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Cardiomyocytes derived from human embryonic stem (hES) cells potentially offer large numbers of cells to facilitate repair

of the infarcted heart. However, this approach has been limited by inefficient differentiation of hES cells into cardiomyocytes,

insufficient purity of cardiomyocyte preparations and poor survival of hES cell–derived myocytes after transplantation. Seeking

to overcome these challenges, we generated highly purified human cardiomyocytes using a readily scalable system for directed

differentiation that relies on activin A and BMP4. We then identified a cocktail of pro-survival factors that limits cardiomyocyte

death after transplantation. These techniques enabled consistent formation of myocardial grafts in the infarcted rat heart.

The engrafted human myocardium attenuated ventricular dilation and preserved regional and global contractile function after

myocardial infarction compared with controls receiving noncardiac hES cell derivatives or vehicle. The ability of hES cell–

derived cardiomyocytes to partially remuscularize myocardial infarcts and attenuate heart failure encourages their study under

conditions that closely match human disease.

The heart is one of the least regenerative organs in the body and,
consequently, loss of myocardium to infarction or other diseases often
leads to heart failure1–4. Stem cells offer the possibility of repairing
damaged organs like the heart from their component parts, and there
is an intensive effort to develop stem cell–based strategies for cardiac
repair. Both adult and embryonic stem cells are being studied in
preclinical models, and at least four types of autologous cells (skeletal
myoblasts, bone marrow mononuclear cells, mesenchymal stem cells
and endothelial progenitor cells) are being tested in early-stage clinical
trials5–7. hES cells are an attractive population for cardiac repair
because they can be isolated and maintained by well-established
protocols, can be greatly expanded in culture and can be differentiated
into definitive cardiomyocytes8–10. In addition, hES cell–derived
cardiomyocytes have robust proliferative capacity both in vitro8,11,12

and after implantation13, implying that delivery of an initially sub-
therapeutic cell dose may suffice to obtain a functionally meaningful
cardiac implant over time.

Initial studies with hES cell–derived cardiomyocytes have shown
their capacity to form new myocardium in the uninjured heart13–15.
One encouraging feature of these cells is that they appear capable of
achieving at least some degree of electrical integration with surround-
ing host myocardium in such models14,15, unlike skeletal myoblast

grafts, which appear to remain electrically insulated16,17. To date, no
studies have explored the suitability of hES cells for heart repair in the
setting of myocardial infarction. Mechanical repair of the left ventricle
represents a considerable therapeutic challenge, as it may require
B103 times more cells to repopulate a human infarct than to form
a pacemaker. For infarct repair with hES cell–derived cardiomyocytes
to be feasible, it will be necessary to have a clinically scalable system to
efficiently direct cardiomyocyte differentiation. Additionally, it will be
necessary to ensure that the grafted cardiomyocytes survive to form
enough new myocardium to replace the tissue lost to infarction, and
to prevent immune rejection of the allogeneic cells.

RESULTS

Embryoid body–derived transplants: poor engraftment and purity

Previously we demonstrated that embryoid body–derived human car-
diomyocytes form stable myocardial grafts when directly injected into
the uninjured hearts of athymic (nude) rats13. We also showed that the
size of grafts in the normal heart could be increased fourfold by prior
heat-shock treatment of the cells13. We therefore tested the ability of
5 � 106 heat-shocked human cardiomyocytes to form stable grafts in
nude rat heart that had been infarcted by permanent coronary artery
ligation. In contrast to our 90% engraftment success rate in the
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uninjured heart, only 6 of 34 infarcts (18%) contained any human
myocardial grafts (as determined by in situ hybridization with a human-
specific pan-centromeric probe18; approximately ten vibratome sections
per heart). Furthermore, these grafts were generally much smaller than
those observed in the normal heart, often consisting of small clusters of a
few cells. Of concern, even in the six hearts that did contain surviving
human graft, all grafts included a substantial component of noncardiac
elements, including rare epithelium-lined cysts (Supplementary Fig. 1
online). This finding stands in stark contrast to our previous experience
with grafting into uninjured hearts, where noncardiac elements were
efficiently cleared over time13. These experiments indicated the need to
use a system with greater cardiomyocyte yield and purity than our
embryoid body with serum-induction model. They also clearly demon-
strated that death of grafted cardiomyocytes was a much bigger problem
in the infarct than in the noninfarcted heart.

Directed cardiac differentiation of hES cells

To enhance the yield and purity of cardiomyocytes from hES cells, we
used a recently developed technique to direct the differentiation of
hES cells into cardiomyocytes by sequential treatment of high-density
undifferentiated monolayer cultures with activin A and bone
morphogenetic protein 4 (BMP4). In contrast to our previous
embryoid body–based system, which used serum to induce differen-
tiation (typically yielding o1% cardiomyocytes), the activin/BMP
protocol consistently yielded 430% cardiomyocytes. After a simple
Percoll gradient centrifugation step, cultures of 82.6 ± 6.6%
cardiomyocytes (range 71–95%) were readily obtained (Supplemen-
tary Fig. 2 online).

Some calculations indicate the potential scalability of this directed
cardiac differentiation protocol. For the grafting experiments using
this cell population (n ¼ 4 preparations) described below, we initially
seeded 3.9 ± 0.8 � 107 (range (2.4–5.8) � 107) undifferentiated H7
hES cells. After directed differentiation and harvesting by enzymatic
dispersion, these cultures generated a total differentiated cell yield of
2.3 ± 1.0 � 108 cells. These differentiated cells then underwent Percoll
gradient centrifugation, and 69 ± 10% of the total cell population was
recovered from the cardiomyocyte-enriched fractions. This corre-
sponded to a Percoll-enriched cell yield of 1.3 ± 0.3 � 108 (range
0.7 ± 2.0 � 108). Taking into account the resultant mean cardiac

purity of 82.6%, we calculated that each starting undifferentiated hES
cell generated approximately three human cardiomyocytes.

Prosurvival cocktail improves graft survival in infarcted hearts

The poor engraftment rate in the infarcted heart suggested that most
of our hES cell–derived cardiomyocytes were dying. We hypothesized
that graft cell injury was initiated by three principal pathways:
ischemia, due to the absence of a vasculature within the injected cell
clumps and their delivery into an ischemic environment; anoikis, due
to the need to detach these anchorage-dependent cells from their
substrate for injection; and inflammation-related factors, such as free
radicals, cytokines and natural killer cells. We carried out a series of
histology based experiments to identify which of these initiators and
their downstream effectors were causing the cell death. None of the
following modifications resulted in improved engraftment: (i) induc-
tion of infarcts by 60 min of ischemia followed by reperfusion, to
reduce the severity of ischemia in the infarct zone, (ii) overexpression
of the antiapoptotic proteins Bcl-2 and Akt in graft cells by adenoviral
transduction before transplantation (using two different multiplicities
of infection), (iii) delivery of the prosurvival growth factor, insulin-
like growth factor 1 (IGF-1), in a Pluronic gel directly injected with the
cells, (iv) use of allopurinol plus uricase19 in an attempt to block
production of the ‘danger signal’, uric acid, from dead or dying cells,
(v) depletion of natural killer cells from the athymic rats using an anti-
asialo-GM1 antibody, (vi) use of a broad-spectrum immunosuppres-
sive and anti-inflammatory cocktail that included dexamethasone,
ibuprofen, complement-depleting cobra-venom factor and anti-asialo-
GM1. In all of these experiments, echocardiographic analysis consis-
tently showed that the resulting tiny human cardiac grafts did not
attenuate postinfarct ventricular dilation or enhance fractional short-
ening compared with control infarcted hearts.

These results suggested that multiple, parallel processes were con-
tributing to graft cell death, and that blocking one pathway simply led
to cell death by another. This prompted us to develop a multi-
component, prosurvival cocktail (PSC) targeting key points of poten-
tial death pathways. The PSC included Matrigel to prevent anoikis20,
a cell-permeant peptide from Bcl-XL to block mitochondrial death
pathways21, cyclosporine A to attenuate cyclophilin D–dependent
mitochondrial pathways22,23, a compound that opens ATPdependent

Figure 1 Protection of hES cell–derived

cardiomyocyte grafts by the pro-survival cocktail.

(a,b) Histologic analysis of graft cell survival.

Heat-shocked hES cell–derived cardiomyocytes

were injected into infarcted hearts of nude

rats in the presence of SFM, Matrigel-only

(a, Cells+Matrigel), or the full pro-survival

cocktail (PSC) including Matrigel (b, Cells+PSC)

(n ¼ 5 per group). Sections were stained with an

antibody to b-myosin heavy chain (bMHC, red

chromagen) as well as a human-specific pan-

centromeric in situ hybridization probe (huCent,

brown DAB deposit) to identify total human (that

is, huCent+) and specifically human cardiac (that

is, bMHC and huCent double-positive) graft cells. The human cardiomyocytes, indicated by arrows, were significantly more abundant in histologic sections

from the Cells+PSC group than in Cells+Matrigel alone group. Histology is not depicted from the recipients of cells in SFM alone because none of these

hearts showed even a single surviving human nucleus after 1 week. Counterstain, fast green; scale bar, 50 mm. (c) Quantification of hES cell–derived

cardiomyocyte graft size. Although no grafts were detected in any rats receiving hES cell–derived cardiomyocytes delivered in SFM alone (Cells+SFM),
all rats receiving cells delivered in Matrigel-only (Cells+Matrigel) or in the full prosurvival cocktail (Cells+PSC) showed surviving graft (5/5 rats per

group). However, recipients of cells in the full prosurvival cocktail (Cells+PSC) showed a mean of approximately fourfold more b-myosin-positive graft

cells than did the Matrigel-only group. Note that counts indicate the total number of cells observed on sampled sections, not the total number of cells per

heart. *, P o 0.05.
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K+ channels (pinacidil) to mimic ischemic preconditioning24, IGF-1
to activate Akt pathways25 and the caspase inhibitor ZVAD-fmk26.
To test this regimen, we induced myocardial infarcts by 60 min
of ischemia followed by reperfusion, and cardiomyocytes were trans-
planted at 4 d postinfarction, when angiogenesis associated with
wound repair was at its maximum in this model and survival
of grafted rat cardiomyocytes is the longest27. We first studied graft
size by histology 1 week after transplantation, comparing results from
cardiomyocytes treated with heat shock only (delivered in serum-free
medium (SFM), heat shock plus Matrigel or heat shock plus
PSC (Fig. 1). Consistent with previous experience, none of the five
reperfused infarcts in the heat shock–only group had detectable
grafts. In contrast, 100% of infarcts receiving cardiomyocytes treated
with heat shock and Matrigel had detectable grafts. Furthermore, in
hearts receiving cardiomyocytes delivered with PSC, human myocar-
dial graft size was fourfold larger than in those treated with heat shock
plus Matrigel, indicating substantially improved engraftment resulting
from additional factors in the cocktail. Although even these grafts were
quite small at the 1-week time point examined, in previous studies of
uninfarcted hearts we observed a sevenfold increase in graft size
between 1 and 4 weeks after implantation, suggesting that we could
obtain much larger grafts at later time points.

Partial remuscularization of the infarct

We next performed 4-week studies to assess the long-term conse-
quences of engraftment on infarct structure and function. Infarcts
were induced by 60 min of ischemia followed by reperfusion. Rats
were studied by echocardiography 2 d later to establish a pretreatment
baseline. To stratify animals into groups with comparable infarct
severities, we excluded from the study rats with a baseline fractional
shortening 440% or subsequently shown to have no histologically
identifiable infarct. Four days postinfarction (2 d after the baseline
echocardiography), we transplanted 10 � 106 direct-differentiated hES
cell–derived cardiomyocytes into the infarcted region using heat shock
and the PSC protocol. Control rats received injections into the infarct
of PSC without cells, SFM without cells or PSC plus noncardiac cells
(derived by differentiating hES cells in the absence of activin A or
BMP4). At 4 weeks postengraftment, rat heart function was assessed
again by echocardiography and magnetic resonance imaging (MRI)
was performed to provide high-resolution analysis of cardiac structure
and function. The rats were killed, and their hearts were harvested to
determine infarct size and the size, distribution and composition of
grafts. Picrosirius red histochemical staining was used to define the
boundaries of the infarct zone, and subsequent histomorphometry
indicated that infarct size did not differ among the three groups,
averaging 10.6 ± 1.3% of the left ventricle in PSC plus heat-shocked
cardiomyocytes, 9.2 ± 0.7% in hearts receiving PSC only,
10.6 ± 0.8% in hearts receiving SFM-only and 11.2 ± 1.5% in hearts
receiving noncardiac cells.

In contrast to our previous experiments using single anti-death
interventions, all of the hearts that received cardiomyocytes in the heat
shock–plus-PSC group showed hES cell–derived cardiac implants after
4 weeks, and, in some cases, the grafts had remuscularized a significant
portion of the infarct zone (Fig. 2). The human myocardium was
readily visualized by its expected, strong expression of b-myosin heavy
chain (Fig. 2a–h). As expected, the a-myosin heavy chain–expressing
rat myocardium was labeled by the SMHC antibody (which recognizes
both a- and b-myosin heavy chain) but not the b-myosin heavy
chain–specific antibody (Fig. 2e). Additionally, all b-myosin-positive
cells also stained with a human-specific pan-centromeric in situ probe
(Fig. 2a–b, 2d), whereas the surrounding rat cells were uniformly

negative for this probe. Human myocardial graft size averaged 4.1 ±
0.9% of the infarct, with a maximum size of 10.7% of the infarct.
Although some of the human myocardium was located within the
peri-infarct (border) zone, the vast majority (88.6 ± 6.6%) was found
within the central regions of the infarct proper, an encouraging
observation that suggests that the nascent myocardium may be well
adapted for survival within the hostile environs of the scar. Although
graft cells were generally separated from the host myocardium by scar
tissue (Fig. 2c), most hearts showed occasional foci of close apposition
of graft and host myocytes. These areas of host-graft contact showed
shared adherens junctions at intercalated disk-like structures contain-
ing cadherin (Fig. 2f). (N-cadherin is the only cadherin known to be
expressed in cardiomyocytes28, so this immunoreactivity most likely
reflects N-cadherin content.) The human cardiomyocytes were smaller
than the mature host cardiomyocytes and had immature but definite
sarcomeric organization (Fig. 2g). The grafts also showed immuno-
reactivity for a variety of additional cardiac markers, including cardiac
troponin I (Fig. 2g), the transcription factor Nkx2.5 (detected with a
human-specific antibody in Fig. 2h), and myosin light chain 2V
(Fig. 2i). Furthermore, the human cardiac grafts were uniformly
negative for fast skeletal myosin heavy chain, a skeletal muscle marker
(data not shown). Consistent with our earlier observations of hES
cell–derived cardiomyocytes in vitro11 or after transplantation in the
uninjured heart13, the nascent myocardium that formed within the
infarct zone was proliferating, as evidenced by the presence of
occasional mitotic figures and by immunostaining for the thymidine
analog 5-bromodeoxyuridine (BrdU), positive in 1.4 ± 0.2% of the
graft cardiomyocytes after a 1-h pulse (Supplementary Fig. 3 online).
This proliferative index is slightly lower than that observed with
implantation of embryoid body–derived cardiomyocytes in the unin-
jured heart model13, but it indicates that many of the hES cell–derived
cardiomyocytes were still proliferating as long as 4 weeks after
transplantation into the infarct.

Transplantation of undifferentiated murine ES cells into the heart
results in cardiac teratomas rather than myocardial cells29,30. A careful
search of all hearts in the current study revealed no teratomas
or inappropriate tissue elements by routine morphology. Stains for
ectoderm-derived neurons (b-III tubulin) and endoderm deriva-
tives (a-fetoprotein) were negative in every heart. We noted rare
cytokeratin-positive epithelial cells in 4 of 15 hearts (accounting for
0.5 ± 0.3% of the total human pan-centromeric–positive nuclei in
hearts where present), but these did not form cysts, ducts or other
recognizable tissues. In contrast to our previous experience with the
implantation of less homogenous cardiac preparations into uninjured
hearts (in which case the resultant grafts included a substantial quantity
of human endothelial cells incorporated within chimeric capillaries13),
grafts in the present study contained comparatively few human
endothelial cells. Human endothelial cells, recognized with a human-
specific CD31 antibody, were identified in 12 of 15 hearts and, where
present, comprised a mean of only 1.0 ± 0.3% of the total human
nuclei. By contrast, the grafts had apparently induced a brisk,
host-derived angiogenic response, as all of the cardiac implants
contained numerous capillaries lined by rat endothelial cells (identified
by the rat-specific endothelial marker RECA-1; see Supplementary
Fig. 4 online).

None of the six hearts receiving the noncardiac hES cell–derived
cells showed even a single human nucleus, as determined by staining
with the human-specific pan-centromeric in situ probe. Similarly,
immunostains for human cardiomyocytes (that is, human-specific
Nkx2.5 antibody) and epithelial cells (the most common persistent
noncardiac cell type in preceding studies13) were uniformly negative.
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Biodistribution of graft cells to distant organs

To investigate whether the transplanted hES cell derivatives migrated
to and survived in organs other than the heart, we used quantitative
PCR for human-specific ALU repetitive sequences to analyze brain,
kidney, liver, lung and spleen tissues of rats receiving 10 � 106 of these
cells (n ¼ 10) or SFM (n ¼ 3). Standard curves demonstrated that this
assay was capable of detecting a single human cell in a background of
4 � 105 rodent cells. However, despite the sensitivity of this assay, the
ALU qPCR analyses failed to detect any human genomes in all host
tissues tested, indicating that there was little migration and survival of
the ES cell derivatives in organs other than the heart.

Graft effects on ventricular function

To determine the physiologic consequences of implanting direct-
differentiated hES cell–derived cardiomyocytes in PSC into
infarcted hearts, we compared the functional outcome with these
cells to those observed with control hearts receiving either PSC
only or SFM only. A third control of ‘noncardiac’ hES cell–derived
cells was performed to specifically test the importance of using
the highly cardiac-enriched preparation. To generate cells for this
noncardiac control group, we subjected undifferentiated H7 hES
cells to equivalent high-density monolayer culture conditions but
omitted treatment with activin A and BMP4. These conditions

Figure 2 Histological evaluation of human

myocardial grafts at 4 weeks. Directly

differentiated hES cell–derived cardiomyocytes

were heat shocked and injected into 4 day-old

infarcts in athymic rats, using the pro-survival

cocktail to enhance survival. Panels a–c depict

brightfield microscopic images from recipient

hearts 4 weeks post-transplantation, whereas
those in panels d–i were acquired with a three-

laser confocal microscope. (a) Combined human

pan-centromeric in situ hybridization and

b-myosin heavy-chain immunostain. The

implanted cells have formed a large graft of

b-myosin-positive cardiomyocytes (bMHC, red

stain) within the infarct scar tissue, and their

human origin was confirmed by nuclear staining

with the human-specific pan-centromeric in situ

probe (huCent, brown chromagen). The left-

ventricular cavity is at the upper right corner.

Spared host subendocardial myocardium is

present but is negative for b-myosin. Fast green

counterstain. Scale bar, 100 mm. (b) High

magnification of boxed region in a. All of the

b-myosin-positive cells (red stain) have nuclear

staining with the pan-centromeric probe (huCent,

brown-black stain), whereas rat nuclei in the

surrounding scar or myocardial tissue are
unstained. (c) Hematoxylin and eosin stain. A

serial section to the boxed region in a is shown.

The graft cells have a vacuolated appearance due

to the presence of glycogen. Note the numerous

nuclei in the rat scar tissue and spared

myocardium, which were negative for the human

pan-centromeric probe in the contiguous

section presented in b. Scale bar, 50 mm.

(d) Colocalization of human pan-centromeric

in situ hybridization and b-myosin heavy chain. Co-localization of b-myosin heavy chain immunofluorescence (red signal) and the human-specific pan-

centromeric probe (green) in the human cardiac grafts was confirmed by confocal microscopy. Note that the immediately adjacent rodent host myocardium

shows minimal expression of b-myosin heavy chain. Scale bar, 100 mm; inset shows the corresponding boxed area magnified twofold. (e) Graft and host

myosin heavy chain expression pattern. This section was double-immunostained for sarcomeric myosin heavy chain (sMHC all striated muscle; red) and

b-myosin heavy chain (human cardiac muscle; green). The human myocardial graft is clearly identified by the dual staining for sarcomeric and b-myosin,

which appears yellow in this merged image. The surviving subendocardial rat myocardium is identified by the red staining for sarcomeric myosin. The

surrounding infarct scar tissue is unstained. Scale bar, 100 mm. (f) Host-graft contact. Infrequent but unequivocal sites of contact between host and graft

myocardium were observed, as is illustrated by this section double-immunostained for b-myosin heavy chain (red) and cadherins (green). Points of close

apposition between engrafted human myocardium (strongly immunoreactive for b-myosin heavy chain) and host muscle (minimally reactive) show shared
adherens junctions, a component of intercalated disks, as indicated by cadherin staining (asterisks). Arrowheads indicate adherens junctions among the

adjacent host cardiomyocytes. Scale bar, 10 mm. (g) Cardiac troponin I expression and sarcomeric organization of graft cells. This section was double-

immunostained for cardiac troponin I (green) and b-myosin heavy chain (red). Note that, in this merged image, the graft cells are positive for both markers

and appear yellow, whereas the adjacent host cardiomyocytes only stain for cardiac troponin I (note green cells in lower right-hand corner). The graft muscle

shows definite areas of sarcomeric organization (note boxed area, magnified twofold in inset). Scale bar, 20 mm. (h) Combined Nkx2.5 and b-myosin heavy

chain immunostain. This section was double-immunostained for b-myosin heavy chain (human cardiac muscle; green) and the cardiac-specific transcription

factor Nkx2.5 (human-specific antibody; red nuclear signal). The human myocardial graft in the middle of the field is readily distinguishable by its strong

positive reaction for both markers. Scale bar, 50 mm. (i) Combined human pan-centromeric in situ hybridization and myosin light chain 2V immunostain. As

demonstrated by this typical field, both host and graft (human-specific pan-centromeric positive, green nuclei) myocardium showed immunoreactivity for the

ventricular-specific marker myosin light chain 2V (red). Scale bar, 20 mm.

Graft
Graft

Graft

Graft

Graft

Graft

Graft

Graft

Scar

Host

Host

Host

Host Host Host

Host

a b c

d e f

g h i

1018 VOLUME 25 NUMBER 9 SEPTEMBER 2007 NATURE BIOTECHNOLOGY

A R T I C L E S
©

20
07

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eb
io

te
ch

no
lo

gy



promoted differentiation but were poorly cardiogenic, and the
resultant cells contained only a mean of 0.8% cardiomyocytes.
Recipients of these ‘noncardiac’ cells were otherwise equivalently
treated, that is, receiving 10 � 106 of the heat-shocked noncardiac

hES cell derivatives in the presence of PSC 4 d postinfarction.
All physiological studies were conducted and interpreted by investi-
gators who were blinded to the animal’s treatment (Supplementary
Table 1 online).

Figure 3 Echocardiographic effects of hES cell–derived cardiomyocyte grafts

on postinfarct ventricular function. Two days postinfarct, rats were studied

by echocardiography to establish baseline structure and function and to

ensure comparability among groups. Four days postinfarct, heat-shocked

hES cell–derived cardiomyocytes were injected into the infarct, using the

prosurvival cocktail (hES cell cardios+PSC, red bar) to enhance survival.

Control rats received the prosurvival cocktail (PSC-only, blue bar), serum-

free medium (SFM-only, yellow bar) in the absence of cells or noncardiac
cells in PSC (green bar). Rats were then reevaluated by echocardiography

at 4 weeks postinfarction. In addition, a separate cohort of uninfarcted rats

was imaged to establish baseline values for the athymic rat (black bar).

(a–c) Echocardiography results (for n ¼ 11 uninfarcted rats, n ¼ 15

infarcted rats receiving hES cell cardios+PSC, n ¼ 16 infarcted rats

receiving PSC-only, n ¼ 7 infarcted rats receiving SFM-only and n ¼ 6

infarcted rats receiving noncardiac cells in PSC). (a) Left-ventricular end-

diastolic dimension (LVEDD). All groups showed ventricular dilation at 48 h

postinfarction, but there were no baseline differences among the groups

(NS, no significant difference). Over the course of 4 weeks, each group

dilated their LV end diastolic dimension compared with their paired, baseline

value at 48 h (#, P o 0.05). At 4 weeks, there was a trend toward reduced LVEDD in the hESC cardios + PSC group (P o 0.01 by ANOVA), which did

not reach significance by post hoc testing. (b) Left-ventricular end-systolic dimension (LVESD). All groups had comparably increased LVESD at 48 h

postinfarction. Over the course of 4 weeks, each group dilated their LV end systolic dimension compared with their paired, baseline value at 48 h

(#, P o 0.05). At 4 weeks, hearts receiving hES cell–derived cardiomyocytes+PSC had significantly smaller LVESD compared with those receiving PSC-only,

SFM-only, or noncardiac cells+PSC (**, P o 0.01 for all three comparisons). (c) Fractional shortening. All groups had comparable decreases in

fractional shortening at 48 h postinfarction. Over the course of 4 weeks, each group except for the cardiac cell treated cohort exhibited a worsened

fractional shortening compared with their paired, baseline value at 48 h (#, P o 0.05). At 4 weeks, fractional shortening was significantly greater

in the hearts receiving hES cell–derived cardiomyocytes compared with those receiving PSC-only, SFM-only or noncardiac cells+PSC (**, P o 0.01
for all three comparisons).
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#NS

12

10

8

LV
E

D
D

 (
m

m
)

6

4

2

0
Non-

infarcted
Infarcted
(at 48 h)

Infarcted
(at 4 weeks)

# # #

a

#
NS

50

40

30

Fr
ac

t. 
sh

or
t (

%
)

20

10

0
Non-

infarcted

Noninfarcted
hESC cardios + PSC
PSC-only
SFM-only
Noncardiac cells + PSC

Infarcted
(at 48 h)

Infarcted
(at 4 weeks)

#
#

#

c

**

#NS

12

10

8

LV
E

S
D

 (
m

m
)

6

4

2

0
Non-

infarcted
Infarcted
(at 48 h)

Infarcted
(at 4 weeks)

# # #

b
****

****
**

P = 0.05
NS

80

E
je

ct
io

n 
fr

ac
tio

n 
(%

)

60

40

20

0
Non-

infarcted

e 80

W
al

l t
hi

ck
en

in
g 

(%
)

60

40 **

20

0
Infarcted

wall
Noninfarcted

wall

f

Diastole

P
S

C
-o

nl
y

C
ar

di
os

 +
 P

S
C

Systole

1 cm 1 cm 1 cm 1 cm

Diastole Systolea cb d

Noninfarcted
hESC cardios + PSC
PSC-only

SFM-only
Noncardiac cells + PSC

**
**

Figure 4 Evaluation of the effects of hES cell–derived cardiomyocyte grafts

on postinfarct ventricular function by magnetic resonance imaging (MRI).

(a–d) Representative short-axis 1H MR images show hearts receiving hES

cell–derived cardiomyocytes in presence of the prosurvival cocktail (hES

cell+PSC, c,d) or the cocktail alone (PSC-only, a,b). Hearts are shown at

end-diastole (a,c) and end-systole (b,d). Note the reduced ventricular
dilation as well as greater systolic thickening of the anterior wall in the

heart treated with hES cell+PSC compared to PSC-only. Scale bar, 1 cm.

The orientation is dorsal-up, ventral-down. (e,f) Quantitative MRI

assessments of left-ventricular ejection fraction and wall thickening for

noninfarcted rats (n ¼ 9, black bars), as well as for the infarcted rats

receiving hES cell cardios + PSC (n ¼ 15, red bars), PSC-only (n ¼ 10, blue bars), SFM only (SFM-only, n ¼ 5, yellow bars) and noncardiac cells+PSC

(n ¼ 6, green bars). (e) Left-ventricular ejection fraction (LVEF). Transplantation of hES cell–derived cardiomyocytes was associated with a higher ejection

fraction, though at a borderline statistical significance (P ¼ 0.05). Post hoc analysis demonstrates cardio-treated cohort to have better LVEF versus PSC-only

(*P o 0.05) or SFM-only (**P o 0.01) treated animals. (f) Regional wall thickening. Wall thickening was determined by MRI in the thinnest region of the

infarct in the four apical-most slices, as well as in the noninfarcted interventricular septum. Transplantation of hES cell–derived cardiomyocytes caused an

B2.5-fold increase in systolic wall thickening in the infarcted zone relative to PSC-only, SFM-only and noncardiac cell+PSC (**, P o 0.01 for all) controls,

indicating greater contractile activity resulted from cardiac cell transplantation. By contrast, wall thickening in the noninfarcted segment did not differ

among groups.
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Echocardiography (Fig. 3a–c) demonstrated that lightly anesthe-
tized, noninfarcted athymic rats had left-ventricular end diastolic
dimensions (LVEDD) of 6.4 ± 0.1 mm, left-ventricular end systolic
dimensions (LVESD) of 3.6 ± 0.1 mm and fractional shortening
(FS) of 44 ± 1%. Two days after infarction (but 2 d before cell
transplantation), all groups showed ventricular dilation and
reduced fractional shortening, but there were no differences among
groups. Overall, at 2 d postinfarction LVEDD increased by B10%,
LVESD increased by B42% and fractional shortening decreased
by B40%.

By 28 d after hES cell–derived cardiomyocyte or vehicle injection,
all groups showed progressive ventricular dilation relative to their
baseline studies 2 d after infarction (Supplementary Fig. 5 online).
There was a trend toward an attenuation of the increase in LVEDD in
hearts receiving hES cell–derived cardiomyocytes versus controls
(Fig. 3a), but this effect did not reach statistical significance.
(ANOVA indicated that LVEDD differed among the four cohorts
(P ¼ 0.01), but no significant difference was found by post hoc
testing.) All four groups showed increased LVESD over 28 d, but
this increase was markedly attenuated in hearts receiving hES cell–
derived cardiomyocytes (Fig. 3b). LVESD in cardiomyocyte-engrafted
hearts was 5.8 ± 0.2 mm versus 7.7 ± 0.3 mm in PSC only, 8.0 ± 0.1
mm in SFM-only and 7.3 ± 0.5 mm in noncardiac cell receiving rats
(P o 0.01 for all control groups versus cardiac cell–treated cohort).
There was no difference in LVESD among PSC, SFM or noncardiac
cell control groups at 4 weeks.

Left-ventricular systolic function, measured by fractional short-
ening, declined significantly in control hearts over the 4-week test
period, decreasing to 16.5 ± 1.7% in PSC-only hearts, 13.4 ± 1.3% in
hearts receiving SFM, and 20.3 ± 3.5% in the noncardiac cell–treated
group. (P o 0.05 for pair-wise comparison of each group at –2 d
versus 28 d). There was no difference in fractional shortening among
the three control cohorts at 28 d. In contrast, transplantation of hES
cell–derived cardiomyocytes completely prevented the decline in
fractional shortening (Fig. 3c). In the cardiac cell–treated hearts,
fractional shortening at day –2 was 28.2 ± 0.7% versus 28.4 ± 1.5%
at day 28 (P ¼ 0.98 for –2 d versus 28 d). At 28 d after engraftment,
the cohort treated with hES cell–derived cardiomyocytes had signifi-
cantly greater fractional shortening compared with noncardiac cells,
PSC-only and SFM-only controls (P o 0.01 for all control cohorts
versus cardiac cell–treated group).

Assessment of the rat heart function by MRI confirmed the
expected changes in heart function and geometry by 4 weeks after
infarction: left-ventricle chamber dimensions were significantly
increased, and ejection fraction was reduced in all hearts as compared
with control noninfarcted animals (P o 0.01, Supplementary
Table 1). However, transplantation of hES cell–derived cardiomyo-
cytes into infarcted recipients significantly attenuated the changes in
left-ventricle geometry and improved cardiac function. In particular,
left-ventricle chamber volumes at end-systole (LVESV) and end-
diastole (LVEDV) were decreased in the cardiac cell-treated group
compared with the SFM-only group (*P o 0.05, Supplementary
Table 1), and there was a similar positive trend relative to other
controls (Fig. 4a–d). ANOVA demonstrated a statistically borderline
effect (P¼ 0.05) of cardiomyocyte transplantation on ejection fraction
when all four groups were compared (Fig. 4e). Ejection fraction was
50.3 ± 2% in hearts receiving cardiomyocytes plus PSC versus 45 ±
1.6% in those receiving PSC only, 42 ± 1.9% in SFM only and 43 ± 4%
with noncardiac cells. Post hoc comparison of the groups revealed
significant differences between cardiomyocytes plus PSC versus PSC
only or SFM only.

The effects of human cardiomyocyte transplantation were most
apparent after analysis of the regional contractile function. In the
infarct region of cardiomyocyte-engrafted hearts, left-ventricle wall
thickening averaged 27.5 ± 3.3%, compared with 11.5 ± 1.9% in the
PSC-only group, 8.8 ± 1.7% in the SFM-only group or 9.8 ± 2.0% in
the group receiving noncardiac cells (**P o 0.01 for each control
versus cardiac cell–treated cohort). Wall thickening in the nonin-
farcted region was comparable among all four groups (Fig. 4f). Taken
together, these data indicate that formation of human myocardium in
the infarcted rat heart significantly attenuates the progression of heart
failure, manifested by reduced ventricular dilation (LVESD, LVEDD),
improved global function (fractional shortening and ejection fraction)
and increased regional wall motion compared with controls receiving
noncardiac cells or vehicle.

DISCUSSION

This study demonstrates that transplanted hES cell–derived cardiomyo-
cytes can positively influence cardiac structure and contractile function
after myocardial infarction. Previous studies have demonstrated that hES
cell–derived cardiomyocytes can form human myocardium after trans-
plantation into the noninfarcted hearts of athymic rats13 or immuno-
suppressed pigs14. When hES cell–derived cardiomyocytes are implanted
in slow heart-rate species, such as pigs or guinea pigs, they can form
pacemakers when the native one is dysfunctional14,15, implying electrical
integration with surrounding myocytes.

In our study, most of the hES cell–derived cardiomyocytes initially
died after transplantation into the infarcted heart. This problem is not
unique to our system. Death of transplanted cells is slowing research
progress in cell therapy for diabetes31,32, Parkinson’s disease33,34 and
muscular dystrophy35,36, among other diseases. We found that cardi-
omyocyte death was multifactorial in origin. Single interventions had
little impact on engraftment and no impact on cardiac function, but
the combinatorial intervention resulted in reliable formation of
substantial myocardial grafts. Matrigel was shown to make an inde-
pendent contribution, suggesting anoikis is a significant initiator of
cell death. We suspect there are additional stimuli for death not
targeted by our PSC. Current studies are focused on identifying
additional death pathways and sorting out the relative importance
of each of the components in the cocktail, but the PSC described here
is currently our best formulation. To the extent that cell death after
transplantation has common mechanisms, the PSC formulation (or
similar variations) might prove broadly applicable to other candidate
cell preparations for regenerative medicine.

Virtually all of the noncardiac hES cell–derived cells died by the
4-week time point despite delivery in PSC. Although the mechanisms
underlying this difference from the cardiomyocyte grafts (in which
case all hearts receiving myocytes showed surviving cells) are unclear,
there is some precedence for this finding. In earlier work involving the
transplantation of preparations of lower cardiac purity into uninjured
hearts, we found that the contaminating noncardiac cells were
efficiently cleared from the recipient heart, suggesting that some
cell-intrinsic or environmental factor(s) favored cardiomyocyte survi-
val. Although clearance of nonmyocytes was less reliable in infarcted
hearts (Supplementary Fig. 1), it is clear that not every hES cell
derivative will persist after cardiac transplantation.

The most important observation in the present study is that
engraftment of hES cell–derived cardiomyocytes improved cardiac
function. This raises questions about the mechanisms underlying this
effect. The most straightforward explanation is that the implanted
human cardiomyocytes beat synchronously with the host myocardium
and thereby directly contribute systolic force. In support of this,
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the infarcted walls of hearts receiving the highly enriched hES cell–
derived cardiomyocytes showed 2.5-fold greater thickening during
systole as compared to controls (Fig. 4f). Greater wall thickening
implies more local force-generating units across the infarct wall, which
could arise directly from the human cardiomyocytes. Alternatively, the
force could have been generated by host cells indirectly influenced by
the transplanted human cells. There is evidence that transplanted cells
produce paracrine factors that enhance survival of host cardiomyo-
cytes postinfarction37–39. Paracrine factors may also enhance angio-
genesis, improve the extracellular matrix or modulate the immune/
inflammatory response40,41. Notably, all groups had comparable
infarct sizes, which rules out an effect on infarct healing and scar
shrinkage. Our data suggest that, if paracrine mechanisms play a role,
they may be specific to cardiomyocytes, as nonmyocytes did not
increase systolic function and showed only modest trends toward
reducing ventricular dilation. Tethering of engrafted cardiomyocytes
to host myocardium through the extracellular matrix or intercellular
junctions makes it difficult to assess the grafts’ direct mechanical
effects, even using high-resolution MRI. It will be important to
directly determine whether the grafts are electromechanically active
in vivo, for example, through intravital calcium imaging42,43. If the
grafts are not beating synchronously, this would imply that a paracrine
mechanism is responsible. It would also imply that an additional
increment of improvement is possible when hES cell–derived cardio-
myocytes are delivered to hearts of larger species with slower heart
rates, including humans.

The directed differentiation system employed here involving serial
application of activin A and BMP4 was developed in response to the
need for a clinically scalable system for human cardiomyocyte growth.
The selection of these particular factors and the timing of their
application were based on previous work in model systems. Activin
was originally shown to be an effective inducer of mesoderm and
endoderm in Xenopus embryonic explants44, and analysis of factors
secreted by the chick hypoblast and anterior endoderm indicated that
the transforming growth factor (TGF)b family of secreted factors are
expressed at the appropriate stages of development (activin A and
TGFb in the hypoblast; BMPs in the anterior endoderm) to play a role
in cardiac induction45–49. We therefore hypothesized that exposure of
undifferentiated hES cells to activin would induce generic mesendo-
derm and that subsequent BMP4 would further specify the cardiac
fate. Indeed, this activin/BMP4-directed differentiation system proved
robustly cardiogenic, was at least 50-fold more efficient than the use of
embryoid bodies with serum induction50 and gave more consistent
yields and purities. Nonetheless, human hearts will clearly need
proportionately larger cell preparations. Current work indicates that
the activin/BMP system scales to larger formats with only minor
modifications (J.G. and Y. Li, unpublished observations). This makes
large-animal studies realistic and suggests scalability to humans should
be possible. Of course, success in the scaled production of these cells
will require an improved understanding of the molecular events in
hES cell self-renewal and early cardiac differentiation51–53, as well as
the identification of novel approaches to optimize the maintenance54,
enrichment55–57, proliferation11 and maturation of hES cell–derived
cardiomyocytes in vitro.

Testing hES cell–derived cardiomyocytes in a rat xenotransplant
model has several limitations. Many issues related to immunogenicity
would be expected to differ compared with human allogeneic trans-
plantation. Also, the rat’s high heart rate could mask arrhythmias
generated by pacemaker activity or re-entrant circuits that would
occur in slower heart rate species. We observed no increased mortality
in rats receiving human cardiomyocytes compared to controls, but

studies in species with slower heart rates will be required to test for
arrhythmias. Finally, the effectiveness of human cardiomyocytes might
be underestimated in the rat if they cannot keep pace with the rat
myocytes but could in larger species.

The ability of human cardiomyocytes to improve structure
and function in the infarcted rat heart provides important proof
of concept for this cell type. Future studies are required to better
understand the mechanisms responsible and to test the ability of
these cells to repair hearts under conditions that closely match
human disease.

METHODS
Preparation of hES cell–derived cardiomyocytes. All studies used cells derived

from the female H7 human ES cell line58, which was maintained in the

undifferentiated state at Geron Corporation using mouse embryonic fibroblast

conditioned medium (MEF-CM), as previously described59. For most

described experiments, hES cell–derived cardiomyocytes were generated using

our recently reported protocol for efficient cardiogenesis57. In brief, undiffer-

entiated hES cells were detached by a 10-min incubation with 0.5 mM EDTA or

200 U/ml collagenase IV (Worthington Biochemical) and seeded onto

Matrigel-coated plates (Growth Factor Reduced Matrigel, BD Biosciences)

at a density of 100,000 cells/cm2. Cells were refed daily with MEF-CM plus

8 ng/ml basic fibroblast growth factor (bFGF) for 6 d. To induce cardiac

differentiation, we replaced MEF-CM with RPMI-B27 medium (Invitrogen)

supplemented with the following cytokines: 100 ng/ml human recombinant

activin A (R&D Systems) for 24 h, followed by 10 ng/ml human recombinant

BMP4 (R&D Systems) for 4 d. The medium was then exchanged for RPMI-B27

without supplementary cytokines; cultures were refed every 2–3 d for 2–3

additional weeks. Widespread spontaneous beating activity was typically

observed by day 12 after addition of activin A. For control experiments

involving ‘noncardiac’ preparations, hES cells were differentiated under other-

wise identical culture conditions, but activin A and BMP4 were omitted. Some

of the early experiments to validate the PSC were performed before the

development of the directed cardiac differentiation protocol. Thus, for the

experiments depicted in Figure 1 (that is, experiments with 1-week histological

endpoints only), hES cell–derived cardiomyocytes were generated using the far

less cardiogenic, ‘standard’ embryoid body culture protocol, using techniques

that we have previously reported8,13.

After either 2 weeks (directed differentiation protocol) or 3 weeks (embryoid

body protocol) of in vitro differentiation, cultures were shipped overnight to

the University of Washington for implantation studies. After receipt and 3–4 d

of recovery in their usual medium, cultures were subjected to transient heat-

shock (with a 30-min exposure to 43 1C medium), followed by a return to

either control medium or, for PSC-treated cells, medium supplemented with

IGF-1 (100 ng/ml) and cyclosporine A (0.2 mM). Twenty-four hours later, cells

were enzymatically dispersed for implantation using Blendzyme IV (Roche,

prepared at 0.56 U/ml in PBS) and DNAse (Invitrogen, 60 U/ml) for 30 min at

37 1C and enriched for cardiomyocytes by separation over a discontinuous

Percoll gradient, using previously detailed methods8,11,13. The resultant cardio-

myocyte-enriched fractions (that is, the denser fractions III and IV) were used

for transplantation studies. Note that noncardiac control cells were not Percoll

enriched, but they were otherwise equivalently processed (including preceding

heat shock, IGF-1 and cyclosporine treatment.) Cell preparations to be

transplanted were enzymatically dispersed to small clusters of less than ten

cells, which were suspended in a 70-ml volume per rat of either serum-free

medium (SFM group, using RPMI medium (Invitrogen) without B27),

Matrigel (Matrigel-only group, using 50% (vol/vol) Matrigel/cells+RPMI

medium) or the full PSC, including Matrigel. The full PSC cocktail consisted of

50% (vol/vol) growth factor–reduced Matrigel, supplemented with ZVAD

(100 mM, benzyloxycarbonyl-Val-Ala-Asp(O-methyl)-fluoromethyl ketone,

Calbiochem)60,61, Bcl-XL BH4 (cell-permeant TAT peptide, 50 nM, Calbio-

chem)60–62, cyclosporine A (200 nM, Wako Pure Chemicals)22,63,64, IGF-1

(100 ng/ml, Peprotech)65,66 and pinacidil (50 mM, Sigma)67–69.

To ensure comparable cardiac purity among preparations, we routinely

plated-out (50,000 cells/cm2) a small subset of the cells to be implanted on
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gelatin-coated substrates and cultured them for 48 h before fixation and

immunostaining for b-myosin heavy chain. This analysis, which may under-

estimate the cardiac purity of the input population (e.g., due to fibroblast

overgrowth) revealed the Percoll-enriched cells to be 82.6 ± 6.6% cardiomyo-

cytes (range 71–95%). Equivalently prepared cells have been examined for the

presence of skeletal muscle cells many times and have been found uniformly

negative (data not shown). Cell preparations resulting from Percoll-enriched

embryoid body cultures consistently contained B15% cardiomyocytes. Control

‘noncardiac’ preparations (that is, made by subjecting hES cells to the

aforementioned direct differentiation procedure but omitting activin A,

BMP4 and Percoll enrichment) contained a mean of only 0.8% cardiomyocytes.

Myocardial infarction and cell implantation. All studies were approved by the

University of Washington Animal Care and Use Committee and were con-

ducted in accordance with federal guidelines. The protocol for cell implantation

has been detailed in multiple previous reports by our group13,70,71. We chose

the athymic nude rat as a host because of its well-established history in

xenotransplantation and the comparative ease and reliability of physiologic

studies in the rat. In brief, athymic male Sprague Dawley rats (rh rnu-rnu,

240–300g, Harlan) were anesthetized with an intraperitoneal injection of

70–100 mg/kg ketamine (Phoenix Pharmaceuticals) and 7–10 mg/kg xylazine

(Phoenix Pharmaceuticals), intubated and mechanically ventilated with room

air supplemented with oxygen. The heart was exposed by an open thoracotomy

and subjected to 60 min of ischemia-reperfusion injury by temporary ligation

of the left anterior descending artery by 7-0 Prolene suture. Two days after

recovery from this procedure, animals underwent echocardiographic evaluation

as detailed below.

Animals meeting the echocardiographic inclusion criterion (fractional short-

ening o40%) were stratified to one of four groups: those receiving intracardiac

injections of hES cell–derived cardiomyocytes suspended in PSC, the non-

cardiac cells suspended in PSC, PSC-only or SFM only. These implantations

were performed 4 d after the initial ischemia-reperfusion infarct (2 d after

echocardiography). On the day of engraftment, the rats were again anesthetized

with ketamine/xylazine, mechanically ventilated and subjected to a second

thoracotomy followed by direct injection of 70 ml of agent (hES cell–derived

cardiomyocytes in PSC versus noncardiac cells in PSC versus PSC-only versus

SFM-only) using a Hamilton syringe (Hamilton Company) and a 30-gauge

needle. To better ensure exposure of implanted cells to therapeutic levels of

cyclosporine A throughout the period in which graft cell death would be

expected to be maximal, all cell-treated and PSC-only control rats received daily

subcutaneous injections of cyclosporine A (0.75 mg/day, Wako Pure Chemi-

cals), starting 1 d before engraftment and continuing for 7 d after engraftment.

Four weeks after implantation, the surviving rats were analyzed by repeat

echocardiography and MRI (described below) and then were killed with

Beuthanasia (1.5–2 ml intraperitoneal injection, Schering-Plough). One hour

before, rats received an intraperitoneal pulse of 5-bromodeoxyuridine (BrdU,

1.0 ml of a 10 mg/ml solution, prepared in PBS) to mark cells synthesizing

DNA. The heart and various organs were harvested, immersion-fixed in methyl

Carnoy’s solution and processed for histological analysis.

Echocardiography. Two days after the ischemia-reperfusion infarction and 2 d

before engraftment, the animals were lightly anesthetized with inhaled isoflur-

ane (Novaplus) and scanned by transthoracic echocardiography (GE Vivid 7)

with a 10S (10 MHz) pediatric probe to record physiological data and to stratify

the rats by left-ventricular systolic function. Specifically, the left-ventricular end

diastolic dimension (LVEDD), the left-ventricular end systolic dimension

(LVESD) and heart rate were measured and recorded. Fractional shortening,

an index of LV systolic function, was calculated by this equation: FS ¼
100 � (LVEDD – LVESD)/LVEDD. Rats with fractional shortening 440%

were excluded from the study. LVEDD and LVESD are expressed in mm. Heart

rate is expressed in beats per minute. As noted above, repeat echocardiographic

analyses were performed 4 weeks after implantation. All investigators perform-

ing echocardiographic acquisition or analysis were blinded to treatment group.

Magnetic resonance imaging (MRI). Four weeks after implantation, the

cardiac function of rats was also evaluated by high-resolution MRI using a

4.7T Varian scanner. Rats were anesthetized with 1.5% isoflurane in oxygen

(1 l/min) delivered through a nose cone, and placed in a custom-constructed

1H transmit-receive volume coil on a flat Plexiglas platform. Needle electrodes

were attached to the animal’s extremities for ECG monitoring and to trigger

the MRI acquisitions using commercially available software (Small Animal

Monitoring and Gating System, SA Instrument). High-resolution spin-echo

transverse 1H MR images were obtained to quantify left-ventricular function

(field of view: 50 mm2; 2D matrix: 256 � 128; TR: 400 ms; TE: 13 ms; flip

angle: 901, two signal averages). A set of multislice short-axis images (slice

thickness 1.5 mm without gap between slices) for end-systole and another for

end-diastole were acquired.

Epicardial and endocardial borders were manually traced for calculation of

left-ventricle volumes at end-systole and end-diastole (LVESV, LVEDV) and

left-ventricular mass (LVmass) using the software package NIH ImageJ version

1.34s. Total LV volumes were calculated as the sum of all slice volumes. The

left-ventricular ejection fraction (LVEF) was calculated by the equation

(LVEDV-LVESV)/LVEDV � 100%. Left-ventricle wall thickening was measured

in the central infarcted region and in the noninfarcted mid-septal wall, using

averages obtained from the four apical-most slices for each heart. Wall

thickening was then calculated as the relative difference in LV wall thickness

in end-systole and end-diastole and expressed as a percentage of end-diastolic

thickness. Investigators performing MRI acquisition and analysis were blinded

to treatment group assignment.

Histology, immunocytochemistry and in situ hybridization. To ensure that

we achieved equivalent sampling, all hearts were fixed and vibratome-sectioned

to 1-mm thickness, and the resultant uniform transverse sections were

routinely processed and paraffin-embedded for histology. Five-micrometer

sections were then stained with hematoxylin-eosin and picrosirius red/fast-

green (to determine infarct area), as well as subjected to in situ hybridization

and immunohistochemistry using previously detailed methods13,72. Immuno-

staining was performed with antibodies directed against the muscle antigens

sarcomeric myosin heavy chain (clone MF-20, Developmental Studies Hybri-

doma Bank), the b-myosin heavy chain isoform (clone A4.951, American Type

Culture Collection), pan-cadherins (rabbit polyclonal, Sigma), cardiac troponin

I (clone 19C7, Abcam), human Nkx2.5 (goat polyclonal, R&D) and myosin

light chain 2V (rabbit polyclonal). To evaluate for the presence of noncardiac

graft elements, we also immunostained with antibodies against the following

cell types: neurons (bIII-tubulin), endoderm (a-fetoprotein, Dako), epithelium

(pan-cytokeratin cocktail (AE1/AE3, Dako)), endothelium (human-

specific CD31/PECAM, Dako; Ulex europaeus, Vector) and skeletal muscle

(fast skeletal myosin heavy chain, MY32 clone, Sigma). Host-derived endothe-

lium was identified with a rat-specific anti-endothelial antibody (rat endothelial

cell antigen-1, Abcam). Proliferation was assessed by immunostaining

for incorporated BrdU (peroxidase-conjugated mouse anti-BrdU monoclonal

antibody, Roche).

The engrafted human cells were identified using in situ hybridization with a

human-specific pan-centromeric genomic probe13,18. All evaluated sections

were either double-labeled with this human-specific marker or an immediately

contiguous section was so-labeled. The human-specific pan-centromeric probe

is generated by modification of a protocol previously reported18 that involves

degenerate PCR with primers against human centromeric sequences. We then

labeled the PCR product with digoxigenin (Dig Hi-Prime labeling kit, Roche),

which was subsequently detected after in situ hybridization using a peroxidase-

conjugated anti-digoxigenin antibody (Roche). For brightfield studies involving

in situ hybridization with the pan-centromeric probe, chromagenic detection

of the in situ probe was performed with diaminobenzidine (Sigma) and any

preceding immunohistochemistry used Vector Red (Vector Labs) for detection.

For studies requiring confocal microscopy, the in situ probe was detected

by Alexa Fluor 488 tyramide (Molecular Probes), again with preceding

immunohistochemistry detected by the intrinsic red fluorescence of the Vector

Red deposit.

Note that, when performed on tissue fixed with methyl Carnoy’s, the in situ

hybridization procedure unfortunately precludes subsequent staining with all

available nuclear counterstains. For this reason, we used fast green (cytoplas-

mic) counterstaining in all brightfield in situ studies and no counterstain in

fluorescent in situ studies. In studies not involving in situ hybridization, nuclear

counterstaining was done using either routine hematoxylin (brightfield) or

Hoechst 33342 (fluorescence) dyes. It also is worth noting that, in studies
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employing the human-specific in situ probe in combination with a second

cardiac marker (usually b-myosin heavy chain), fine structural details, such as

sarcomeric organization, can become difficult to appreciate. First, the relatively

rough treatments to the tissue (that is, acid and proteinase treatment,

high temperatures to denature target DNA sequences) necessary for in situ

hybridization subtly distort the tissue architecture. Second, we have found

the only preceding reporter that reliably survives the in situ hybridization

procedure is the chromagen Vector Red, and so, when we have used a second

marker, it has been detected with this stain. Vector Red is an enzymatic

substrate and so generally does not have the crisp staining pattern possible

with a directly conjugated secondary antibody. For these reasons, when

doing studies to specifically evaluate the sarcomeric organization of the

grafts, we have performed immunofluorescence only, relying on in situ

hybridization for the human marker on an adjacent section as well as b-myosin

heavy chain or human-specific Nkx2.5 immunostaining in the same

section (Fig. 2g).

Whereas all grafts were confirmed by the human-specific in situ probe, the

human ES cell–derived cardiac implants were also quite distinct morphologi-

cally and also could be readily distinguished from the host on the basis of their

exclusive immunoreactivity for b-myosin heavy chain, as opposed to the rodent

host ventricular myocardium, which expressed a-myosin heavy chain. We

found all strongly b-myosin heavy chain positive cells to be positive for the

human-specific in situ probe. We further confirmed this expected pattern of

myosin heavy chain expression on a subset of cell-engrafted hearts using

immunofluorescent colocalization by confocal microscopy. For this, sections

were double-immunostained using antibodies recognizing b-myosin heavy

chain (A4.951 monoclonal primary, followed by tyramide amplification with

a sheep anti-mouse IgG HRP-conjugated secondary antibody (Amersham) and

Alexa Fluor 488 tyramide (Molecular Probes)) and sarcomeric (that is, a- and

b-) myosin heavy chains (MF-20 monoclonal primary, followed by a biotiny-

lated goat anti-mouse (Vector) and streptavidin-conjugated Alexa 555 (Mole-

cular Probes)). Sections showing close apposition of graft and host muscle were

similarly analyzed by confocal microscopy for the presence of shared inter-

calated disc structures, using dual immunofluorescent labeling for b-myosin

heavy chain and cadherins. Similar dual immunofluorescent labeling studies

were performed combining b-myosin heavy chain with cardiac troponin I and

Nkx2.5. In all cases, slides were then counterstained with Hoechst nuclear dye,

mounted with Vectashield (Vector), and visualized on Zeiss LSM510 META

confocal microscope using a 10�, 40� and 63� objectives.

All quantitative histologic studies were performed in a blinded fashion using

brightfield microscopy. Cell nuclei counts were obtained using an Olympus

BX41 microscope with a 40� objective. Morphometric analyses were per-

formed by acquiring digital photomicrographs of all vibratomed profiles with

the stain of interest (with an Olympus SZ-PT dissecting microscope equipped

with a Nikon Coolpix 995 digital camera) and then measuring areas using

Adobe Photoshop. Morphometric determinations of infarct size were expressed

as the percentage of total left-ventricular cross-sectional area occupied by

picrosirius red-positive infarct zone. Graft size was expressed as the percentage

of picrosirius red-positive infarct area occupied by human b-myosin heavy

chain positive graft.

Biodistribution analysis: quantitative real time PCR (qPCR) for human ALU

sequences. To investigate whether derivatives of the transplanted cells migrated

to and survived in other organs, we analyzed brain, kidney, liver, lung and

spleen tissue of rats transplanted with hES cell–derived cardiomyocytes

(n ¼ 10) and SFM (n ¼ 3) at the 4-week time point. The human ALU PCR

primer were as follows (5¢-3¢): GTCAGGAGATCGAGACCATCCC (forward)

and TCCTGCCTCAGCCTCCCAAG (reverse)73. Samples were run on Applied

Biosystems (AB) 7900HT Fast Real Time PCR System using AB PowerSybr-

Green 2� mastermix. Assuming a value of 5 pg DNA per cell74, standard curves

demonstrated that the assay detected a single human cell (5 pg DNA) in

samples containing a constant background of 4 � 105 rodent cells ( ¼ 200 ng

DNA). We tested 1 mg of the various organ-specific genomic DNA for each

animal and samples were run in triplicates.

Statistics. For analysis involving three or more groups, we used ANOVA

followed by Student-Newman-Keuls post hoc testing (Sigma Stat, 2006) with

a ¼ 0.05 for significance. For analysis of time course changes in LV size,

LV function and HR, a paired t-test analysis of means was used. All data were

analyzed in a blinded manner, with the breaking of the identifier code only

after the data were acquired. Values are expressed as means ± s.e.m., unless

otherwise stated.

Note: Supplementary information is available on the Nature Biotechnology website.
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