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Success of human myocardial tissue engineering for cardiac repair
has been limited by adverse effects of scaffold materials, necrosis
at the tissue core, and poor survival after transplantation due to
ischemic injury. Here, we report the development of scaffold-free
prevascularized human heart tissue that survives in vivo transplan-
tation and integrates with the host coronary circulation. Human
embryonic stem cells (hESCs) were differentiated to cardiomyo-
cytes by using activin A and BMP-4 and then placed into suspension
on a rotating orbital shaker to create human cardiac tissue patches.
Optimization of patch culture medium significantly increased car-
diomyocyte viability in patch centers. These patches, composed
only of enriched cardiomyocytes, did not survive to form signifi-
cant grafts after implantation in vivo. To test the hypothesis that
ischemic injury after transplantation would be attenuated by
accelerated angiogenesis, we created ““second-generation,” pre-
vascularized, and entirely human patches from cardiomyocytes,
endothelial cells (both human umbilical vein and hESC-derived
endothelial cells), and fibroblasts. Functionally, vascularized
patches actively contracted, could be electrically paced, and exhib-
ited passive mechanics more similar to myocardium than patches
comprising only cardiomyocytes. Implantation of these patches
resulted in 10-fold larger cell grafts compared with patches com-
posed only of cardiomyocytes. Moreover, the preformed human
microvessels anastomosed with the rat host coronary circulation
and delivered blood to the grafts. Thus, inclusion of vascular and
stromal elements enhanced the in vitro performance of engineered
human myocardium and markedly improved viability after trans-
plantation. These studies demonstrate the importance of including
vascular and stromal elements when designing human tissues for
regenerative therapies.

angiogenesis | human embryonic stem cells | tissue engineering |
myocardial infarction | cardiomyocyte

S tem cell-based reconstruction after myocardial infarction prom-
ises to restore function to the failing heart. New human myo-
cardium has been formed recently in infarcted rodent hearts after
injection of human embryonic stem cell (hESC)-derived cardiomy-
ocytes, but small graft size and cell death currently limit the benefit
of this therapy (1-3). Delivery of cells in tissue-like structures that
preserve cellular attachments could increase cell delivery efficiency
and reduce cell death (4). Most heart tissue engineered in vitro to
date has focused on creating tissues by seeding neonatal rat or chick
cardiomyocytes into polymer or extracellular matrix scaffolds and
gels (5-11). Creation of 3D tissues that are composed only of cells
and the matrix they secrete (12-15), which we refer to as “scaffold-
free” tissue engineering, addresses limitations associated with poly-
mer and exogenous matrix-based tissues (e.g., unfavorable host
response to biomaterials). We recently created macroscopic scaf-
fold-free human cardiac tissue constructs (16). These cardiac tissue
patches were composed of highly enriched populations of human
cardiomyocytes near patch edges, but like many other tissue engi-
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neered constructs (10, 17), they contained central necrosis due to
the limitation of nutrient diffusion.

This study initially sought to optimize culture conditions to
reduce the necrotic core and then test the ability of these first-
generation human myocardial patches to engraft in vivo. Poor
survival of these patches necessitated the addition of vascular
endothelial cells and mesenchymal cells to create second-
generation “prevascularized” patches. We show that second-
generation patches actively contract, can be electrically paced, and
have more myocardial-like passive mechanical properties com-
pared with first-generation patches comprising only cardiomyo-
cytes. Importantly, prevascularized patches show 10-fold greater
survival after transplantation and form stable grafts of human
myocardium and human blood vessels that anastomose to the host’s
coronary circulation.

Results

Media Optimization Reduces the Necrotic Core. We first sought to
optimize culture conditions to minimize the necrotic core found
previously in human cardiac tissue patches grown in human em-
bryoid body (huEB) medium (16). Cellular necrosis at patch centers
could be prevented by culturing patches in RPMI-B27 medium (S7
Text and Fig. S1).

Patches Containing Only Cardiomyocytes Do Not Form Substantial
Grafts in Vivo. To rapidly determine whether human cardiac tissue
patches could engraft in muscle in vivo, we established a model of
patch transplantation into skeletal muscle. Our previous work with
direct injection of enzymatically dispersed cells demonstrated that
death of cells during transplantation was multifactorial and that a
“cocktail” of prosurvival interventions was required to achieve
engraftment (1, 18). Patches containing 3 X 10% human cardiomy-
ocytes cultured in the optimal RPMI-B27 media were therefore
heat shocked 1 day before transplantation, bathed in prosurvival
cocktail, and then implanted into the skeletal muscle of nude rats.
At 1 week, the grafts consisted only of rare, isolated human
cardiomyocytes, indicating that the vast majority of the engineered
tissue had died, despite the use of prosurvival interventions that
permitted the survival of cell suspensions. Further optimization of
the cardiac tissue patches was clearly required.

Second-Generation, Vascularized Human Cardiac Tissue Patches. We
reasoned that ischemia was contributing to cell death and that the

Author contributions: K.R.S., K.L.K., H.R., and C.E.M. designed research; K.R.S., K.L.K.,
S.K.D., F.S.K., V.M., and K.B. performed research; K.R.S., K.L.K., F.S.K., M.R., and M.B.N.
contributed new reagents/analytic tools; K.R.S., K.L.K., and C.E.M. analyzed data; and
K.R.S., K.L.K., H.R., and C.E.M. wrote the paper.

The authors declare no conflict of interest.
Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. E-mail: murry@u.washington.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0908381106/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.0908381106


http://www.pnas.org/cgi/data/0908381106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0908381106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0908381106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/content/full/0908381106/DCSupplemental
http://www.pnas.org/cgi/content/full/0908381106/DCSupplemental

Lo L

P

1\

=y

thickness of the implanted patch was preventing diffusion-based
survival before host angiogenesis could provide perfusion. We
therefore sought to accelerate the process of vascularization by
preforming vascular networks in the cardiac tissue patches. As a first
attempt, we mixed human umbilical vein endothelial cells
(HUVECGs) with hESC-derived cardiomyocytes (cardio-HUVEC
patches) in a 1:1 ratio during patch formation and then cultured
patches in huEB media or RPMI-B27 for 8 days. The endothelial
cells formed clusters of necrotic CD31-positive cells at the center of
the patch, whereas cardiomyocytes remained viable at the periph-
ery (3 X 10° cells of each type per patch; Fig. 14). Several recent
studies indicate that formation of vascular networks in tissue-
engineered constructs is augmented by inclusion of mesenchymal
cells that provide key paracrine factors and serve as supporting
mural cells (9, 19, 20). We therefore constructed “tri-cell” cardiac
patches containing hESC-derived cardiomyocytes, HUVECs, and
mouse embryonic fibroblasts (MEFs) in 1:1:0.5 ratios, respectively
(cardio-HUVEC-MEF patches). In sharp contrast to cardio-
HUVEC patches, addition of MEFs to human cardiomyocytes and
HUVECGs resulted in the formation of human CD31-positive
endothelial cell networks that morphologically resembled a vascular
plexus (ratio 1:1:0.5 of cardiomyocytes to HUVECs to MEFs; 3 X
10° cardiomyocytes per patch; Fig. 14). Patches comprising cardi-
omyocytes, HUVECs, and MEFs and cultured in huEB medium
contained ~20-fold more vessel structures than those comprising
only cardiomyocytes or cardiomyocytes and HUVECs (Fig. 1B).
The huEB medium tended to support the development of vessel-
like structures slightly better than RPMI-B27 in all tri-cell experi-
ments, and therefore we chose huEB medium as the standard
culture media for cardio-HUVEC-MEF patches.

Similarly to HUVECs (Fig. 1C), creation of patches by using
hESC-derived cardiomyocytes, hESC-derived endothelial cells, and
MEFs (1.25 X 10°, 1.25 X 10, and 0.625 X 10° cells, respectively)
resulted in patches containing human CD31-positive structures that
morphologically resembled blood vessels (Fig. 1D).

We hypothesized that paracrine factors secreted by the MEFs
might be responsible for endothelial network morphogenesis. We
cultured patches comprising only hESC-derived cardiomyocytes
and HUVECs in MEF-conditioned huEB medium for 8 days.
Endothelial networks did not form in these patches, suggesting that
the stable paracrine signaling molecules secreted by MEFs were not
sufficient to stimulate network formation.

Previous work suggested that the inclusion of MEFs in engi-
neered cardiac tissue might also enhance cardiomyocyte prolifer-
ation (19). Cells in the S phase of the cell cycle were detected by
using BrdU labeling in all patch types (Fig. S2A4). The proliferation
of human cardiomyocytes was enhanced by ~50% in cardio-
HUVEC-MEF patches compared with cardio-only and cardio-
HUVEC patches (P < 0.05 for cardio-HU VEC patches vs. cardio-
HUVEC-MEF patches; Fig. S2B).

In summary, these experiments demonstrate that proliferative
human cardiac tissue patches containing endothelial cell networks
morphologically resembling microvessels could be created by using
human cardiomyocytes, HUVECs or hESC-derived endothelial
cells, and fibroblasts, without the need for exogenous materials or
matrices.

Patches Actively Contract in Response to Electrical Pacing. To test
active contractile capacity and the ability of patches to be electri-
cally paced, patches were field stimulated by using square waves of
frequency (0.5-5 Hz), and contraction was monitored by using
video edge detection (Fig. 2 4 and B). Patches containing 2 X 10°
cardiomyocytes (cardio-only) or 2 X 10° cardiomyocytes, 2 X 10°
HUVEGCs, and 1 X 105 MEFs (cardio-HUVEC-MEF) were gen-
erated and cultured for 2-3 days in huEB medium before electrical
pacing. Both cardio-only and cardio-HUVEC-MEF patches rou-
tinely followed stimuli greater or equal to 2 Hz (Fig. 2C). Patches
showed reduced capacity to capture at 3-Hz stimulation, and no
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Fig. 1.  Prevascularization of patches. (A) Representative images of patches

created by using human cardiomyocytes, HUVECs, and/or MEFs cultured in huEB
medium for 8 days are shown. Human endothelial cells stained for human CD31
(Left) and human cardiomyocytes stained for g-MHC (Right) are shown. Patches
derived from cardiomyocytes only (Top) contained only rare CD31-positive cells.
Patches derived from cardiomyocytes and HUVECs (Middle) were characterized
by clumps of necrotic, CD31-positive debris, predominantly at the patch centers,
and patches containing cardiomyocytes, HUVECs, and MEFs (Bottom) exhibited
CD31-positive endothelial cell networks morphologically resembling a vascular
plexus. (B) Patches comprising all three cell types contained significantly more
vessel structures than patches comprising only cardiomyocytes or cardiomyocytes
and HUVEGs in both huEB and RPMI-B27 culture media. *, P < 0.05. Higher-
magnification images of patches containing cardiomyocytes, HUVECs, and MEFs
(C) or cardiomyocytes, hESC-derived endothelial cells, and MEFs (D) show that
these patches contained human CD31-positive elongated vessel structures and
lumens that morphologically resemble blood vessels.

patches were able to keep pace to 5-Hz stimulation. Interestingly,
pacing at higher frequencies prevented full relaxation of patches
and a resultant decrease in contractile amplitude (e.g., as shown in
2-Hz frequency trace in Fig. 2B). In summary, human cardiac tissue
patches actively contracted and could be electrically paced up to
frequencies of 2-3 Hz.
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Fig. 2. Patches actively contract in response

; to electrical stimulation. Patches were electri-
cally stimulated at frequencies of 0.5-5 Hz,

and contraction was measured by using video
edge detection. (A) A representative car-
diomyocyte-only patch trace and (B) ex-
panded views of select frequencies of this
trace show a patch that captured 0.5- to 3-Hz
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Enhanced Passive Mechanics in Cardio-HUVEC-MEF Patches. The pas-
sive mechanical properties of cardiac tissue play an important role
in the mechanical function of the heart, particularly during diastolic
filling. An ideal cardiac patch would have passive mechanical
properties that resemble native myocardium. We measured the
passive stiffness of cardio-only patches (2 X 10° cells per patch;
cultured in huEB or RPMI-B27 media for 8 days) and cardio-
HUVEC-MEF patches (2 X 10° cardiomyocytes, 2 X 10°
HUVECs, and 1 X 10° MEFs per patch; cultured in huEB medium
for 8 days) by using demembranated strips cut from patches. Patch
strips were stretched in increasing-length increments with a square-
wave protocol, and force was measured (Fig. 34). Peak force was

72 74 76 78 80
Time (s)

but not 4- or 5-Hz stimuli. (C) Patches cap-
tured stimuli less than or equal to 2 Hz but
exhibited reduced capacity to keep pace with
frequencies of 3-5 Hz.

plotted as a function of the change in length and fitted with a line
to determine the stiffness (Fig. 3B). Cardio-HU VEC-MEEF patches
had a stiffness of 7.9 + 3.1 mN/mm? (n = 5 strips), which was
approximately four times stiffer than cardio-only patches (stiffness
of 20 = 0.7 mN/mm? n = 5 strips; P < 0.05; Fig. 3C). By
comparison, the stiffness of neonatal pig myocardium is 30.2 = 3.5
mN/mm? (21). We hypothesized that the fibroblasts in the cardio-
HUVEC-MEF constructs were producing connective tissue that
altered passive stiffness. To test this, we stained patches with Sirius
red (identifies collagen) and fast green (identifies other tissue
elements). Cardio-HUVEC-MEF patches averaged more than
5-fold greater collagen per patch area and had more organized
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Cardio-HUVEC-MEF patches are stiffer than patches composed of cardiomyocytes only. (A) Passive mechanical properties of patches were analyzed by

stretching patch strips incrementally by using a square-wave length stretch protocol (Lower) and then measuring force (Upper). (B) Peak force elicited in response
to increasing length increments for a representative cardio-HUVEC-MEF and cardio-only patch strip is shown. The slope of the force-strain line for a given patch
strip denotes the stiffness of that strip. (C) The average stiffness of cardio-HUVEC-MEF patches was ~4-fold greater than cardio-only patches. *, P < 0.05. (D-F)
Patch sections were stained by using Sirius red (collagen) and fast green (other tissue elements). Representative cardio-only (D) and cardio-HUVEC-MEF (E) patches
are shown. Cardio-HUVEC-MEF patches had greater than 5-fold collagen per unit area than cardio-only or cardio-HUVEC patches (F).

16570 | www.pnas.org/cgi/doi/10.1073/pnas.0908381106

Stevens et al.



=

Cardio + HUVEC + MEF

A Cardio

B z . huCD31;
\ ;

C Cardiomyocyte Graft Area

*

D Human Vessel Lumens
35

*

w
o
L

N
3}
f

201

N
=]
L

-
3
L

N
o
f

o
L

B-MHC-positive area (pixels X 1000)
CD31-positive lumens (Number)

Cardio +
HUVEC + MEF
Patch composition (cell type)

Cardio +
HUVEC + MEF
Patch composition (cell type)

Cardio Cardio

Fig. 4. Cardio-HUVEC-MEF patches form vascularized human grafts after im-
plantation in skeletal muscle. Cardio-only or cardio-HUVEC-MEF patches were
implanted in the gluteus superficialis muscle of nude rats for 1 week. Graft
sections were immunostained by using antibodies against B-MHC, human CD31,
and Ter-119 to identify human cardiomyocytes, human endothelial cells, and red
blood cells, respectively. (A) Representative images of B-MHC-positive human
cardiomyocyte grafts from animals implanted with patches comprising cardio-
myocytes only (Left inset magnified 2X) or cardiomyocytes, HUVECs, and MEFs
(Right). (B) Higher-magnification images of g-MHC-positive and human CD31-
positive graft areas from a cardio-HUVEC-MEF patch implant showed that human
cardiomyocytes remained small and structurally disorganized (Left) and that
human CD31-positive cells formed vessel-like lumens containing Ter-119-positive
red blood cells (Middle and Right). (C) B-MHC-positive cardiomyocyte graft area
was ~11-fold larger in animals that received cardio-HUVEC-MEF patches. *, P <
0.05. (D) Additionally, grafts in animals that received cardio-HUVEC-MEF patches
had ~12-fold more human CD31-positive vessel lumens than those that received
cardio-only patches. *, P < 0.05.

collagen fibrils compared with cardio-only and cardio-HUVEC
patches (n = 3 per group) (Fig. 3 D-F). Thus, cardio-HUVEC-
MEEF patches produced connective tissue and had more physiolog-
ically appropriate stiffness compared with cardio-only patches.

Cardio-HUVEC-MEF Patches Form Larger Grafts in Skeletal Muscle
Model. We next sought to test whether prevascularization of human
cardiac tissue patches would confer a survival advantage after
implantation in vivo into skeletal muscle. Cardio-only or cardio-
HUVEC-MEF patches containing 3 X 10° cardiomyocytes or 2 X
10° cardiomyocytes, 2 X 10° HUVECs, and 1 X 10° MEFs,
respectively, were heat shocked and treated with our prosurvival
cocktail before implantation into the gluteus muscle of nude rats.
Rats were killed 1 week after patch implantation, and human
cardiomyocytes and endothelial cells were identified by immuno-
histochemical staining for B-myosin heavy chain (8-MHC) and
human CD31 (Fig. 4 A and B). As reported above, the cardio-only
patches showed poor survival, with only occasional, isolated
B-MHC-positive human cardiomyocytes detected. Rare microves-
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sels containing human CD31-positive endothelium were noted. In
contrast, the cardio-HUVEC-MEF patches formed much larger
human myocardial grafts. Cardiac muscle cells in B-MHC-positive
graft areas were small and exhibited immature sarcomeric organi-
zation, likely reflecting the early differentiation state of the cells
(Fig. 4B). Numerous human CD31-positive endothelial cells were
found in cardio-HU VEC-MEF patches, and many of these CD31-
positive cells formed vessel-like lumens containing Ter-119-positive
red blood cells (Fig. 4B). Importantly, histomorphometry revealed
that the B-MHC-positive cardiomyocyte graft area was more than
11-fold larger in animals that received cardio-HUVEC-MEF
patches than those that received cardio-only patches, despite the
fact that cardio-only patches were generated with 50% more
cardiomyocytes (P < 0.05; Fig. 4C). Additionally, grafts in animals
that received cardio-HU VEC-MEF patches sections had ~12-fold
more human CD31-positive vessel lumens (P < 0.05; Fig. 4D).
Thus, cardio-HUVEC-MEF patches formed significantly larger
human cardiomyocyte grafts that contained more blood vessels
than cardio-only patches in an in vivo muscle model. This indicates
that the addition of HU VECs and MEFs imparted a survival and/or
proliferative advantage to cardiomyocytes, and this survival was
associated with the formation of perfused human microvessels in
the patch implants.

Cardiac Tissue Patches Form Vascularized Human Myocardium in
Rodent Hearts. To test whether cardio-HUVEC-MEF patches
could form human myocardium in rodent hearts, these constructs
were implanted onto nude rat hearts by using no additional
attachment method beyond intrinsic tissue adhesiveness. One week
after implantation, patches were found attached to the heart in two
animals, wrapped in the pericardium (but dislodged from the heart)
in two animals, and not found in two animals. To improve the
attachment of patches to the hearts, cardio-HUVEC-MEF (n = 4)
patches were sutured onto nude rat hearts. One week after im-
plantation, all patches were found attached to the hearts (Fig. 54).
We next tested the engraftment of more clinically relevant patches
composed entirely of human cells. Patches composed of human
cardiomyocytes, HU VECs, and neonatal human dermal fibroblasts
(cardio-HU VEC-NHDF patches; n = 4) were sutured onto nude
rat hearts. Similarly to cardio-HUVEC-MEF patches, all patches
were found attached to the hearts after 1 week.

Cardio-HU VEC-MEF and cardio-HU VEC-NHDF patch grafts
contained significant B-MHC-positive and Nkx2.5-positive human
myocardium and human CD31-positive endothelium. B-MHC-
positive graft areas were closely apposed to the host myocardium
but exhibited immature sarcomeric organization (Fig. 5 B and C).
Many graft cells were Nkx2.5-positive but f-MHC-negative (Fig.
5D), suggesting that, similar to our previous in vitro findings (16),
patches contained a significant population of cardiac progenitor
cells that have not yet matured to express f-MHC. CD31-positive
cells frequently formed vessel-like lumens that contained red blood
cells and leukocytes, indicating that these vessels had anastomosed
with the rat vasculature (Fig. 5 E-G). These results show that
intracardiac implantation of prevascularized human cardiac tissue
patches results in the formation of viable human myocardium and
integrated human coronary microvessels.

Discussion

This study describes the in vitro optimization, functional charac-
terization, and in vivo implantation of second-generation scaffold-
free human cardiac tissue patches. In patches composed only of
cardiomyocytes, optimization of cell culture media reduced central
necrosis at patch centers. However, patches containing only cardi-
omyocytes exhibited poor survival after implantation in vivo.
Second-generation prevascularized patches were therefore created
by using human cardiomyocytes, endothelial cells, and fibroblasts.
Functional characterization in vitro showed that these patches
could actively contract, be electrically paced, and had more myo-
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Fig. 5. Cardiac tissue patches form human cardiac muscle and integrated
human microvessels in rodent hearts. Cardio-HUVEC-MEF or cardio-HUVEC-NHDF
patches were implanted onto nude rat hearts for 1 week. (A) Gross examination
of the heart immediately after sacrifice demonstrated that patches (arrow)
attached with sutures were firmly adhered to the heart. (B) Patches had signifi-
cant B-MHC-positive human cardiac muscle tissue (brown immunostaining; rep-
resentative cardio-HUVEC-MEF patch). (C) A higher-magnification image of the
graft from B shows that B-MHC-positive cardiomyocytes were relatively small and
had immature sarcomeric organization, and that (D) grafts contained Nkx2.5-
positive (pink nuclei) cardiac progenitor cells that had not yet matured to express
B-MHC (green). CD31-positive endothelial cells in animals implanted with cardio-
HUVEC-MEF (E) or cardio-HUVEC-NHDF (F and G) patches frequently formed
vessel-like lumens that contained leukocytes (arrows in E) and Ter-119-positive
red blood cells (G), indicating that grafted human vessels had connected with the
host vasculature.

cardial-like passive mechanical stiffness compared with patches
comprising only cardiomyocytes. Importantly, cardio-HUVEC-
MEEF patches formed greater than 10-fold larger human cardio-
myocyte and endothelial cell grafts than cardiomyocyte-only
patches after in vivo implantation in skeletal muscle. Cardio-
HUVEC-MEF and entirely human cardio-HUVEC-NHDF
patches also formed myocardium and microvessels after implanta-
tion onto rodent hearts.

We hypothesized that the first generation patches were dying
from ischemic injury. We therefore aimed to create vascularized
human cardiac tissue patches. In development, mesenchymal cells
stabilize the maturation of young vessels, secreting paracrine pro-
survival and proliferation signals and producing supportive extra-
cellular matrix (22, 23). The addition of fibroblasts to cardiomyo-
cytes and endothelial cells in patches resulted in the development
of an endothelial cell network and enhanced cardiomyocyte pro-
liferation. Importantly, we showed here that endothelial cell net-
works could also be created in scaffold-free patches by using
clinically scalable hESC-derived endothelial cells. MEF-
conditioned medium did not support the development of endothe-
lial networks in patches comprising cardiomyocytes and HUVECs,
suggesting that other signals, such as paracrine molecules not
present in conditioned medium, direct cell-cell interactions, or the

16572 | www.pnas.org/cgi/doi/10.1073/pnas.0908381106

mesenchymal cell-derived matrix, are necessary for endothelial
morphogenesis. Our results support recent findings in scaffold-
based tissue engineering, in which fibroblasts synergized with
endothelial cells in vessel formation and cardiomyocyte prolifera-
tion in vitro (9, 13, 19, 24). Our work details a previously unde-
scribed scaffold-free approach to create vascularized human car-
diac tissue.

The success of our scaffold-free patches to remuscularize the
heart in vivo will require electrical synchrony with the host as well
as mechanical contribution to systolic contraction and diastolic
filling. We found that both cardio-only and cardio-HU VEC-MEF
patches contracted in response to electrical stimuli up to at least 2
Hz (i.e., 120 beats per minute), suggesting that patches would be
able to keep pace with adult human myocardium (typically ~70
beats per minute). Further, the passive stiffness of cardio-HU VEC-
MEF patches (=8 mN/mm?) was four times higher than cardio-only
patches and was thus closer to that of neonatal pig and rat cardiac
tissue (30.2 = 3.5 mN/mm? in pigs, ref. 21; and 38.5 = 9.1 mN/mm?
in rats, ref. 25). Importantly, patches were ~1,000 times less stiff
than myocardial infarct scar (3730 = 1340 mN/mm?) (25), suggest-
ing that they would not inhibit diastolic filling in vivo. The greater
stiffness of the cardio-HUVEC-MEEF patches is likely due to the
ability of fibroblasts to secrete and rearrange extracellular matrix
components in myocardium, as was evidenced by increased colla-
gen found in cardio-HU VEC-MEEF patches, although a direct role
for fibroblast stiffness cannot be ruled out from these data. These
results show that cardio-HUVEC-MEF patches are not only vas-
cularized but also contain a connective tissue component.

The present study describes the in vivo engraftment of prevas-
cularized engineered cardiac tissue composed entirely of human
cells. Cardio-HUVEC-MEEF patches resulted in greater than 10-
fold larger B-MHC-positive (cardiomyocyte) and CD31-positive
(endothelial cell) grafts than cardio-only grafts after implantation
in a skeletal muscle model. Taken together with results from other
groups in engineering skeletal muscle (20) and rat cardiac muscle
(13), our results suggest a critical role for endothelial and mesen-
chymal cell populations in the design and implantation of engi-
neered muscle tissue.

We showed here that prevascularized engineered cardiac tissue
patches also form vascularized human myocardium after implan-
tation onto rodent hearts. This suggests that human cardiomyocyte
tissue patches could have broad clinical application in the repair of
myocardial infarction and congenital heart defects. In the present
study, we made significant progress toward clinical translation by
creating entirely human cardiac tissue patches from hESC-derived
cardiomyocytes, HUVECs, and NHDFs and demonstrating en-
graftment in animal hearts. Future studies will focus on testing
alternative human cell sources (26, 27), developing techniques to
create patches of appropriate size for epicardial treatment of large
animals or for or injectable catheter-based delivery, and testing
whether patches improve function after implantation on infarcted
hearts.

Methods

Culture and Derivation of Cardiomyocytes and Endothelial Cells from hESCs. The
undifferentiated female hESC H7 line (passages 58-96) was cultured in MEF-
conditioned media, and hESC-derived cardiomyocytes and endothelial cells were
derived by using directed differentiation protocols described previously (1) (see S/
Text for additional details).

Creation of Patches Containing Cardiomyocytes, Endothelial Cells, and Fibro-
blasts. Human cardiomyocytes were removed from differentiation culture 18-26
days after the addition of activin A and then resuspended in huEB, RPMI-B27, or
MEF-conditioned medium (see S/ Text for additional details). HUVECs, hESC-
derived endothelial cells, MEFs, and NHDFs were trypsinized and resuspended in
corresponding media. We added 0.125 X 106 to 3 X 106 human cardiomyocytes,
HUVEGs, hESC-derived endothelial cells, MEFs, and/or NHDFs to low-attachment
plates on day 0 in cardiomyocyte-endothelial cell-fibroblast ratios of 1:0:0, 1:1:0,
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1:1:0.5, 1:1:1, 1:0.5:0.5, 1:0.5:0.25, or 1:2:0.5, with n = 3-6 per group. Plates were
then placed on arotating orbital shaker as described previously (16) and in S/ Text.

Shortening Contractions Stimulated by Electrical Pacing in Whole Patches.
Human cardiac tissue patches were paced with electrical field stimuli at frequen-
cies of 0.5, 1, 1.5, 2, 3, 4, or 5 Hz (60 V; 25-ms square wave) by using an Aurora
Scientific (n = 14 for cardio-only patches; n = 9 for cardio-HUVEC-MEF patches)
stimulator (Model 700A) and a custom carbon electrode assembly fitted to a
six-well tissue culture plate that was held at 30 °C = 2 °C. Contractions were
monitored and recorded digitally by using SoftEdge Acquisition software (lon-
Optix), which detects motion at a boundary or interface. Beating rate at each
frequency was analyzed offline, and the number of patches that successfully
captured all electrical impulses at a given frequency was recorded as a percentage
of total patch number.

Passive Mechanical Measurements. Patches were cut into strips and passive
tension response was measured by stretching patches in increments above initial
length. Peak force from each length stretch was plotted versus fractional stretch
and fitted with a line to obtain the stiffness of each patch strip preparation. The
average stiffness of all preparations was determined for each patch type. See S/
Text for additional details.

Preparation of Cardiac Tissue Patches for Implantation. To increase patch
survival during the transplantation period, we adapted our recently developed
prosurvival protocol (1) for use with engineered constructs, as detailed in the S/
Text.

In Vivo Implantation into Skeletal Muscle. All animal procedures described were
reviewed and approved by the University of Washington Institutional Animal
Care and Use Committee and performed in accordance with federal guidelines
for the care and use of laboratory animals. Sprague Dawley athymic nude rats
(rnu-rnu; Charles River Laboratories) were anesthetized by using isofluorane. A
small incision through the skin was made in the upper hindlimb, and fascia was
trimmed for access to the gluteus superficialis muscle. Muscle fibers were parted
by blunt dissection, and human cardiac tissue patches were inserted into the
muscle. Two types of patches were implanted: (i) cardio-only patches contained
3 X 108 cardiomyocytes and were cultured in RPMI-B27 medium for 8 days before
implantation (n = 5), and (if) cardio-HUVEC-MEF patches contained 2 X 108
cardiomyocytes, 2 X 10% HUVECs, and 1 X 10® MEFs and were cultured in huEB
medium for 8 days before implantation (n = 4). A 4-0 polyglycolic acid suture
(Dexon-S, Syneture) was used to close the muscle and mark the location of patch
placement. The incision in the skin was sutured closed, and the animal was
allowed to recover. Animals were administered cyclosporine A s.c. 1 day before
surgery and then daily until sacrifice (0.75 mg/day; Wako Pure Chemicals). Ani-
mals were killed 1 week after implantation. Skeletal muscle surrounding the site
of patch implant was collected, sliced through the suture site with a razorblade,
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fixed in Methyl Carnoy’s fixative (60% methanol, 30% chloroform, and 10%
glacial acetic acid), processed, embedded, and sectioned into 5-um sections for
histology.

Patch Engraftment on Hearts. Sprague Dawley nude rats were anesthetized by
usingisofluorane, intubated, and mechanically ventilated. The chest was opened,
the pericardium was partially removed from the heart, the heart was scuffed
slightly with a cotton swab, and asingle patch containing 2 X 106 cardiomyocytes,
2 X 10% HUVECs, and 1 X 10® MEFs or NHDFs cultured in huEB medium for 8 days
was placed directly onto the heart (by using no additional attachment methods;
n = 6 cardio-HUVEC-MEF patches) or attached to the heart by using two to four
sutures (n = 4 for cardio-HUVEC-MEF patches; n = 4 for cardio-HUVEC-NHDF
patches).

The chest was closed aseptically 15 min after application of patches, and
animal recovery from surgery was monitored. Animals were administered cyclo-
sporine A s.c. daily starting 1 day before and continuing for 7 days after patch
implantation (0.75 mg/day; Wako Pure Chemicals). Animals were killed 1 week
after patch implantation. Hearts were short-axis-sectioned through the patch,
fixed in Methyl Carnoy's fixative, processed, embedded, and cut into 5-um
sections for histology.

Immunohistochemistry and Microscopy. For media optimization and prolifera-
tion experiments, patch sections were double-stained with antibodies against
B-MHC and BrdU to identify cardiomyocytes and cells in the S phase of the cell
cycle, respectively (16). For in vitro vascularization and in vivo implantation
experiments, patch sections were stained with antibodies against g-MHC, Nkx2.5,
human CD31, and Ter-119 to identify human cardiomyocytes, cardiac progenitor
cells, endothelial cells, and red blood cells, respectively (16). See S/ Text for
additional information.

Note Added in Proof. We draw the reader’s attention to two interesting articles,
published while this manuscript was in the proof stage. Lesman et al. (28)
transplanted prevascularized constructs containing hESC-derived cardiomyo-
cytes, HUVECs, and MEFs and showed that they formed viable, perfused graftsin
hearts of immunosuppressed rats. Dvir et al. (29) created a neonatal rat cardio-
myocyte patch and prevascularized it on the omentum, prior to transplanting it
onto the heart. They report these patches integrated structurally and electrically
with the host heart. These reports support our finding that prevascularization
enhances the ability of tissue engineered myocardium to engraft in the heart.
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