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Efficient Differentiation of Human Induced Pluripotent
Stem Cells Generates Cardiac Cells That Provide
Protection Following Myocardial Infarction in the Rat

Lee Carpenter,®* Carolyn Carr®" Cheng Tao Yang,'* Daniel J. Stuckey?
Kieran Clarke?® and Suzanne M. Watt'?

Induced pluripotent stem (iPS) cells are being used increasingly to complement their embryonic counterparts to
understand and develop the therapeutic potential of pluripotent cells. Our objectives were to identify an efficient
cardiac differentiation protocol for human iPS cells as monolayers, and demonstrate that the resulting cardiac
progenitors could provide a therapeutic benefit in a rodent model of myocardial infarction. Herein, we describe a
14-day protocol for efficient cardiac differentiation of human iPS cells as a monolayer, which routinely yielded a
mixed population in which over 50% were cardiomyocytes, endothelium, or smooth muscle cells. When dif-
ferentiating, cardiac progenitors from day 6 of this protocol were injected into the peri-infarct region of the rat
heart; after coronary artery ligation and reperfusion, we were able to show that human iPS cell-derived cardiac
progenitor cells engrafted, differentiated into cardiomyocytes and smooth muscle, and persisted for at least 10
weeks postinfarct. Hearts injected with iPS-derived cells showed a nonsignificant trend toward protection from
decline in function after myocardial infarction, as assessed by magnetic resonance imaging at 10 weeks, such that
the ejection fraction at 10 weeks in iPS treated hearts was 62% +4%, compared to that of control infarcted hearts
at 45%+9% (P<0.2). In conclusion, we demonstrated efficient cardiac differentiation of human iPS cells that
gave rise to progenitors that were retained within the infarcted rat heart, and reduced remodeling of the heart

after ischemic damage.

Introduction

MORTALITY RATES ARE HIGH for ischemic heart disease
and its consequences [1]. As the adult heart is unable to
rapidly regenerate the large number of cardiomyocytes lost
immediately after infarction, patients are left with an area of
irreversibly damaged myocardium. Stem cells and their
products have the potential to provide or stimulate the for-
mation of a new blood supply and new viable cardiomyocytes
within the damaged heart, thereby reducing the hemody-
namic stress and left ventricular remodeling pivotal in the
transition to failure.

Cellular therapies using human postnatal blood and bone
marrow have been tested in clinical trials for cardiac regen-
eration and, although randomized clinical trials show some
evidence of improvement in left ventricular ejection fraction
(EF) over the short term, there is still no conclusive evidence
of cardiomyocyte replacement with these cells [2-5]. Re-
cently identified cardiac stem cells (CSCs) offer a promising
cell population for autologous cell therapy or for developing

drug therapeutics for endogenous repair [6,7]. However,
human cardiac biopsy samples are required and this lack of
readily available tissue limits studies on autologous CSCs in
patients susceptible to myocardial infarction. Human em-
bryonic stem (ES) cells remain one potential source of cells
for regenerating infarcted tissue with functioning cardio-
myocytes and their ability to contribute to cardiac repair
after myocardial infarction has been described in detail
[8-12]. However, their derivation from live embryos is con-
sidered ethically contentious and problems related to donor-
recipient mismatch should not be underestimated [13].

In groundbreaking studies, Yamanaka and coworkers
have identified the genetic factors that can reprogram so-
matic cells to an embryonic-like state [14]. These cells, termed
induced pluripotent stem (iPS) cells, have been generated
in vitro from adult mouse [14] and subsequently human tissue
sources [15-17]. Being derived from host somatic cells, they
also represent a source of autologous cells for therapy and
research. Other technical advances, such as the use of non-
integrating viral vectors [18,19] or small molecules [20-22]
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have been reported, but the therapeutic potential of such
human iPS lines for cardiac repair has yet to be confirmed.

Currently, only limited in vivo studies describe the po-
tential of human iPS cells for cardiac repair [23], and report
the effects of directly injecting undifferentiated iPS cells into
infarcted hearts of immunosuppressed and immunocompe-
tent mice. Treatment of immunocompetent hearts resulted in
successful cell engraftment and an improvement in cardiac
function. However, undifferentiated iPS cells administered to
immunosuppressed hearts formed tumors over 2—4 weeks.
Here we describe, for the first time, protocols for efficient
cardiac differentiation of human iPS cells that, when injected
into the infarcted rat heart, result in long term retention of
enhanced green fluorescent protein (eGFP)-positive cells that
stain positive for markers representative of cardiomyocytes
and smooth muscle, and that contribute to reduced re-
modeling of the rat heart post-acute myocardial infarction
(AMI), when measured at 10 weeks.

Materials and Methods
Derivation and culture of human iPS cells

iPS cells were generated essentially as described by Taka-
hashi et al. [15] and by this laboratory elsewhere [24]. Briefly,
we reprogrammed human dermal fibroblasts (Lonza), using
retrovirus expressing Oct4, Sox2, and Klf4. Retrovirus was
generated from pMX-based plasmids (Addgene) and PLATGP
packaging cells (Cell Biolabs). Transduced human dermal
normal fibroblasts (HDNF) were co-cultured with Mitomycin
C—treated mouse embryonic fibroblasts in Dulbecco’s modified
Eagle’s medium (DMEM)/F12, 20% (v/v) Knock Out Serum
Replacement, 10ng/mL basic fibroblast growth factor (bFGF),
2mM sodium pyruvate, 1x nonessential amino acids (In-
vitrogen), and 1puM beta-mercaptoethanol (Sigma-Aldrich).
Cultures were maintained in 5% CO, and 5% oxygen with half
medium changes every 2 days, for up to 34 days. iPS colonies
were picked and expanded before adaptation to feeder-
independent culture as described by Ludwig et al. [25], while
cultured routinely in 5% oxygen. iPS colonies were harvested
by day 5-6, when compacted with 2 h pre-incubation in Y27632
Rho associated coil kinase inhibitor (10 uM final; Sigma Al-
drich) as previously described [26]. iPS cells were washed in
DMEM/F12 basal media (Invitrogen) and incubated in
1xdispase (Invitrogen) for 20min, after which cells were
harvested, dispersed mechanically into clumps of 10-20
cells, and dispersed at ratios of 1:12 onto Matrigel (ES qual-
ified Matrigel from BD Biosciences)-coated plates with 2mL
fresh mTeSR (Stem Cell Technologies) supplemented with
Y27632. Further feeds involved half medium changes every
48 h, without the need to further supplement with ROCK
inhibitor. iPS cells used in this study, referred to as the C18
line, have been fully characterized for ES-like morphology,
transgene silencing, ES-specific gene expression, and plur-
ipotency in vitro with the differentiation toward neurons,
hepatocytes and muscle, and in vivo as teratomas [24].

Optimized protocol for cardiac differentiation
of iPS cells

We have assessed various protocols that have been de-
scribed previously [10,27] with our own differentiation
strategies. Only our own protocol yielded sheets of contractile
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tissue, and this is described herein. iPS cells were differenti-
ated as a monolayer, in Stem Pro-34 medium was supplemented
with 2mM L-glutamine, 1% (v/v) PenStrep (PAA), 400uM
monothioglycerol (Sigma Aldrich) and 50 ug/mL ascorbic acid
(Sigma Aldrich). Stem Pro-34 basal media was further supple-
mented with 50ng/ml Activin A for 4h; 10ng/mL BMP4 (R&D
Systems), 5ng/mL bFGF and 5ng/mL Activin A (Invitrogen) for
44h. A full media change with fresh cytokines was made on day
2 for a further 48h. Cells were then incubated in Stem Pro 34
basal media alone, with no added cytokines, from days 4-14.
Cell masses started beating after 10 days.

Characterizing cardiovascular progenitor cells

To assess whether the iPS cells contributed to the cardiac
lineage and were capable of adult cardiogenesis, we cultured
the C18 iPS cell line in the optimized protocol to first identify
the mesoderm and cardiac progenitor phenotype. As de-
scribed by Yang et al. for hES cells [27], cKit KDR'" (Flk 1)
cardiac progenitors can be isolated and developed into car-
diomyocytes. Additionally, platelet derived growth factor
alpha receptor (PDGFaR) is expressed during cardiovascular
development [28], and thus may be considered an additional
marker for the cardiac progenitor. Initially, cells were collected
after dispersal in accutase (PAA) for ~10min during day 4-8
differentiation, pelleted at 300 g for 10 min, re-suspended in
90 uL. phosphate-buffered saline (PBS) with 0.5% (w/v) bo-
vine serum albumin (BSA), and mixed with 10puL FcR
blocking reagent (Miltenyi Biotec.) for 15 min on ice. Next, live
cells were stained for KDR-PE (R&D Systems), ckit-APC (BD
Biosciences), Tie2-APC (R&D Systems), and PDGFRa-PE (BD
Biosciences), by applying antibodies at 1:5-1:10 dilution for
1h at 4°C. After washing 3 times with PBS and pelleting at
1,200rpm for 10 min, the cells were analyzed using an LSRII
flow cytometer (BD Biosciences).

Demonstrating cardiac and endothelial potential
of human iPS cells

Day 4-21 iPS cell differentiation cultures were fixed in 4%
(w/v) formaldehyde/PBS for 15 min on ice, washed 3 times in
PBS, and incubated with PBS-BSA Triton [or PBS-BT: PBS
with 0.5% (w/v) BSA and 0.1% (v/v) Triton X-100] at 4°C
overnight before staining with relevant antibodies. Fixed cells
were stained for the cardiac phenotype using troponin I (clone
EP1106Y; Abcam), troponin C (clone H-110; Santa Cruz
Technologies), o actinin (clone EA-53; Sigma Aldrich), and a-
smooth muscle actin (SMA) (clone SPM332; Abcam), using
antibodies at 1:100-1:250 dilution for 1 h at room temperature.
After washing in PBS, appropriate Alexa-conjugated second-
ary antibodies (Invitrogen) were applied at 1:1,000 dilution for
1h at room temperature. Cells were also stained with anti-
bodies CD34-FITC (clone AC136; Miltenyi Biotec.) and CD31
(clone WM59; BD Biosciences) at 1:100 for 1h at room tem-
perature. Cells were imaged with a Nikon TE300 inverted
fluorescent microscope and images captured using Hama-
matsu Photonics CCD camera and processed with Sim-
plePCI software (Digital Pixel). To quantify percentages of
different cells in this heterogeneous population, cells were
analyzed by fluorescence-activated cell sorting (FACS)
analysis. Following our cardiac differentiation protocol, day
14-21 iPS-derived cells were harvested using 1X accutase,
pelleted at 300 g for 10 min, resuspended in 100 pL PBS, and
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fixed by 900 pL 4% (w/v) formaldehyde/PBS for 15min on
ice. After 3 washes with PBS, fixed cells were permeabilized
using the Fixation/Permeabilization Kit (BD cytofix/Cyto-
perm™; BD Biosciences). The cells were stained for cardiac
troponin I, troponin C, a-actinin, and 0-SMA, using antibodies
at 1:20-1:50 or CD34-FITC and CD31-PE at 1:10, all for 1h on
ice. After washing, appropriate Alexa-conjugated secondary
antibodies were applied at 1:1,000 dilution for 1h on ice.

Generating eGFP-positive iPS cells

C18 iPS cells were transduced with lentivirus expressing
eGFP (kindly provided by Prof. Adrian Thrasher, University
College London), at low moi (<1 pfu/cell). At 48h post-
transduction, eGFP-positive iPS cells were harvested and
plated at low density with colonies screened by fluorescence
microscopy after 7-10 days. eGFP-positive colonies were
selected for further expansion, and the most highly expres-
sing sub-clone was selected for further in vivo studies.

Rat myocardial infarction and cell administration

The left anterior descending (LAD) coronary artery of fe-
male RNU-RNU rats (180-230g) was occluded to induce is-
chemia reperfusion injury. In brief, after anesthesia and
thoracotamy, the pericardium was removed and a 5-0 prolene
suture placed under the LAD, about 2mm from the origin.
The suture was tied around a small piece of PE tubing, oc-
cluding the LAD, and the chest closed. After 50 min, the chest
was re-opened and the tubing removed to allow reperfusion.
Ten minutes after reperfusion, iPS cells (2 x 10° in 50 pL. HBSS
medium; 7 =4) or medium alone (50 pL; 7 =5) were injected in
the peri-infarct region. In sham animals (17=3), the thor-
acotamy was performed, but no stitch placed in the heart.

Cardiac cine magnetic resonance imaging

Cardiac cine magnetic resonance imaging (MRI) was
performed as described [29] at 2 days and at 2, 6, and 10
weeks after infarction. Briefly, rats were anesthetized with
2.5% (v/v) isoflurane in O,, positioned supine in a purpose
built cradle, and lowered into a 60 mm birdcage coil in a
vertical bore 500MHz, 11.7 T MR system with a Bruker
console running Paravision 2.1.1. A stack of 7-8 contiguous
1.5-mm true short-axis ECG-gated cine images [field of view
51.2 mm?, matrix size 256 x 256 zero filled to 512x512 giving
a voxel size of 100 x 100 x 1,500 um, echo time/repetition time
(TE/TR) 1.43/4.6ms, 17.5° pulse, 25-35 frames per cardiac
cycle] were acquired to cover the entire left ventricle. The end
diastolic and end systolic volumes (ESVs) were measured for
each slice using Image] (NIH; http://rsbinfonihgov/ij) and
summed over the whole heart. Stroke volume was calculated
as end diastolic volume minus ESV. The EF was calculated as
the stroke volume divided by the end diastolic volume. The
akinetic area of the myocardial surface was calculated as the
average of the endocardial and epicardial circumferential
lengths of the thinned, akinetic region of all slices, measured
at diastole, multiplied by the slice thickness, and expressed
as a percentage of the total myocardial surface [30].

Evaluating iPS cell engraftment at 10 weeks post-M|

Hearts were harvested 10 weeks postsurgery and fixed in
1% (w/v) formaldehyde/PBS at 4°C overnight. Fixed tissues
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were paraffin-embedded for histology and sectioned at a
thickness of 6-7um, transversely across the infarct zone.
Sections were deparaffinized and hydrated with deionized
water. Immunofluorescence was carried out with anti-GFP
(Invitrogen), anti-cardiac troponin I (clone EP1106Y; Abcam),
anti-o-actinin (clone EA-53; Sigma Aldrich), and anti-a-SMA
(clone SPM332; Abcam) at 1:100-1:400 dilution, and then
appropriate Alexa-conjugated secondary antibodies (In-
vitrogen) applied at 1:1,000 dilution. Slides were then treated
with 0.1% (w/v) sudan black in PBS for 10min at room
temperature with further washes in deionized water before
visualization. All cells and slides were imaged with a Nikon
ECLIPSE E600 microscope and images captured using a
Nikon AxioCam and processed using PCISimple software as
above.

Statistics

Results are presented as meansz+standard errors. Statis-
tical assessment was conducted using analysis of variance at
10 weeks, with a post hoc test with Tukey correction. P values
are presented for difference between infarct control group
and iPS treatment group. For in vivo studies, n=>5 for infarct
control, n=4 for iPS-treated, and n=3 for sham-operated
groups.

Results

Inducing efficient cardiac differentiation strategies
from human iPS cells as monolayers

To-date, several differentiation strategies exist for the
derivation of cardiovascular cells from ES and iPS cells, both
for mouse and human cells [27,31]. These usually require the
formation of embryoid bodies or the use of serum, although
some also describe cardiac differentiation as monolayers
[10,15], while others have described differentiation of specific
cells types such as endothelium from pluripotent stem cells
using signal inhibition [32]. To optimize cardiac differentia-
tion as a monolayer, we considered these protocols and
compared them to our own. In this novel protocol, human
iPS cell monolayers were exposed to reduced activin A
(50ng/nL) in StemPro34 basal media for a short period (4 h)
to prevent the extensive cell death that occurred after expo-
sure to high doses of activin A (100ng/mL) for extended
periods of up to 24h (data not shown). Additional modifi-
cations included continuous exposure to lower levels of ac-
tivin A (5ng/mL), bFGF (5ng/mL), and BMP4 (10ng/mL)
for a further 92h, followed by culture in StemPro34 for 10
days with no further supplementation. Figure 1la outlines
this optimized protocol with bright-field photos of cells at
each significant time point. At day 0, iPS cells were clearly
evident, with large flat colonies, and cells with a large nu-
cleus and scant cytoplasm. By 4h incubation with Activin A
in StemPro34, although there was extensive cell death, a
majority of live cells remained attached (see Fig. 1a day 2)
and expanded over the early stages of culture, and continued
to proliferate until sheets of stromal-like cells were overlaid
by cardiac progenitors. These overlying cells fused as single
structures that eventually beat with other neighboring
structures, often as a single sheet (see Supplementary Movie
S1; Supplementary Data are available online at www
Jiebertonline.com/scd). When human iPS cells are
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FIG. 1. Optimizing directed differentiation of induced pluripotent stem (iPS) cells and assessing cardiovascular commit-
ment. The directed differentiation protocol utilized in the study is outlined in (a) top, with bright-field images ( x4) that clearly
reflect the drastic loss of iPS morphology, as cells differentiate toward the cardiovascular lineage, shown below. On days 4-8,
populations were assessed after harvesting, by fluorescence-activated cell sorting (FACS) analysis after staining for the
expression of Tie2, c-kit, and platelet derived growth factor alpha receptor (PDGFoR) as shown in (b) (where n=3), with
subsequent loss of embryonic stem cells markers TRA-1-81 and SSEA4 shown in (c).

differentiated as embryoid bodies using directed approaches
such as those described by Yang et al., we typically see <5%
of the embryoid masses beating (Lee Carpenter, unpublished
data) and approaches described by Laflamme et al. [10] re-
sult in such extensive cell death that very few iPS cells sur-
vive for subsequent analysis. We therefore report this as a
novel defined strategy for the efficient differentiation of hu-
man iPS cells as monolayers toward the cardiac lineage.
Figure 1b shows a representative analysis of the cell sur-
face expression of biomarkers, over days 4-8 of culture, that
are associated with the cardiovascular lineage. This shows

the formation of PDGFaR-positive populations at day 5,
which subsequently increased in numbers over 4-8 days
(Fig. 1b) and which represented up to 38.7% *8.2% of cells on
day 6. This marker has previously been associated with the
mesoderm [33], and more specifically the cardiac lineage
[28,31,34], while it has been shown recently to be induced by
factors such as Mesp1 [35], responsible for mesodermal fate
specification. We also show staining for Tie2, a marker
thought to identify the endothelium [36] (aswell as other
cells) and which, with KDR-positive cells, represented
54%+29% of cells on day 8. This, upon co-staining for
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FIG. 2. Phenotypic assessment of cardiovascular phenotypes after differentiation in vitro. After 14 days of differentiation as
described previously, cultures were stained for a range of cardiovascular markers that include (a) o-actinin (green) and
Troponin C (red) (x10) with (b) showing a magnified (x60) image and inset showing striations that indicate sarcomeric
staining for a-actinin (in green). (¢) CD34 (green) with CD31 (red) (x20) and (d) a magnified (x40) image of these double-
positive networks. (e) Troponin C staining (green) with CD31 staining (red) demonstrating association of endothelial networks
with cardiomyocytes (x20). (f) Smooth muscle actin (green) with CD31 (red) staining (x20) with a magnified image dem-
onstrating smooth muscle actin (SMA) specific cytoskeletal staining in inset. (g) Quantification of these biomarkers, after
harvest of cells from culture on day 14, and analysis by FACS as indicated (n=4-8 as indicated).

PDGFaR, appeared to be a distinct population that was
Tie2 "KDR"PDGFoR ~. It is unclear at this time whether
these cells arise from the cardiac progenitor described by
Yang and colleagues [27] or from a distinct progenitor that
can form independently during differentiation, such as the
hemangioblast [37]. In Fig. 1c, we show consequent loss of
ES-specific markers SSEA3 and TRA-1-81. Human ES and
iPS cells should be dual positive for these markers (see day
0), suggesting that iPS cells do not persist at day 6 of the
cardiac differentiation protocol. We also demonstrate ex-
pression of markers associated with the mesoderm by re-
verse transcriptase-polymerase chain reaction (RT-PCR), as
iPS cells differentiated toward the cardiovascular lineage,
which profiles up-regulation in expression of Goosecoid,
Brachyury, Mix1, and Mesp1 (as described in Supplementary
Experimental Procedures and Supplementary Fig. S1).
When these differentiating monolayers were assessed by
immunohistochemistry (Fig. 2), they were highly positive for
cardiac markers, troponin I, o-actinin, and SMA. In the case
of a-actinin, staining clearly showed sarcomeric Z lines with
highly distinctive striations characteristic of cardiomyocytes.
Furthermore, strong co-staining was observed for CD34 and
CD31, suggestive of an endothelial cell type. Although these
markers are not specific to endothelium, and are expressed
on hematopoietic cells and a subset of mesenchymal stem/
stromal cells, our CD34" cells were negative for CD45 and
expressed low /negligible CD90. In separate studies, we have

shown mesenchymal stromal cells to be very strongly positive
for CD90 and negative for CD31 (unpublished data), data that
support an endothelial phenotype. Interestingly, these iPS-
derived endothelial cells formed tubule networks that were
shown to be integrated into regions that were rich in cardio-
myocytes and smooth muscle, but represented just 1.66% of
the total population when assessed by FACS (see Fig. 2).

Upon subsequent assessment of day 14 cultures by FACS
analysis, positive staining for differentiated cardiac cell
markers such as troponin I, a-actinin, «-SMA, and CD34 was
quantitatively assessed (Fig. 2g). About 39.8%+15.1% (n=>5
independent cultures) of the population was positive for
troponin I, thus representing cardiomyocytes, while cells
expressing a-actinin correlated closely at 36.1% +2.5%. SMA,
a marker for smooth muscle, was detected on 6.4% +3.6% of
cells analyzed, and expression of the endothelial marker
CD31 was 1.66%+0.75%. These data match the FACS pro-
filing for cardiovascular markers over days 4-8, and suggest
that our protocols favor the formation of cardiomyocytes and
smooth muscle, with endothelium forming to a lesser extent.
In Supplementary Movie S1, we also show that the high level
of cardiomyocyte formation in the monolayer gave rise to
extensive beating masses that resulted in sheets of contractile
tissue.

We have found this to be a highly reproducible protocol
that routinely produces contractile sheets with greater effi-
ciency than previously observed by this laboratory for
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cardiac differentiation of iPS cells as embryoid bodies or
monolayers (Lee Carpenter, unpublished data). We therefore
wanted to assess the function of human iPS cell-derived
cardiac differentiated cells, prepared using this protocol, in
heart repair.

Functional assessment of human iPS cell-derived
cardiac progenitors in a rat model of ischemia-
reperfusion injury

After reperfusion, 2x10° day 6 eGFP-positive, cardiac-
differentiated iPS cells were administered by intra-myocardial
injection. Cardiac function, measured at 2 days using in vivo
cine-MRI (as shown in Fig. 3A and quantified in 3B), showed
no significant difference in EF, ESV, or end diastolic volume
between control-infarcted and iPS-treated rat hearts. Al-
though there were no significant differences in cardiac
morphology and function between infarcted and iPS-treated
hearts at any time point, hearts injected with iPS-derived
cardiac differentiated cells showed attenuated functional
decline after infarction (62% +4%) compared to infarct con-
trol (45%+9%) at 10 weeks. Although the EF was not sig-
nificantly different from those of the infarct control animals
at 10 weeks (also see Supplementary Table S1 for full func-
tional data), there was a nonsignificant trend (P <0.2). This
was also true for end systolic volume (P=0.2) and average
left ventricular mass (P <0.2), which further suggests that the
protection from decline in heart function observed after
myocardial infarction was conferred by introduction of iPS-
derived cardiomyoctes.

Although the protective effects from injection of the iPS-
derived cardiac cells were generally modest after myocardial
infarction, the functional data showed a nonsignificant trend
toward an effect in the iPS group, which is not seen in other
long-term functional studies [4].

Histological assessment to determine retention
of eGFP-positive cells at 10 weeks post-transplant

To demonstrate that protection of rat hearts from AMI
resulted from the injected human iPS-derived cardiac cells,
we showed that they had engrafted into the rat heart and
were retained for up to 10 weeks after myocardial infarction.
At this time hearts were recovered, preserved by fixation,

N
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FIG. 3. Assessment of heart function for 10 weeks after
myocardial infarction and administration of iPS cells. RNu
rats were monitored from day 2 to week 10 after myocardial
infarction using in vivo magnetic resonance imaging (MRI).
(A) Representative MR images, taken at 10 weeks after
myocardial infarction of sham-operated hearts (top), in-
farcted hearts (middle), and iPS-treated infarcted hearts (bot-
tom) at diastole (left) and systole (right) (scale bar=10 mm;
arrows indicate infarcted region). (B) Mean left ventricular
end diastolic volumes, end systolic volumes (ESVs), and EFs
from sham (light gray), infarcted (mid gray), and iPS-treated
(black) hearts show that iPS-derived cell administration at-
tenuated the decrease in EF at 10 weeks compared to infarct
controls (P<0.2 at 10 weeks). This was also true for end
systolic volume (P=0.2) and average left ventricular mass
(P<0.2). Significance between infarct/iPS and sham groups
is also shown where *P <0.05.
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and sectioned and stained for cardiac specific markers. Al-
though large sheets of engrafted tissue were not evident, we
did find areas around the infarct zone that retained eGFP-
positive cells that were clearly of the cardiac lineage, since
they were dual positive for eGFP and o-actinin, SMA, or

50
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troponin I, when assessed by immunofluorescence (Fig. 4).
Some heterogeneity in signal is observed in Fig. 4a, since we
experienced silencing of the eGFP transgene (~58% of iPS
cells were detectably eGFP positive, while the remaining
cells were silenced; see Supplementary Fig. S2), so that,

FIG. 4. Assessment of eGFP-iPS cell engraftment in rat heart at 10 weeks post-myocardial infarction by immunofluores-
cence. After 10 weeks postinfarction, rat heart tissues from iPS-injected infarcts were collected, fixed, and sectioned before
demonstrating in (a) direct GFP fluorescence (green) and immunofluorescence staining for human Troponin I (red), or
immunofluorescent staining for GFP (green) with (b) SMA and (c) aActinin-positive cells (in red) (all at x40). In each case the
left panel shows counter staining with 4’,6-diamidino-2-phenylindole (blue), middle left panel shows GFP expression (green),
middle right shows the relevant cardiovascular stain (red), and the right panel shows a merged imaged to demonstrate co-
localization. Upper panels in (a—c) are representative sections from infarct control groups, while the lower panels are from those
infracted hearts injected with GFP-positive iPS cells differentiated toward the cardiac lineage. eGFP-iPS, enhanced green

fluorescent protein-positive iPS cell.
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in vivo, some cells appeared positive for human-specific
Troponin I only, and not GFP (hence staining red only).
Conversely, not all iPS-derived cardiac differentiated cells
formed cardiomyocytes and so these did not stain for Tro-
ponin I, and thus may have appeared green only. We did
observe, however, a large number of cells with dual staining
for both eGFP and Troponin I as expected. Similar staining
patterns were observed for o-actinin (Fig. 4b) and SMA (Fig.
4¢) in those hearts treated with eGFP-positive iPS cells (lower
panels). eGFP-positive cells were counted to be at 22.04%
(SD+£3.4% n=3), while Troponin I-positive cells were coun-
ted to be 9.38% (SD+0.01%, n=3), in areas around the infarct
zone.

Control infarct only tissue (upper panels) showed no ex-
pression of human-specific Troponin I nor eGFP; however, o-
actinin and SMA expression was detected since antibodies
used in these groups were not specific for the human anti-
gen. We show that in these control panels, however, there
was no eGFP expression and thus no co-localization. From
these studies, we suggest that retention of a limited number
of cells at 10 weeks is highly significant, since engrafted tis-
sue is lost over this time, even in immunocompromised
models. For us to observe the presence of transplanted cells
at 10 weeks indicates that many more iPS-derived cardiac
differentiated cells were retained and engrafted during the
initial injection and recovery from infarct, resulting in the
benefit in cardiac function observed with the iPS-treated
group, compared to the infarct group, over subsequent
weeks.

Discussion

To date, most iPS research has focused on the derivation of
cardiac progenitors from mouse iPS cells [38,39] and, in
general, this has been to assess differentiation capacity in
vitro. While several studies have demonstrated human iPS
differentiation toward the cardiac lineage [15,31], these pro-
tocols have not been extended to demonstrate long-term
engraftment in animal models of AMI. Where long-term
engraftment of human iPS cells has been reported in murine
models of myocardial infarction [23], these studies involved
the transplantation of undifferentiated human iPS cells into
immunosuppressed mice resulted in formation of tumors.
Here, we have been able to describe a highly efficient dif-
ferentiation protocol for the production of cardiovascular
cells from human iPS cells as monolayers. When cardiac
differentiated cells were transplanted at day 6 of differenti-
ation, in a rat model of myocardial infarction, we have
shown them to be capable of engraftment and to persist long
term, with further differentiation into cardiovascular cell
types in vivo. Although the protective effects from injection
of the iPS-derived cardiac cells were generally modest after
myocardial infarction, there was a nonsignificant trend in
decline of EF at 10 weeks (P<0.2), when compared to the
control infarcts.

Optimization of the methods for cell delivery and in the
type of cell populations transplanted is probably essential for
improved functional benefit from such cellular approaches
for repair of infarcted heart. Previously, mixed populations
of differentiating human ES cultures have been used [10,11]
as it is thought that contaminating cells such as fibroblasts
may actually improve transplant efficiency by supporting
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engraftment of the cardiac progenitors [12]. It was this ap-
proach that was adopted here. Of note in this study is that
even with a mixed differentiated population, no teratoma
formation was observed, and there were no tumor-related
mortalities. This helps to alleviate safety concerns associated
with such a procedure; however, a more dedicated study
over an extended period will need to be conducted before
such procedures can be considered safe. Purified populations
of cardiomyocytes have also been used with success to
promote cardiac repair [10], and this could be considered for
future studies using human iPS cells to enhance efficacy and
improve safety further. Selection could be based on bio-
markers such as PDGFaR as described in this study. Other
considerations are to improve cell survival and engraftment
once cardiac progenitors are delivered to the site of injury, as
described with the administration of pro-survival factors
[10,40]. Better experimental strategies are clearly necessary to
demonstrate the full potential of human-derived pluripotent
stem cells for cardiac repair, which include the introduction
of novel methods for delivery in appropriate animal models,
such as those described recently using primate ES cells, with
their cardiac differentiated progeny introduced via compos-
ite sheets before implantation [41]. However, these ap-
proaches were not within the scope of the present study,
which was primarily to identify efficient protocols to induce
efficient human iPS cell differentiation toward the cardiac
lineage and to demonstrate their engraftment and any po-
tential functional benefit for cardiac repair in rodent models
of myocardial infarction.

We were able to show, for the first time, that human iPS-
derived cardiac progenitors can be derived at high efficiency
using directed differentiation as monolayers. When injected
as progenitors into the infarcted rat heart, they were able to
engraft, differentiate into cardiomyocytes and smooth mus-
cle, and persist long term. Furthermore, compared to control
infarcted hearts, the iPS-derived cells ameliorated the re-
duction in EF at an extended time frame of 10 weeks. Al-
though this effect at 10 weeks was small and nonsignificant,
this does suggest a contribution from functional cardio-
myocytes, as these had been shown to be contractile from
day 12, with, potentially, an additional contribution from
paracrine-mediated protection from remodeling over this
time. Further experiments will need to consider the mecha-
nism of action, with issues such as proliferation in vivo,
functional integration, and electrophysiological parameters
to be determined.

That they were produced efficiently as monolayers in a
serum- and feeder-free, directed approach means we have
gone some way to addressing a major limitation to the field:
that is, good manufacturing practice-compliant manufacture
and scale up where the availability of human clinical-grade
tissue for heart repair will no longer be in short supply.
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