1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

° NAT/O

'NS)
7
2,

NIH Public Access

A 3 Author Manuscript

P s

Published in final edited form as:
Acad Radiol. 2011 January ; 18(1): 3-12. doi:10.1016/j.acra.2010.09.006.

Utility of Dual-modality Bioluminescence and MRI in Monitoring
Stem Cell Survival and Impact on Post Myocardial Infarct
Remodeling

Hualei Zhang, Bsl* , Hui Qiao, MD, PhDLl* , Ashley Bakken, BS1 Fabao Gao, MD, PhDZ,
Bin Huang, MD1 Ylngqlu Y. Liu, MS3 Waflk El-Deiry, MD, PhD Victor A. Ferrari, MD2 and
Rong Zhou, PhD1

1 Laboratories of Molecular Imaging, Department of Radiology, University of Pennsylvania, PA
19104

2 Department of Medicine (Cardiovascular), University of Pennsylvania, PA 19104

3 Department of Hemotology, University of Pennsylvania, PA 19104

Abstract

Rationale and Objectives—Firefly luciferase (Fluc) reporter gene is an authentic marker for
surviving stem cells. However, it is unable to visualize the intramyocardial delivery of stem cells,
nor their impact on cardiac function. We demonstrated that bioluminescence (BLI) combined with
MR imaging (MRI) allowed better assessment of cell delivery and the impact on post myocardial
infarction (MI) remodeling.

Materials and Methods—Murine embryonic stem cells (3 x 10°) were double-labeled with
Fluc and superparamagnetic iron oxide (SP10) particles and injected into the infarct border zone
of athymic rat hearts. BLI and MRI were performed serially up to 2 months post-injection
followed by immunohistochemistry.

Results—The dual-modality imaging was able to verify the initial intramyocardial delivery of
the cells and their survival status. Over time, BLI signal increased in 7 out of 9 hearts while it
disappeared in the other two hearts. The divergence of BLI signal over time was supported by
MRI findings. Left ventricular ejection fraction and fractional shortening estimated by MRI
suggested that cell engraftment mediated a positive impact on post-MI remodeling. Two months
after intramyocardial injection, SP10-associated signals facilitated the localization of the injection
site.

Conclusions—The dual-modality imaging has unique strength to monitor cell delivery, survival
status, graft morphology, and impact on post-MI remodeling.
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Background

MRI-based tracking of stem cells grafted in the heart is especially challenging in rodent
models. Cardiac and respiration motion introduce significant artifacts, particularly in the
setting of their high heart rates. ECG-gated MRI has been successful in visualizing
superparamagnetic iron oxide (SP10) particle-labeled stem cells grafted in the myocardium
of mouse and rat models (1-6). However, later studies revealed that SPIO/MRI method was
insensitive to monitor cell survival over time (7-9). In comparison, approaches using
reporter genes to “label” stem cells have shown advantages in tracking cell survival and
proliferation in the heart (7,9-13). Compared to other reporter genes, the firefly luciferase
(Fluc) reporter combined with bioluminescence imaging (BLI) provides a sensitive, simple
and inexpensive method for stem cell tracking in small animals. While highly sensitive, BLI
is poor in resolving the signal in a tomographic fashion. In the past, BLI and MRI were
examined for monitoring stem cell interventions in rodent models of myocardial infarction
(M1) (7,9). However, the unique strength in combining the two modalities to track the same
population of stem cells over time has not been demonstrated.

To visualize the stem cells by both BLI and MRI, we employed a double labeling strategy in
which Fluc-expressing murine embryonic stem cells (ESCs) were labeled with SPIO
particles. Murine ESCs were rejected in immune competent allogeneic mice (14,15).
Therefore, immune deficient or syngenic animals must be used in order to achieve long term
monitoring of ESC survival by BLI. The above consideration combined with our intention to
generate a reperfused MI model led us to choose athymic nude rats, which are suitable for
demonstrating the utility of dual modality imaging. Indeed, the MI model in nude rats has
been employed to receive stem cells of human and mouse origin in many previous studies
(11,16-19).

Materials and Methods

ESCs stably expressing Fluc reporter gene and labeled with SPIO particles

Murine ESCs designated as R1 were kindly provided by Dr. A. Nagy’s Laboratory at Mount
Sinai Hospital (Toronto, ON, Canada) and were maintained in an undifferentiated state on a
feeder layer of murine embryonic fibroblasts and culture media as described previously
(8,12).

Fluc cDNA was cut from pGL3-fluc plasmid (Promega, Madison, WI) and was sequentially
inserted into two multiple cloning sites of plasmid pVitrol (Invivogen) by blunt-cohesive
ligation. Both copies of Fluc gene were under the control of mouse/rat elongation factor 1
alpha (EFla), which is capable of driving long-term expression in both differentiated or
undifferentiated ESCs (12,20). The pVitro-Fluc2 vector was linearized and transfected into
R1 cells via electroporation. Transfected cells were cultured in the presence of G418 to
select for neomycin resistant clones. A single clone which expressed the highest level of
Fluc was expanded and designated as R1-Fluc.

R1 or R1-Fluc ESCs were incubated with labeling media containing 50 pug Fe/ml (Feridex®,
Berlex Laboratories, Montville, NJ) and 0.4 ug/ml of poly-L-Lysine (PLL) (Sigma, St.
Louis, MO) for 12-16 hours (overnight) in gelatin coated flasks; Intracellular iron content
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(picogram of iron per cell) was measured by inductive plasma mass spectroscopy (ICP-MS)
and labeling efficiency was estimated by Prussian blue (PB) staining as described previously

(8).

Surgical procedures to induce Ml and intramyocardial injection of stem cells

The local Institutional Animal Care and Use Committee (IACUC) approved all animal
procedures. Adult athymic rats (female, 150 g) purchased from Frederick Cancer Center
(Frederick, MD) were subjected to surgical procedures of left anterior descending (LAD)
coronary artery ligation for 45 min followed by reperfusion as previously described (21). At
the end of the ligation period, 0.3 million (M) double-labeled ESCs suspended in 50 pl
culture media without serum or culture media alone were injected in one spot into the border
zone neighboring the pale (blanched) region. An insulin syringe with a 29-gauge needle that
was bent 45° at 3-mm from the tip was used for injection; the needle tip penetrated about 1
mm into the epicardium to deliver the cells.

Experimental groups

Animals were divided into two groups: the ESC-treated group received 0.3M ESCs
suspended in culture media while Control group received culture media only. A total of 34
rats were used in this study: 18 rats were excluded based on criteria listed in Table 1; the
remaining 16 rats (n=9 in the ESC-treated and n=7 in control group) were included.

In vivo bioluminescence imaging (BLI) and MRI

Imaging schedule—BLI and MRI were performed on day 1 (D1), D7 (BLI only), and
week 4 (W4) post surgery in all animals. At 2-month, BLI was performed on 4 animals in
ESC-treated group.

BLI—The rat was anesthetized with 66/6.6 mg/kg ketamine/acepromazine. Immediately
prior to imaging, D-luciferin (Biotium, Hayward, CA) 50 mg/mL dissolved in saline was
injected intravenously at a dose of 100 mg/kg body weight (22). Immediately after injection
of luciferin, a series of bioluminescent images (1VV1S13077 System, Xenogen, Alameda, CA)
were acquired (4 min per image) for about 30 min, at which time, the luciferin had been
washed out of tissue. BLI parameters include a 20 cm field of view (FOV), 4 min exposure,
16 binning, and f1/stop of 1. From the series, the image with peak BLI intensity was used
for quantification.

MRI was performed on a 4.7T horizontal bore magnet (Magnex Scientific, Walnut Creek,
CA) interfaced with a 12-cm ID gradient insert (gradient strength of 20 Gauss/cm) and with
an INOVA console (Varian, Palo Alto, CA). A TEM volume transmitting coil (1D of 70
mm) and a surface receiving coil (curve arc corresponding to 120 degree of a full circle of
15-mm diameter) (InsightMRI, Worcester, MA) were used. ECG, respiration and core
temperature were monitored by an MR compatible system (SA Instruments, Stony Brook,
NY). Core temperature was maintained at 37 + 0.2°C by a heating system that directed
warm air to the animal when the core temperature is lower than 37°C. Fourteen cardiac
phases were acquired for each cine series with 4 averages, which took 2—-2.5 min, depending
on heart rate. A typical field of view (FOV) of 6 x 3 cm? with a matrix size of 256 x 128 was
used with 1 mm slice thickness. To assess left ventricular (LV) global function, fractional
shortening (FS) and SP10-associated hypo-enhancement, a T2*-weighted fast gradient echo
based sequence (23) with a 20° flip angle, 3 ms TE (to minimize cardiac motion) and
effective TR equal to one heart beat was used to acquire short axis cine images under ECG
and respiration gating. The same sequence was set up for T1-weighting with a 60° flip angle
and minimum TE to acquire delayed hyperenhancement (DHE) cine images (24,25) at 15—
20 minutes after intravenous injection of 0.3 mmole/kg gadodiamide (Nycomed, Princeton,
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NJ). To avoid interference from Gd-mediated T1 shortening, SP1O-hypoenhanced images
were acquired before gadodiamide injection. While the initial infarct size was measured by
DHE MRI at D1, the final infarct size was estimated by histology when the rat was
euthanized.

Analyses of BL and MR images

The time course of BL signals (the total flux in photons/sec) was obtained by placing a
region of interest (ROI) with fixed size on the left thoracic region of the animal.

MR images were analyzed to evaluate the following parameters. 1. The initial infarct size
was estimated on DHE images acquired at D1. 2. LV global function and FS were derived
from cine images at D1 and W4. 3. SPIO-associated hypointense volume and contrast were
compared between D1 and W4 for the ESC-treated group.

MR images were analyzed by ImageJ (v1.38x, NIH, Bethesda, MD). Using protocols
detailed previously (8), LV global function was obtained; infarct size was quantified as % of
LV mass; only animals with an infarct size in the range of 10-30% were included (Table 1).
FS values were derived from the % change of the myocardial wall thickness from end-
diastole (ED) to end-systole (ES) at the anterior and posterior border of the infarct, as well
as at the remote region (septum).

To measure the hypointense volume and contrast, the endo- and epicardial borders were first
manually defined. A threshold value, obtained from the mean minus twice the standard
deviation of the septum, was applied to the image. The hypointense region was defined as
pixels within the myocardium wall having intensities below the threshold described above;
the hypointense area was summed from multiple short axis images, and multiplied by slice
thickness to derive the hypointense volume. The mean intensity determined from the
hypointense and septum regions was used to calculate the contrast, which was defined as:
(mean of septal region - mean of hypointense region)/mean of septal region.

Histological analysis to identify grafted cells, macrophages and cardiac differentiation

For 9 animals in ESC-treated group, 5 were euthanized at W4, and the remaining 4
euthanized at 2-month. Cryo-sections (10 um thick) or paraffin sections (5 um thick ) were
obtained from base to apex of the LV under the guidance of MR images: for hearts in the
non-graft subgroup (see below), the region corresponding to the hypointense spot on MR
images was sectioned consecutively; the remaining LV was sectioned with 100 pm gap
between adjacent sections; for hearts in the engraftment subgroup, the region containing the
hypointense spot on MRI was sectioned with a 100 um gap between adjacent sections; the
remaining LV was sectioned with a 300 um gap. The following 6 analyses were performed.
1. PB staining was used to visualize SPIO particles. 2. Grafted cells were identified by Fluc
staining. Grafted cells which retained SPIOs were identified by PB & Fluc double staining.
Sections were first incubated with the antibodies to Fluc (Promega, Madison, WI, catalog #
G7451) in 1:50 dilution for 1 hour at room temperature followed by incubation with FITC
conjugated rabbit anti-goat secondary antibody (Zymed, San Francisco, CA, catalog #
A10529). PB staining was performed at last by incubating sections with Pearl’s reagent in
dark for 30 minutes at room temperature. 3. To identify SP1O-containing host macrophages,
a CD68 antibody (Millipore, Billerica, MA, catalog # MAB1435) specific to rat (i.e., host)
macrophages but not reactive to murine tissues (8) was used for immunostaining; the section
was double stained with PB. The percent of SPIO-containing host macrophages was
estimated by counting doubly positive cells versus total PB positive cells on sections: 3
FOVs (using 60x magnification objective lens) per section x 3 sections per heart were
analyzed, and the data was then pooled from 5 animals. 4. Scar tissue was identified by
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Masson’s trichrome (MT) staining. 5. Tissue from 3 germ layers was identified in the
cardiac teratoma on H&E stained sections, and 6. cardiomyocytes inside the graft were
visualized by staining for cardiac specific sarcomeric a-actinin (Sigma, St Louis, MO,
catalog # A7811).

Data was presented as mean (£ standard deviation). Changes in global, regional function and
end-diastolic myocardial wall thickness were compared between ESC-treated and control
groups; changes in hypointense volume and contrast were compared between D1 and W4 in
ESC-treated group. Two-tailed student t-test was performed to compare two groups, while
one-way ANOVA test was used to compare multiple groups. A P value of less than 0.05 was
considered to be statistically significant.

Viability and labeling efficiency and iron content

The in vitro SPIO labeling protocol led to a labeling efficiency of 93+5% and cellular iron
content of 5.2 +0.7pg Fe per cell. Obtained from triplicate experiments, viability of R1 ESCs
(unmodified) was 98 £1%, R1-Fluc was 98 +5%, 95 5% when R1 ESCs were labeled with
SPIO, and, 97 +2% when R1-Fluc were labeled with SPIO (i.e., double labeled). There was
no statistical difference among groups (P>0.3).

Both MRI and BLI are necessary to confirm intramyocardial delivery and survival of stem

cells

One day after injection of 0.3 million double labeled ESCs, the intramyocardial delivery of
cells was confirmed by MRI: cells were visualized as dark spot (s) (yellow arrows) in Fig
la—c. The infarct region was visualized by DHE and marked between two red lines. While
the surgeon tried to inject cells in the border zone, which was neighboring the blanched
(infarcted) region, the exact distributions of cells revealed by MRI was not always in
agreement with the surgeon’s impression, e.g., cells were found at the center of the infarct
zone (a), inside the infarct zone but close to the anterior border (b), or, inside the lateral
border zone next to the infarct (c). Improper injection of cells into LV cavity (blood) led to
positive BLI signal in the lung and/or organs in the abdomen, e.g., liver (Fig 1d). However,
the lack of hypointense MR signal provided the unequivocal evidence that cells were not
delivered inside the myocardial wall (Fig 1e). Animals of improper injection were excluded
(Table 1). Overall, injection of cells into a rapidly beating heart was challenging even when
the infarcted region was correctly visualized. It was also possible that the cells were moved
after injection due to contraction of the heart. However, no migration of grafted cells was
observed when comparing MR images of W4 with D1. The surviving status of grafted cells
at D1 was confirmed by BLI (Fig 2a and d). Taking together, dual modality imaging
performed at D1 confirmed the intramyocardial delivery, distribution of stem cells relative
to the infarct zone, and their survival status.

Two outcomes from ESC-treated group revealed by imaging and confirmed by histology

Over time, the BLI signal diverged. In 2 out 9 rats, it fell below the detection threshold at D7
and remained undetectable until euthanized at 2-month (Fig 2b—c, g). In both rats, the cells
were properly delivered and were surviving as confirmed by D1 imaging. In contrast, in the
remaining 7 rats, the BLI signal increased substantially before reaching a plateau at W4 (Fig
2e—f, g). Note that images in Fig 2a—c were from the same rat so were Fig 2d—f.
Corresponding to diverged BLI signals, changes in wall morphology were observed by MRI
at W4 (Table 2): the LV wall thickness did not change in the 2 animals in which BLI
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disappeared, whereas the wall thickness increased significantly in the anterior, lateral and
posterior quadrant in the 7 hearts in which BLI signal persisted. Based on these imaging
results, the ESC-treated group was divided into 2 subgroups: (i) the engraftment subgroup
(n=7) and (ii) the non-graft subgroup (n=2). Animals in the control group, however, showed
a substantial thinning of the wall in the lateral quadrant, which corresponded to the infarct
territory. In all ESC-treated animals, the SP10-associated hypointense volume decreased
from D1 to W4 (Fig 3a) while the contrast of the hypointense spot remained unchanged (Fig
3b), suggesting that SPIO-related MR signal cannot separate the two subgroups.

Histological analyses (Fig 4a—f) confirmed the distinct features revealed by imaging. For the
2 hearts in the non-graft subgroup, exhaustive histological analysis (H&E staining)
throughout the heart did not reveal any evidence of teratoma. A small number of Fluc
positive cells were observed (a), and were localized inside the infarcted region, which was
identified by MT staining on the adjacent section (c). Fluc positive cells were not positive
for cardiac specific a-actinin staining (data not shown) suggesting they did not undergo
cardiac differentiation. The Fluc and PB double positive cells (arrows in a) accounted for 42
+ 16% of PB positive cells. Because the CD68 antibody did not cross-react with murine
tissues (8), CD68 positive cells represented host macrophages rather than macrophages
derived from injected ESCs (murine origin). SPIO-containing host macrophages accounted
for 58 % of PB positive cell pool (red, arrows in b).

In the engraftment subgroup, cardiac teratoma formation was confirmed in every heart by
identifying tissue from all three germ layers (Fig 4f). As the result of cell proliferation or
iron exocytosis, the majority of cells in the teratoma were Fluc positive but PB negative (Fig
4d). However, a large hypointense center containing SPIO-laden host macrophages was
sometimes observed on MRI (e.g., Fig 5d). Among various cells in the teratoma, only 1.2
(+0.5)% were cardiomyocytes as identified by a-actinin (g) (estimated from 5 hearts)
suggesting a low level of cardiac differentiation.

SPIO-related signal helps localizing to the injection site

SP10-containing macrophages appeared to juxtapose with Fluc positive cells (Fig 4a—b)
distributing inside or around the graft (Fig 4e). Both cell populations located in the vicinity
of the injection site. Therefore, the hypointense MRI signal and PB staining can be used to
localize the injection site 2-month after injection.

Global and regional cardiac function

By excluding animals with small (<10%) or large (>30%) initial infarct size, the average
infarct size in the control (17.5 6.5 %, n=7) and ESC-treated group (15.1 +3.6%, n=9) was
not statistically different (P=0.4). The 2 rats in the non-graft subgroup had infarct size of
15.6 and 16.0%, respectively. The global function from this subgroup was pooled with the
engraftment subgroup. A significant difference in EDV and ESV between the ESC-treated
and control group was observed at W4 but not at D1 (Table 3). The LVEF of the ESC-
treated group at W4 was not significantly greater than the control group (P=0.08) although it
appeared to be so.

To calculate FS, the anterior (borderl) and lateral border (border2) of infarct were defined
on DHE images (Fig 5a—c). At D1 in ESC-treated engraftment subgroup as well as in
control group, the FS at borderl was depressed compared to septum (#: P<0.05 in Fig 5g)
whereas FS at border2 was not affected in either group. At W4 in the engraftment group, FS
at border1 was increased significantly compared to D1 (*: P<0.05) while FS at border2 was
maintained. In the control group, in contrast, FS at borderl remained depressed, and FS at
border2 and even septum became severely depressed compared to D1 (*: P<0.05), an
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indication of diffusive disease resulted from unfavorable post-MI remodeling. While mean
FS was presented for non-graft subgroup, no statistical test was performed due to small
sample size.

Discussion

Our study showed that improper delivery of cells into the LV cavity (i.e., blood) was
identified by MRI in 6 out of 24 injected animals (Table 1) despite a positive BLI signal.
Hence dual-modality imaging was required to confirm proper delivery and survival status of
the cells. In animals where intramyocardial delivery was obtained, both BLI (Fig 2g) and
MRI (Fig. 3a) signal at D1 varied greatly among animals, consistent with previous reports
that this delivery method led to a great variation in cell retention (26).

For the engraftment subgroup, the cell survival time course obtained by BLI (Fig 2g)
showed a sharp increase from D1 to D7 followed by a moderate increase from D7 to W4 and
a plateau from W4 to W8. This survival kinetics was not the same as what was reported in a
previous study in which different numbers of ESCs were injected (1 or 5 million) (8). While
5 million cells were injected in the cited study, the PET signal from ESCs was not detectable
at D1. In contrast, 0.3 million ESCs were readily detected by BLI at D1 in this study,
suggesting a superior sensitivity of BLI modality.

Infiltration of host macrophages was triggered by the inflammatory response to acute Ml
and death of grafted cells. Previous study showed that the majority of ESCs (60%) died
shortly after injection (12). The SPIO labels would be transferred to macrophages which
absorbed the dead cells. The persistence of the SPIO-containing macrophages made it
possible for localizing the injection site months after injection. First, the injection site was
identified via the hypointense signal on MR images (each 1-mm thick). The tissue slab of a
few millimeters thick containing the injection site was then subjected to PB staining. In non-
graft hearts which contained neither fiducial marker for injection site nor readily
recognizable cell mass (i.e. teratoma), the above procedures allowed us to localize the
surviving ESCs (Fig 4a-b).

One outcome (n=7) from ESC-treated hearts revealed teratoma formation, suggesting that
undifferentiated ESCs even administered at a relatively low dose (3x10°) posed a safety
concern. The other outcome (n=2) revealed no teratoma, however, very few surviving cells
were observed, and we were not able to produce more animals in the non-graft subgroup.
These were limitations of the study. However, they did not diminish the unique strength of
dual-modality approach, which correctly separated the two outcomes, and the imaging
results were confirmed by histology.

ESC-mediated functional improvements suggest that the presence of grafted cells might
reduce stiffness in the infarcted region (27), or, they might mediate a paracrine effect
leading to reduction of apoptosis in host CMs during post-MI remodeling. While these
findings are not directly applicable to the clinic, they underscored the importance of
identifying a suitable type of stem cells, which cab provide these benefits but does not form
teratoma. Compared to undifferentiated ESCs, grafting ESC-derived cardiomyocytes (ESC-
CM) appeared safe in preclinical studies (16,17,28,29). Hence, ESC-CM may represent a
clinically relevant type of stem cell for treatment of myocardial infarction. The dual-
modality imaging can be applied directly to evaluate ESC-CM mediated cardiac repair.
While it is not feasible to perform BLI in humans, other reporter genes such as HSV1-tk
(8,11) and NIS (13), whose expression can be imaged in humans, have shown feasibility in
monitoring cell survival in the heart of animal models.
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conclusion, this study demonstrated the utility of BLI and MRI dual-modality imaging in

corroborating intra myocardial delivery and survival status of stem cells. By quantifying the
initial infarct size non-invasively, a similar infarct size between ESC-treated and control
group was obtained to allow a fair comparison of post-MI remodeling in the presence and
absence of stem cell intervention.
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Abbreviations

BLI bioluminescence imaging

DHE delayed hyperenhanced or hyper-enhancement (by MRI)

ESC embryonic stem cell

Fluc firefly luciferase

FS fractional shortening

Ml myocardial infarct

MRI magnetic resonance imaging

MT Masson’s trichrome (staining)

PB Prussian blue (staining)

SPIO superparamagnetic iron oxide
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Fig 1.

Distributions of grafted cells relative to infarct region revealed by MRI of ESC-treated
group at day 1(a—c), and improper cell delivery revealed by BLI and MRI (d—e). One short
axis slice is displayed for each heart. Infarcted region was marked between red lines. SPIO
induced hypointense region was indicated by yellow arrows. MRI revealed the exact
location of grafted cells: in the center of the infarct (a), inside the infarct region but close to
anterior border (b), or, in the lateral border next to the infarct region (c). The heart shown in
(a) was from the non-graft subgroup while hearts in (b—c) from the engraftment subgroup.
Improper cell delivery led to BLI signal from thoracic region and right upper abdomen (d,
color scale in photons/s) and an absence of hypointense MRI signal in the myocardial wall
(e). LV, RV = left, right ventricle.
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Fig 2.

Diverged time courses of BLI signal intensity in ESC-treated group. Bioluminescence
images from a heart in the non-graft subgroup (a—c) and one in engraftment subgroup (d-f)
at day 1, 7 and week 4. The color scales are different for images at D1, 7 and W4
representing an order of magnitude increase in BLI signal intensity. g: total flux (photons/s)
quantified from the engraftment subgroup (n=7) and non—graft subgroup (n=2). The non-
graft subgroup and two animals from the engraftment subgroup contributed to the last time
point (2-month) on the curve. Error bars represent values of standard deviation, and, for
clarity, only the positive or negative portion is shown.
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Fig 3. Changes of hypointense volume (a) and contrast (b) from D1 to W4 in ESC-treated hearts
o from hearts in engraftment subgroup (n=7). A: from hearts in non-graft subgroup (n=2).
e: average (n=9). a: P<0.05 when the average at W4 and D1was compared. b: No statistical
difference between D1 and W4 for either group (P >0.4). Formula to calculate hypointense
volume and contrast are found in the Material and Methods.
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Fig 4.

Histological analyses of hearts from non-graft subgroup (a—c) and engraftment subgroup (d-
9). Fluc (green) and PB (blue particles) double staining revealed a few double positive cells
(arrows in a) in the heart but no substantial graft was formed. SPIO-containing macrophages
were identified by CD68 (red) and PB double staining (arrows in b and €). Combination of
PB and MT staining (c) revealed SPIO-containing cells in the scar tissue. The majority of
cells inside the teratoma were Fluc positive but PB negative (d). The dashed line in (e)
marks the boundary of a cardiac teratoma. a & b & ¢, and d & e were adjacent sections.
H&E staining of the teratoma in which tissue from three germ layers was identified (f):
squamous cells with keratin pearl originated from ectoderm (small arrow head), osteoid of
mesoderm origin (large arrow head) and columnar gland of endoderm origin (arrow).
Cardiomyocytes inside the teratoma were identified by striations positive for sarcomeric a-
actinin (brown color in g). The images in d-g were obtained from hearts harvested 4 weeks
after injection of cells. Scale bar =50 um in all panels except for panel f.
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Fig 5. Fractional shortening of the myocardial wall of ESC-treated and control groups

Panel a, b, and c represents a heart at D1from the engraftment, non-graft subgroup and
control group, respectively; d, e and f are corresponding hearts at W4. The anterior (borderl
or b1) and posterior (border2 or b2) borders of the infarct were defined on images as the
following: at D1, b1 and 2 are placed at the boundary of the infarct defined on DHE images
(a, b and c). At W4, boundaries of the graft were defined as b1 and 2 in the engraftment
subgroup (d); borders defined in (b) were transferred to images of the corresponding
location for the non-graft hearts (e); boundaries of the dyskinetic region identified on cine
images were defined as b1 and 2 in the control hearts (f). Arrows point to the region where
myocardial wall became thin. FS were measured from b1, b2 and septum (remote) on MR
images at D1 and W4 (g). #: P<0.05 comparing to the septum (remote region) at D1. *:
P<0.05 comparing D1 and W4. Statistical analysis was not applied in non-graft subgroup
due to small size (n=2).
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