1:1000, Sigma), alpha myosin heavy chain (αMHC, MF20,
1:200, Hybridoma Bank, Iowa), alpha-actinin (1:800, Sigma), cytokeratin 8 (Troma1, 1:10,
Hybridoma Bank, Iowa) and connexin43 (1:200, Chemicon).

Results
Cultured hESC-derived cardiomyocytes were tested for their ability to form grafts in ischemic
myocardium. We utilized a recently developed culture process which gives rise to enhanced
cardiomyogenic differentiation. Colonies of hES3-GFP cells were dispersed via collagenase
IV digestion and grown in suspension culture in serum free medium conditioned by the visceral
endoderm-like cell line END2 [13]. Robust cardiac induction was obtained, with an average
of 57.5 ± 7.5 % of the EBs in a plate exhibiting spontaneous contractile activity (see video,
Supplemental Data). EBs were gently dissociated via trypsin digestion and trituration [14], and
the resulting dispersed cells were either collected (using a cytospin apparatus) for
cardiomyocyte quantification or plated onto glass chamber slides for immune cytology. Trypan
blue staining revealed 87.5 ± 7.5 % cell vitality following EB dissociation. Immune
fluorescence analyses revealed clusters of cardiomyocytes, as evidenced by the presence of
alpha actinin immune reactivity in plated cells (Figure 1 A), and alpha myosin heavy chain,
tropomyosin, myosin light chain 2a, or cytokeratin 8 immune reactivity in EB sections (Figure
1 B-E). Cytospin based quantification using DAPI nuclear staining to calculate the total cell
number, and anti-alpha myosin heavy chain immune reactivity to identify the cell type, revealed
that the cardiomyocyte content was 12.5 ± 1.8 % in cultures derived from EBs generated in
the presence of END2 conditioned medium.

A high proportion of non-cardiomyocyte cells in differentiated cultures stained positive for
cytokeratin 8 (Figure 1 E), an intermediate filament marker expressed in epithelial embryonic
and extraembryonic endoderm tissue during development and in trophectoderm as well [15].
Notably, cytokeratin 8 is also expressed in simple epithelia throughout the adult body but the
expression in day 12 EBs most likely recapitulates the early expression in embryonic endoderm
and trophoectoderm. However, expression of cytokeratin 8 may not infer which cell population
this represents. Immune reactivity to cytokeratin 8 and the cardiomyocyte marker myosin light
chain 2a on serial EB sections showed the labeling of mutually exclusive cell populations
(Figure 1 D-E). Semi-quantitative real time PCR revealed high relative expression levels of
the endoderm marker gene Sox17 but faint expression of the ectoderm marker Sox1 (data not
shown). These findings indicate that besides cardiac mesoderm predominantly endoderm is
formed under our differentiation conditions, in line with previous studies utilizing the END2
cell co-culture system to direct cardiac differentiation of hES [13, 16].

The genetically engineered cell line hES3-GFP (Envy [8]) was employed to provide
unambiguous identification of donor cells following transplantation. These cells carry a
transgene which utilizes the human beta-actin promoter to drive expression of the green
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fluorescent protein (GFP). Undifferentiated hESC3-GFP cells as well as EBs derived thereof
exhibit robust GFP expression as evidenced by direct visualization of epi-fluorescence (Figure
1H), anti GFP-specific immune reactivity (Figure 1F and G), and flow cytometric analyses
(Figure 2). To determine if hESC-derived cultures could survive shipping, cells were
differentiated in vitro for 12 days, at which point beating EBs were readily apparent. The EBs
were collected and shipped at 4-8 °C from Singapore to Los Angeles or Indianapolis (up to 72
hour transit time). Rhythmical EB contraction was observed upon arrival following a short
incubation at 37°C, 5% CO2 and the expected presence of cardiomyocytes was evidenced by
sarcomeric actin immune reactivity (Figure 1 I). Shipped EBs were loaded in vitro with the
calcium sensing dye rhod-2, and electrically evoked changes in rhod-2 fluorescence, indicative
of action potential-induced intracellular calcium transients, were readily detected (Figure 3A).
Examination of integrated traces obtained from these data (Figure 3B) revealed intracellular
calcium transients typical for human cardiomyocytes [17].

The shipped EBs were dispersed via trypsin digestion and the resulting cells were implanted
into transiently ischemic myocardium. The animals were euthanized and hearts were harvested
and processed for light or fluorescent immune histology at various time points thereafter. Hearts
were harvested at 1.5 hours (n=1), 2.5 hours (n=1), 1 week (n=2), 2 weeks (n=3) and 4 weeks
(n=3) following cell transplantation. In the control group, hearts were harvested at 0.5 hour
(n=1), 1 week (n=3), 2 weeks (n=3) and 4 weeks (n=3) following injection. Initial analyses
relied on immune histochemistry with chromogenic secondary antibodies. GFP immune
reactivity was readily detected in hearts receiving hESC-derived cells (Figure 4), but not in
non-engrafted hearts. Immune fluorescence analyses were performed to further characterize
the engrafted hESC-derived cardiomyocytes. Control experiments established co-localization
of GFP-immune reactivity (horseradish peroxidase-conjugated secondary antibody) and GFP
epi-fluorescence on adjacent sections from hearts harvested 2.5 hours after cell implantation
(Figure 5). No signal was observed with non-specific primary anti-body (horseradish
peroxidase-conjugated secondary antibody) nor by epi-fluorescence at wavelengths outside of
the GFP emission spectra (not shown). Thus, under the conditions employed, GFP epi-
fluorescence can reliably be used to track donor hESC-derived cells.

To determine if hESC-derived cardiomyocytes survived in ischemic/reperfused myocardium,
adjacent sections were screened for the presence of GFP epi-fluorescence and alpha-actinin
immune reactivity at 4 weeks following cell transplantation. Examination of sections at low
power revealed the presence of grafts several millimeters in length and up to about 1 millimeter
thick (Figure 6). Sections were processed for alpha-actinin immune reactivity using a
rhodamine conjugated secondary antibody. Visualiation of the sections at higher power
revealed the presence of GFP-expressing donor cells with periodic alpha-actinin staining
(Figure 6B shows GFP epi-fluorescence, 6C shows alpha-actinin immune reactivity, and 6D
shows a merged image), strongly suggesting that hESC-derived cardiomyocytes were present.
Variable levels of sarcomeric organization were apparent, with some donor cardiomyocytes
showing only immature sarcomeric structure (Figure 6B-D). However, many other donor cells
exhibited intermediate (Figure 6E) or mature (Figure 6F) sarcomeric structure, approaching
organization similar to native myocardium. hESC-derived donor cardiomyocytes were
frequently observed juxtaposed with the host myocardium (Figure 6G, 7).
Immunohistochemical staining showed that clusters of engrafted hESC-derived
cardiomyocytes stained positive for the antibody to GFP also stained positive for the muscle
marker sarcomeric actin (Figure 8). In the nude rats, following cell implantation, H&E,
immunohistochemical staining and GFP epi-fluorescence analyses demonstrated grafts in 9
out of total 10 hearts examined.

Anti-connexin 43 immune fluorescence analyses revealed a punctuate pattern of immune
reactivity between donor and host cells at the graft/myocardium border, suggestive of the
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presence of gap junctions between donor and host cells (Figure 9). In graft regions with
immature sarcomeric structure, connexin 43 immune reactivity was present within the
cytoplasm and along the borders of donor cells (Figure 9), reminiscent of the pattern seen in
fetal heart tissue. In graft regions with more mature myofiber structure, the pattern of
connexin43 immune reactivity appeared more organized, with clusters of signal appearing
between bordering cells (Figure 9). At 4 weeks post transplantation, mature intercalated discs
were not observed between donor and host cardiomyocytes, nor between donor
cardiomyocytes. Approximately 25% of the graft/myocardium border exhibited fibrous tissue.
Approximately 50% of the graft/myocardium border exhibited close juxtaposition of
donor:host cardiomyocytes, but without direct physical contact. Approximately 25% of the
graft/myocardium border exhibited close juxtaposition of donor:host cardiomyocytes as
depicted in Figure 9.

Finally, several previous cross-species transplantation studies suggested that ESC-derived cells
might evade immune surveillance [18,19,20,21]. To directly test this, hESC-derived
cardiomyocyte cultures were injected into immune competent Sprague-Dawley rats. At 4
weeks post-implantation, H&E analyses revealed a central zone of necrotic debris near the
injection site (Figure 10 A and B). There were an obvious lymphocytic infiltrate containing
foreign body giant cells (Figure 10 C and D). This rejection phenomenon was not observed in
the hearts of nude rats which received cell transplantation (Figure 8C).

Discussion
The present study demonstrates that cultured hESC-derived cardiomyocytes can be shipped at
4°C for as long as 3 days with no overt loss in viability, and furthermore that the shipped cells
survive for at least 4 weeks following transplantation into the left ventricular wall of athymic
nude rats subjected to ischemia/reperfusion with minimal infarction. The preponderance of
engrafted cardiomyocytes progressed towards a more mature phenotype as evidenced by their
enlargement, acquisition of a cylindrical shape, and the development of well-delineated cross
striations typical of sarcomeres. hESC3-GFP-derived cells did not escape immune surveillance
in the xenograft setting in that they caused a rejection phenomenon in the immune competent
Sprague-Dawley rats that was not observed following engraftment in immuno-compromised
animals.

In recent years, cell transplantation has emerged as a novel approach for repairing damaged
myocardium. Various types of cells have been employed towards this end, including skeletal
muscle myoblasts, adult stem cells, fetal/neonatal cardiomyocytes, and ESC-derived cells [for
review see 1,2]. Skeletal muscle myoblasts (one of the first donor cell types used in animal
models [22] and in the clinic [23]) have the advantage that an autologous source can be used.
Following transplantation, skeletal myoblasts form well-differentiated myotubes; however the
nascent myotubes do not form electrical junctions with host myocardium [24,25] and thus are
unlikely to participate in a functional syncytium. This latter characteristic may underlie the
arrhythmias observed in the initial myoblast clinical trial [23]. In addition, the time needed to
process and expand autologous myoblast cultures would make it difficult to deliver them in a
timely fashion following myocardial infarction. Although other adult stem cells (as for
example, bone marrow derived-stem cells and mesenchymal stem cells) retain the advantage
of being autologous in source, their ability to undergo “transdifferentiation” to bona fide
cardiomyocytes remains controversial [2]. In recent early phase clinical trials with bone
marrow cells, results were quite mixed and although small but significant effects were detected
in some studies, the reasons for the functional impact on the heart remain unclear [26] and may
be related to a paracrine effect rather than true replacement of muscle [27,28,29]. In contrast,
fetal and neonatal cardiomyocyte donor cells have the advantages of being able to integrate
structurally [30] and functionally [31] into the host heart myocardium, and thus can truly
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replace infarcted heart muscle [32,33]. Transplantation of these cells has been shown to increase
the thickness of the infarct wall, improve left ventricular stroke volume, decrease LV end-
systolic volume and improve LV ejection fraction in a rat model of myocardial infarction
[32,33]. However their potential clinical application is limited due to the lack of availability of
sufficient numbers of donor cells.

ESC-derived cardiomyocytes circumvent many of limitations encountered with the
aforementioned donor cells. It is well established that ESCs from mice can be expanded in an
undifferentiated state and then induced to differentiate into cardiomyocytes in vitro.
Importantly, recent studies have demonstrated that hESCs retain this property: molecular,
immune cytologic, and electrophysiologic studies indicated that human ES cells differentiate
in vitro into bona fide cardiomyocytes [3,34,35] which terminally differentiate [36] and exhibit
properties typical of atrial, ventricular and nodal lineage cells [37,38]. These results are
supported by the in vitro data presented here (i.e., expression of alpha actinin, alpha myosin
heavy chain, tropomyosin, myosin light chain 2a, sarcomeric actin, development of sarcomeric
structure, and the presence of spontaneous contractile activity). Importantly, ESC-derived
cardiomyocytes can be purified by several different strategies [39,40,41], some of which might
facilitate production of these cells at a scale and purity required for clinical application of
hESCs, a concept that was recently proven with mouse ESC [42].

Given these attributes, it is not surprising that a number of groups have utilized either mouse
[reviewed in 4] or hESC-derived cardiomyocytes as donor cells in transplantation studies. In
the case of hESCs, Kehat and colleagues micro-dissected contracting regions of adherent EBs
and injected them into immune suppressed pigs with experimental heart block [5]. Small
clusters of hESC-derived cells (identified via anti-human mitochondria immune cytology)
survived transplantation and some of the cells exhibited alpha-cardiac actin immune reactivity
and a cardiomyocyte morphology. Interestingly, pacing activity originating from the site of
cell delivery was observed. Using a similar approach, Xue and colleagues [7] transplanted
beating GFP-expressing human EBs into the left ventricle of immune suppressed guinea pig
hearts, and observed propagating action potential waves which originated from the site of cell
engraftment. Both of these studies suggested electromechanical coupling occurred between
the donor and host cells. Laflamme et al [6] transplanted cardiomyocyte-enriched preparations
of hESC-derived cells into the left ventricular of athymic rats. It is our understanding that in
Laflamme’s study that the hESC-derived cells were able to survive overnight shipping. At 4
weeks post-transplantation, the grafts consisted predominantly of cardiomyocytes as evidenced
by the expression of cardiac markers including beta-myosin heavy chain, myosin light chain
2v, and atrial natriuretic factor. The hESC-derived cells retained the capacity to proliferate
even at 4 weeks post-transplantation. Interestingly, teratomas were not observed at 4 weeks
and the noncardiac cells, which were observed at 1 day after implantation, were no longer
present in the graft at 4 weeks. The mechanisms of clearance of noncardiac cells from the
recipient heart remain unknown.

The results presented here confirm and extend these observations. hES3-GFP-derived
cardiomyocytes survived and matured in vivo at 4 weeks after transplantation. Importantly,
many donor cardiomyocytes exhibited cross striations following anti-alpha actinin immune
staining, indicating well developed sarcomeric structures. Transplanted cells also expressed
connexin 43 suggesting the potential for electrical connections to host cells. Although many
cells at 4 weeks post-transplantation with GFP epi-fluorescence also exhibited alpha-actinin
immune fluorescence signal, the exact percentage of cardiomyocytes was difficult to determine
as cross striations were not apparent in all of the cells. Immune reactivity to cytokeratin 8, an
endoderm marker that was highly expressed in numerous differentiated hES cells before
injection (Figure 1 E), was somewhat variable but noted in GFP epi-flourescence positive areas
after injection (data not shown), also indicating that transplanted non-cardiomyocytes might
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be present at 4 weeks. However, a high correlation between GFP and sarcomeric actin immune
reactivity in adjacent sections processed with HRP-conjugated secondary antibodies (Figure
8) suggests that a preponderance of the GFP-expressing donor cells were cardiomyocytes. It
is also of note that the grafts in the present study were generated with live cells shipped from
a remote site. Given the complexity of ES cell amplification and differentiation, production of
donor hESC-derived cardiomyocytes at a central facility (with the requisite technical expertise
in cell culture, cardiomyocyte enrichment and quality control) constitutes a preferred approach
for the potential clinical application of these cells. Indeed, a similar approach was employed
for recent skeletal myoblast transplantation clinical trials [43,44].

The clinical application of embryonic stem cells for cardiac repair has been significantly
hampered by their potential teratoma formation. In one study [45], transplantation of
undifferentiated human ES cells in SCID-beige mice gave rise to large teratoma formation by
7 weeks post-delivery, comprised of gut epithelium (endoderm); cartilage, bone, smooth
muscle, and striated muscle (mesoderm); and neural epithelium, embryonic ganglia, and
stratified squamous epithelium (ectoderm). Nussbaum et al [46] injected undifferentiated
mouse ES cells into normal and infarcted hearts in nude or immunocompetent syngeneic mice,
and observed formation of teratomas in various conditions in this study. Undifferentiated ES
cells were not guided to differentiate into cardiomyocytes in either normal or infarcted hearts.
The results suggest that guided differentiation of embryonic stem cells toward cardiomyocytes
may be necessary in order to avoid teratomas and to regenerate new myocardium. Kolossov et
al [47] injected highly purified (>99%) ES cell-derived cardiomyocytes into the injured heart
of syngeneic mice. Long-term engraftment was observed, and no teratoma formation was found
in the 4-5 months follow-up. However, whether the cells derived from beating EB might form
cardiac teratomas after transplantation remains unknown. In our present study, consistent with
Laflamme’s study [6], we did not find teratoma formation at 4 weeks. Although there was an
absence of microscopic evidence for teratoma formation in our animals at 4 weeks post-cell
implantation, suggesting that pluripotency had been lost during EB formation in our
experiments, the threat of teratorma formation could still exist because there were still
undifferentiated cells in the graft. A long-term large scale study is needed to clarify the fate of
these undifferentiated cells.

Collectively, these data suggest that hESC-derived cardiomyocytes are one of the more
promising sources of donor cells for cardiac regenerative therapy. Nonetheless numerous
obstacles remain. For example, the data presented here clearly demonstrate that hESC-derived
cells do not escape immune surveillance in a xenograft. Although this observation is at odds
with an earlier study wherein cardiac-committed mouse ES cells were transplanted into
infarcted sheep myocardium in the absence of immunosuppression [20], recent data from
Swijnenburg et al [48] and Grinnemo et al [49] support our results. The use of autologous ES-
like donor cells (as for example, isolated from spermatogonial stem cell cultures [50]) or
alternatively the development of novel tolerance approaches [51] might circumvent this
problem. An additional (and perhaps more formidable) limitation is the relatively small graft
size attained following cardiomyocyte transplantation. Strategies aimed at enhancing donor
cell survival and/or post-transplantation proliferation will likely be required to attain transmural
grafts of hESC-derived cardiomyocytes [reviewed in 52,53]. Despite these limitations, the fact
that hESC give rise to bona fide cardiomyocytes which readily survive transplantation into
ischemia/reperfused myocardium with minimal infarction supports the development of these
cells for potential therapeutic applications.
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Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
Characterization of hESC-derived cardiomyocytes. A-E: Marker gene expression was
demonstrated using rhodamine-conjugated secondary antibodies. Panel A shows anti-alpha-
actinin immune reactivity (red) to a monolayer of hESC-derived cells isolated via trypsin-
digestions of spontaneously contracting EBs. B-E: Immune staining to EB sections. Panel B
shows anti-αMHC immune reactivity, Panel C shows anti-tropomyosin immune reactivity.
Serial sections show anti-MLC2a immune reactivity in panel D, and cytoceratin 8 immune
reactivity in panel E. Hoechst staining was employed to identify nuclei (blue signal); scale bar,
50 μm. F: Immune staining serial sections from a hESC-derived EB with antibody against GFP
(HRP-conjugated secondary antibody, signal developed with diaminobenzidine reaction)
(400×). G: negative control for the anti-GFP staining (i.e., without primary antibody against
GFP) (400×). H: Epi-fluorescence signal in a hESC-derived EB section (10 μM thick). I: Anti-
sarcomeric actin immune reactivity in a hESC-derived EB section (HRP-conjugated secondary
antibody, signal developed with diaminobenzidine reaction). Many cells are positive to
sarcomeric actin (brown) and display cross striations which appear dark brown (marked by red
arrows; 600×).
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Fig 2.
Flow cytometry analysis of GFP-expression in undifferentiated hES-GFP cells (red dot-plot
and blue histogram in the left panel) and day 12 EB-derived cells (right panel). The GFP-
negative cell population in the undifferentiated cells likely represents the mitotically
inactivated human feeder fibroblasts that are used to co-culture the hES cells and do not carry
the GFP transgene. Note that in day 12 EB-derived cells a range of GFP intensity is observed
suggesting differing levels of transgenic protein expression.
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Fig 3.
Shipped hESC-derived EBs exhibit electric field-stimulated intracellular calcium transients.
A: Stacked line scan images depicting electrically evoked calcium-dependent increases in
rhod-2 fluorescence in cultured hESC-derived EBs (y-axis, time; x-axis, position). The left
panel shows the EFGP epi-fluorescence signal and the middle panel shows the rhod-2
fluorescence signal. The signals were merged in the right panel. B: Spatially integrated traces
of the changes in rhod-2 (red) and GFP (green) fluorescence during field stimulation-induced
depolarizations in hESC-derived EBs.
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Fig 4.
Detection of hESC-derived cardiomyocytes following transplantation into ischemic
myocardium. A: Anti-GFP immune reactivity of a heart examined 1 week following cell
transplantation (HRP-conjugated secondary antibody, signal developed with
diaminobenzidine reaction; see red arrows) (400×). B: Higher magnification of cell indicated
by blue arrow in panel A. The cell shows cross striations (blue arrow) and demonstrates a more
cylindrical shape (600×). C: Anti-GFP immune reactivity of a heart examined 4 weeks
following cell transplantation, processed as described in panel A (400×).
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Fig 5.
Co-localization of GFP immune reactivity and epi-fluorescence in serial sections from a heart
receiving hESC-derived cardiomyocytes (2.5 hours post-transplantation). A: Anti-GFP
immune reactivity (HRP-conjugated secondary antibody, signal developed with
diaminobenzidine reaction; see red arrows). B: GFP epi-fluorescence in an adjacent section to
that depicted in panel A.
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Fig 6.
Analysis of hESC-derived cardiomyocytes 4 weeks after transplantation into ischemic
myocardium. A. Low power image of GFP epi-fluorescence (green) in a heart engrafted with
hESC-derived cardiomyocytes. B-D. GFP epi-fluorescence (green; panel B, alpha-actinin
immune reactivity (red, rhodamine-conjugated secondary antibody; panel C) and a merged
image showing both signals (panel D). Sarcomeric organization in the cardiomyocytes shown
is somewhat immature. E. Merged image of GFP epi-fluorescence (green) and alpha-actinin
immune reactivity (red) of cardiomyocytes with intermediate sarcomeric organization. F.
Merged image GFP epi-fluorescence (green) and alpha-actinin immune reactivity (red) of
cardiomyocytes with a more mature sarcomeric organization. G. Merged image GFP epi-
fluorescence (green) and alpha-actinin immune reactivity (red) at the graft-host myocardium
border. Host cardiomyocytes show alpha-actinin signal only (red, bottom of the panel).
Magnification bars correspond to 1 mm (panel A), 50 microns (panels B-F) or 25 microns
(panel G).
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Fig 7.
A merged image with GFP epi-fluorescence (green) and alpha-actinin immune reactivity (red,
rhodamine-conjugated secondary antibody) to show the juxtaposition of hESC-derived donor
cardiomyocytes and the host myocardium at 4 weeks after transplantation in nude rat. Donor
cells are green with yellow color cross striations (red arrows). Host cells show red color cross
striations (white arrows). Note that the diameter of transplanted cells (green) is smaller than
native cells, and there is some myofiber disarray in the transplant (red arrows).
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Fig 8.
GFP and sarcomeric actin immune reactivity in hESC-derived cells 4 weeks following
transplantation. A: Anti-GFP immune reactivity (HRP-conjugated secondary antibody, signal
developed with diaminobenzidine reaction) (400×). B: Anti-sarcomeric actin immune
reactivity on a serial section (HRP-conjugated secondary antibody, signal developed with
diaminobenzidine reaction). Note that the preponderance of GFP-expressing hESC-derived
cells also stain for sarcomeric actin (arrows) (400×). C: H&E staining of an adjacent section;
note the absence of any lymphocytic infiltrate around the graft cells (black arrows) (400×).
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Fig 9.
Engrafted hESC-derived cells express connexin 43 at 4 weeks after transplantation into
ischemic myocardium. A-C. GFP epi-fluorescence (green; panel A), connexin43 immune
reactivity (red, Alexa 555-conjugated secondary antibody; panel B) and a merged image
showing both signals (panel C) at the graft/myocardium border. Connexin43 immune reactivity
suggestive of the presence of nascent gap junctions can be seen at the junction between a donor
and host cells (arrows, panel C; arrowhead indicates a host-host cardiomyocyte junctional
complex which is out of the plane of focus). D. Same field depicted in Panels A-C, but focused
on the host-host cardiomyocyte junctional complex (arrowhead). E. Phase contrast image of
the same field depicted in Panels A-D; note myofibers present in cells interconnected by the
junctional complex (arrowhead). F. Connexin43 immune reactivity in remote host
myocardium; note the well organized junctional complexes. G. Merged image of GFP epi-
fluorescence (green) and connexin43 immune reactivity (red) at the graft/myocardium border;
arrow points to putative gap junction. H-I. Merged image GFP epi-fluorescence (green) and
connexin43 immune reactivity (red) of donor cells in graft regions with immature (panel H)
and more mature (panel I) myofiber structure. Magnification bar correspond to 50 microns.
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Fig 10.
H&E staining of Sprague-Dawley rat heart at 4 weeks after cell injection. A:
hematoxylinophilic staining (blue) demarks the area where cells were delivered to the heart.
B: higher magnification of the boxed area indicted by black arrow in panel A; overt necrosis
in the engrafted area surrounded by lymphocytic infiltrate is apparant (yellow arrows, 200×).
C: higher magnification of the boxed area indicted by white arrow in panel A; the lymphocytic
infiltrate in the graft area is apparent (yellow arrows, 200×). D: higher magnification of the
boxed area in panel C; giant cells (black arrows) are surrounded by the lymphocytic infiltrate
(yellow arrows) (400×).
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